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ABSTRACT OF THE DISSERTATION 

RESILIENT AND REAL-TIME CONTROL FOR THE OPTIMUM MANAGEMENT 

OF HYBRID ENERGY STORAGE SYSTEMS WITH DISTRIBUTED DYNAMIC 

DEMANDS 

by 

Christopher R. Lashway 

Florida International University, 2017 

Miami, Florida 

Professor Osama A. Mohammed, Major Professor 

A continuous increase in demands from smart grid and traction applications have 

steered public attention toward integrating energy storage (ES) and hybrid energy storage 

system (HESS) solutions. Modern technologies are no longer limited to a single battery 

chemistry and size, but can include supercapacitors (SC) and flywheel energy storage 

systems (FESS) as well. However, insufficient control devices and algorithms to monitor 

ES and HESS can result in a wide range of operational issues. A modern day ES control 

platform must have a deep understanding of the source. Furthermore, an optimization of 

ES types and effective modeling of these devices is crucial. In this dissertation, a 

specialized modular ES management controller coined as the Energy Storage Management 

Controller (ESMC) is developed to interface with a variety of ES devices. The EMSC 

provides the capability to monitor and control a wide range of different ES, while including 

maintenance and safety features. Uniqueness in the ESMC is a mechanism to completely 

isolate an ES device, even if it is connected in series, to conduct maintenance or charging 

while allowing the remaining ES network to continue to operate. A focus is placed upon 
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the philosophy and development of the ESMC, where laboratory prototypes lead to an 

upgraded commercialized design for large-scale systems. 

The EMSC is deployed in a wide range of ES and HESS for a number of applications. 

First, it is tested on a series-connected lead acid battery array, verifying its capabilities and 

showcasing tools that can be used to improve a battery SoH. SoH is first studied with an 

introduction to a direct method called electrochemical impedance spectroscopy (EIS), 

highlighting how its circuit model will provide a basis for the battery models in this work 

and how a simplified version of EIS could be included in an extension of the ESMC. Next, 

SoH extraction through the use of pulsed loading is proposed as a simplier and less 

expensive method to not only obtain battery equivalent circuit models, but also 

autonomously determine the chemistry. To accomplish this, pseudo 2D (P2D) physics 

based models (PBM) of lead acid and lithium ion batteries are derived and utilized to 

improve current battery management software and study SoH impacts. Insight from these 

models was then applied in the experimental acquisition and development of a 

comprehensive simulation model.  

The concept of HESS is then introduced, where their interfacing power electronics lead 

to a deep study using PBMs of their switching devices and how they can be used to improve 

system efficiency. Three unique HESS are tested and evaluated utilizing the ESMC. First, 

a lead acid battery, lithium ion battery, and SC series-connected HESS is designed and 

tested for shipboard power system applications. Next, a lithium ion battery and SC parallel-

configured HESS is utilized for an electric vehicle application. Finally, a lead acid battery 

and FESS parallel-configued HESS is analyzed for how the inclusion of a battery with a 

FESS can provide a dramatic improvement in the power quality versus a FESS alone. 
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 Problem Statement 

The structure and resiliency of the emerging electrical grid will rely heavily on energy 

storage (ES) to provide uninterrupted service to the customer. The usage of ES continues 

to grow due to its capability in restoring system voltage and frequency following an outage 

[1]-[5]. As the modern electrical grid continues to increase in its complexity, so does the 

inclusion of renewable ES, which are inherently intermittent. A grid which derives a large 

fraction of its energy from solar photovoltaics, wind turbine generators, and/or fuel cells 

have the major drawback of not being dispatchable [6]. Without the aid of ES devices, 

energy must be either drawn from a traditional non-renewable source on-demand, or ES 

units must be prepared and deployed effectively. This requirement only becomes more 

critical when applied to localized microgrids such as on an electric vehicle (EV), shipboard 

power system (SPS), or an aircraft.  

Although the causes of both the Northeast blackout of 1965 and 2003 were different, 

the lack of grid resilience and backup energy could have avoided tens of millions of 

customers losing power [7]-[8]. A versatile and modular grid with ES could have aided in 

preventing these cascading failures. The integration of a robust ES system can have similar 

impacts on grid support during natural disasters. The record-breaking 2005 hurricane 

season, in particular, tested the limitations of the utility grid across the United States [9]. 

In South Florida, Hurricane Wilma was responsible for the largest disruption to electrical 

service ever experienced to date in the region, where up to 98% lost electrical service across 

42 counties. With a localized ES system, major transmission lines, which took several 
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months to reconnect, could have provided backup energy to critical loads and emergency 

services. It is important to mention, however, that a simple ES system without adequate 

control measures is insufficient. Advanced ES control and management could have played 

a significant role in relief after these events.  

While the role of ES on utility power systems becomes more crucial, an inherently off-

grid application such a SPS or EV places them at the center of attention. Naval propulsion 

systems, such as the DDG 1000 requires an incredible 100,000 hp of total shaft horsepower 

in propulsion [10]. To reduce its massive fuel burden, ES must be deployed to maintain 

primary shipboard operations. Without intimate control metrics and maintenance 

procedures, millions of dollars would be wasted on ineffective sources that not only result 

in reduced effectiveness and lifespans of ES, but also permit unsafe operation that can 

result in shock and fire hazards. This is especially true with sensitive electrochemical 

sources such as lithium ion batteries [11]. In January 2013, the Boeing 787 Dreamliner 

aircraft suffered a short circuit across one its new lithium-ion 8-series cell battery modules 

while in operation. A lack of adequate control caused a cascading failure resulting in a fire 

that grounded all 787 aircraft for over three months. ES management in electric and hybrid 

vehicles follows a similar criticality. In 2013, Tesla motors recalled 439 of their Roadster 

models due to fire hazards over a hybrid lithium ion and lead acid battery system [12]. An 

adequate Energy Management System (EMS) to control each module or individual battery 

cell could have helped prevent these disasters. 

 Review of Energy Storage Devices 

Prior to a discussion of how ES devices can be effectively utilized and managed, a brief 

overview of four common ES types utilized in this dissertation is discussed including: lead 
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acid batteries, lithium ion batteries, Supercapacitors (SC), and Flywheel ES Systems 

(FESS). In this section, a particular focus is placed upon six major categories of interest 

that should be considered in the selection of an ES device that are summarized in Table 

1-1. Figure 1.1 provides a comparative performance snapshot with a scale normalized 

amongst all four ES devices of interest. The six performance categories are as follows: 1) 

Energy Density or the amount of energy that can be stored per unit volume (or mass), 2) 

Power Density or how fast the energy can be extracted per unit mass (or volume), 3) Energy 

Cost, 4) Response Time, 5) Self Discharge Rate, and 6) Lifespan. A significant part of this 

dissertation investigates lifespan, or the State of Health (SoH) impacts and how they can 

be minimized for ES devices. 

Table 1-1. Comparison of Four Prominent Energy Storage Resources. 

Energy 
Storage 

Type 

Energy 
Density 
(Wh/L) 

Power 
Density 
(W/kg)

Energy
Cost 

($/kWh)

Response

Time 

Self 
Discharge 

Rate 

Lifespan 

Maximum 
Cycles 

Service
(years)

Lead Acid 
Battery 

85 180 8.50 Slow 3-20%/mo 1,500 3-12 

Lithium Ion 
Battery 

463 295 250.00 Medium 6-8%/mo 4,200 5-20 

Supercapacitor 10 3,500 1,000.00 Very Fast 1-2%/d 1,000,000 10-35 

Flywheel 8 5,000 500.00 Fast 3-40%/hr 10,000,000 20-35 
 

 

 
Figure 1.1. Normalized Energy Storage Device Performance Snapshot. 
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1.2.1 Lead Acid Batteries 

The lead acid battery has maintained a strong hold in the market as a result of its 

simplicity in design and availability of inexpensive materials [13]. Despite the fact that 

emerging hybrid electric and EV have moved onto other technologies such as nickel metal 

hydride and lithium ion, the lead acid market remains strong as it is still the most common 

starter battery and primary backup support for uninterruptible power supplies (UPS) [14]. 

The chemical formula for a lead acid battery cell operation is defined in Equation (1-1), 

where porous lead Pb (Negative) and lead dioxide PbO  (Positive) electrodes are placed in 

an electrolyte of sulfuric acid H SO  and water to precipitate the storage and removal of 

electrons.  

																																Pb PbO 2H SO 2 ⇌ 2PbSO 2H O 2 	 (1-1)

A fully charged battery has an electrolyte composed of approximately 60% sulfuric acid 

and a discharged battery is primarily composed of water. A removal of electrons from the 

sulfuric acid in the discharging phase precipitates in the production of solid sulfate PbSO  

at the battery plates. The charging process removes the solid sulfate and places it back into 

the electrolyte. To the right in Figure 1.2, a pictorial demonstration of this process is 

depicted. 

        
Figure 1.2. Lead Acid Batteries: Flooded 12V 6-cell Module (Left), General Operational 

Schematic (right). 
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The lead acid battery has been demonstrated as a dependable resource in stationary grid 

applications to smoothen the energy harvested by renewables, but has been more 

universally accepted in restoring system frequency and voltage following an outage 

[5],[15],[16]. Despite its strengths in reliability and low cost, lead acid batteries have a 

relatively low energy and power density and suffer from a number of other drawbacks. 

First, they are not ideal to source pulsed loads or a load that contains a very high power 

demand over a relatively short period of time, as a result of their large internal double layer 

capacitance [17]. Second, their operational current is severely limited, as an increase from 

a conservative 20-hour Coulombic (C/20) discharge current (C-rate) will result in a reduced 

usable capacity and increase ageing. An example discharge curve comparison is depicted 

to the left in Figure 1.3, where a C-rate increase to C/2 (0.5C) results in a 50% loss of 

usable capacity [18]. This phenomenon reduces their practicality in a number of 

applications, particularly EVs. Second, the Depth of Discharge (DoD), or the inverse of 

State of Charge (SoC), must be limited as an exponential falloff occurs as the DoD 

increases. Finally, their shelf and cycle life is highly limited as well. 

 

     
Figure 1.3. Lead Acid (left) versus Lithium Ion (right) Battery Discharge Curve 

Comparison [18]. 
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Figure 1.4. Lithium Ion Batteries: Polymer Cell Type (Left), Cylindrical Cell Type 

(Center), and General Operational Schematic (right). 

 

1.2.2 Lithium Ion Batteries 

Lithium ion battery usage has surged in recent years not only in portable electronic 

devices, but also large scale EVs, SPS, and grid storage [19]. They have been featured in a 

wide variety of packaging types, though the polymer and cylindrical (e.g. 18650) types 

have been the most popular. Polymer cell types are popular in consumer electronics and 

compact applications. As a result of their compact design, they can typically store more 

energy than the cylindrical-type cells. However, polymer-type discharge currents are 

typically limited to 1C, whereas cylindrical cells can operate at 5C or greater in some cells. 

Advanced lithium ion battery management systems (BMS) have been demonstrated in 

microgrid applications for both islanded and grid-connected modes to provide voltage and 

frequency support [4],[20]. Their operation is significantly different from that of lead acid, 

where the energy is stored inside its electrodes, utilizing the electrolyte as simply a transfer 

layer [21]. Many types exist and are characterized by differences in the metal (M) oxide 

used in their positive electrode (LixMO2). The electrolyte is a lithium salt in an organic 

solvent and negative electrode is a porous carbon graphite (LixC6) [22]. The chemical 

formula representing the defining the operation of a common lithium ion cell is: 
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Li O C xLi xe ⇌ CLi Li O xLi xe 					  (1-2)

where the charging process is shown from left to right and the discharging process from 

right to left. A graphical demonstration of the process is demonstrated to the right in Figure 

1.4. 

Since lithium ion battery management is more complex than that of the lead acid, 

studies have looked at the best method to control these schemes [23],[24]. This trait 

combined with a smaller cell construction allow them to respond faster to demands. 

Lithium ion batteries offer a significant improvement in their capability to source high 

current without having to make the same trade-offs in operational impacts as the lead acid 

battery. An example discharge curve comparison is depicted to the right in Figure 1.3, 

where the total cell capacity can be extracted even at a C/2 (0.5C) discharge current [18]. 

The first reduction of capacity does not occur until 1C, and may only experience a 10% 

capacity reduction at 5C (in cylindrical cells) making them very attractive for EV 

applications. Furthermore, their lifespans are much longer. Unfortunately, similar to the 

lead acid battery, their lifespans are still limited by their DoD and temperature [25]. Also, 

the BMS cost for lithium ion batteries increases as a result of required crucial cell balancing 

and thermal control for safety. A number of companies have been working to reduce the 

cost of grid-scale lithium ion battery arrays, however, wide-scale lithium ion battery 

deployment cost is still at a premium as compared to lead acid batteries. 

1.2.3 Supercapacitor Energy Storage 

The SC provides a significant improvement in the response time versus any 

electrochemical battery. Although their construction is chemical in nature, no 

electrochemical reaction takes place. This enables them to respond extremely fast to a 
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demand, while their lifetime is left minimally affected, even under a heavy current demand 

and a deep DoD [26]. Shown to the right in Figure 1.6, the SC is composed of two porous 

electrodes divided by a separator soaked in a solvent electrolyte [27]. This construction 

enables a much higher charge density versus the traditional capacitor as a result of an 

increased active surface area [28]. Their typical charging and discharging process is shown 

to the left in Figure 1.5, resembling a similar operational profile as compared to the 

traditional capacitor. 

   
Figure 1.5. Supercapacitor [28] (left) versus Flywheel Energy Storage (right) Discharge 

Curve Comparison. 

 

     
Figure 1.6. Supercapacitor Energy Storage: Maxwell Supercapacitors [29] (left) and 

Operational Construction (right). 
 

Their usage has been studied in mobile SPS applications where weight is a concern, 

but also in some grid applications with multiple renewable energy resources. In these 

applications, the SC provides short term storage to supply the deficiency power [30],[31]. 

Unfortunately, their low energy density can require an enormous capacitance to be 
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effective, which may prove to be impractical as a sole ES device [32]. Its energy density is 

only around 10% of that of the lead acid battery and only 2% of a lithium ion battery. 

Furthermore, its self-discharge rate is relatively high. Finally, of all the ES devices included 

in this survey, they currently have the highest energy cost per kWh. 

     
Figure 1.7. Flywheel Energy Storage: Utility Grid Storage Device [33] (left) and Basic 

Layout (right). 

 

1.2.4 Flywheel Energy Storage Systems 

Similar to the lead acid battery, FESS have been synonymous with industrial UPS 

systems for quite some time, but for a very different purpose. FESS provides some of the 

highest power density in this survey and are primarily purposed to support pulsed loads 

[34]. Analogous to an electromechanical battery, FESS store kinetic energy in a high inertia 

rotating mass, where an electric machine operates simultaneously as a motor during 

charging and a generator during discharging. A view of the basic FESS construction is 

depicted to the right in Figure 1.7 [35]. Its power output is a function of the square of its 

rotational speed, which allows FESS to provide extremely high power density. This has 

made them an excellent solution for maintaining power quality, particularly in voltage sag 

or swell cases where a great deal of power is required or must be extracted quickly [36]-

[37]. This has been particularly of interest in shipboard propulsion systems, as it has been 
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shown to not only improve SPS power quality but also increase its reliability [38]. FESS 

have also been tested for their usage in volatile applications such as wind and solar energy 

as an excellent mechanism to quickly store and expend energy [39].  

Unfortunately, FESS have a very high self-discharge rate as a result of friction losses. 

For this reason, lately a focus has been placed on the introduction of low loss machinery 

and composite materials, which would not only help to alleviate some of these concerns, 

but also increase the potential energy density, another significant drawback [40]. Their cost 

is half than that of the SC and their response time is still very fast, limited only by the initial 

inertia required to start moving the rotating mass. However, a major drawback in FESS is 

their very low energy density, some 20% further below the SC. Furthermore, if FESS are 

not utilized often, their high self-discharge rate could reduce their feasibility. 

 Introduction to Hybrid Energy Storage Systems 

Although some ES devices, such as the lithium ion battery, can provide a rather 

balanced contribution of energy versus power density, cost and lifetime aspects can 

jeopardize their sole integration. Similarly, the integration of a FESS alone would provide 

excellent voltage and frequency support on a grid system, but would fail to fill energy 

demands over longer periods without a huge system. For this reason, Hybrid ES Systems 

(HESS) can provide a more balanced solution in terms of not only power and energy 

density, but also cost, lifespan, and self-discharge rates. HESS have emerged in an effort 

to utilize the strengths of multiple ES devices in a way that is not only more efficient, but 

potentially cost and lifetime effective. 

Recent HESS work in microgrid applications has focused on the collaboration of 

batteries with SCs, evaluating both lead acid and lithium ion batteries [41],[42]. A recent 
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focus has been placed on how to minimize losses, while ensuring an optimum power split 

between the two sources [43]. A great deal of work has focused specifically on pulsed load 

management through the deployment of HESS systems [44],[45]. Unfortunately, reaching 

the required level of power and filling the energy demand over such a short period of time 

can be challenging. Examples of these applications are featured throughout this 

dissertation, from naval weapons platforms to the sporadic demands placed upon an electric 

motor in EV applications.  

 
Figure 1.8. Theoretical Hybrid Energy Storage Systems Performance Snapshot. 

 

For this reason, three different HESS systems are designed, modeled, and tested in later 

chapters. In Chapter 10, a lead acid battery, lithium ion battery, and SC HESS designed for 

SPS applications. In Chapter 11, a lithium ion battery and SC HESS is utilized for an EV 

application, while in Chapter 12, a lead acid battery and FESS HESS is tested and evaluated 

for power quality improvements. A revised six-part normalized performance snapshot for 

each of these HESS is depicted in Figure 1.8. Figure 1.8 takes into account the theoretical 

best case, given each ES device is managed and controlled effectively, another major topic 

of this dissertation. 
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 Research Objective 

Insufficient control devices and algorithms to monitor ES and HESS can result in a 

wide range of operational issues. A modern day ES control platform must have a deep 

understanding of the source. Furthermore, the optimization of ES types and configurations 

play a pivotal role in efficient energy transfer. Precision SoC and SoH of each ES device 

is needed to manage each unit effectively. Control and protection measures inside series 

ES configurations also have the advantage of reducing fire and shock hazards. If properly 

deployed, these measures can improve and sustain robustness in the modern day electric 

grid, but also avert potentially catastrophic scenarios in SPS and EV power systems. These 

systems must be prepared to handle each operating scenario to maintain stability and 

critical operations. With stiff new demands requiring multiple high-energy pulsed and 

constant loads, a BMS or EMS must be highly efficient and capable of responding 

instantaneously to a need. Without proper management, large, expensive ES cannot be 

utilized effectively. Furthermore, the inability to directly control the inclusion or exclusion 

of available sources on a bus reduces the reliability of the system.  

Without optimal ES devices charged and available, there are a number of 

consequences. First, the remaining energy in the system will either be incapable to supply 

an upcoming demand, or, the need is filled by an ES that has already been deeply 

discharged accelerating its aging and eventually, reducing its effectiveness. Given these 

needs, the aim of this dissertation is to develop a new modular infrastructure to effectively 

manage multiple types of ES in a number of different applications and scenarios through 

the integration of an advanced EMS device. An effective EMS will be engineered to handle 

a wide range of ES devices including protection under multiple voltage, current, and 
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capacity configurations. Meanwhile, advanced maintenance and balancing techniques shall 

be developed through the seamless integration of software and hardware capabilities, 

ensuring efficient and safe operation with an intimate understanding of unique ES system 

dynamics.  

The main research problem is composed of three main objectives. The first objective is 

geared toward the development of an advanced EMS device called the Energy Storage 

Management Controller (ESMC) to interact with and provide optimal management and 

maintenance to an ES device with real-time control and monitoring capabilities. This 

objective will initially focus upon single ES devices, and identify how its design can be 

commercialized. In the second objective, its initial functionality will be extended to support 

a multitude of different applications while providing distributed control, protection, and 

support for load profiles containing multiple loads and dynamic elements. The final 

objective is focused upon examining the implementation of the ESMC in a variety of 

HESS, including battery banks of multiple chemistries, SCs, and FESS. 

 Original Contributions of the Dissertation 

A majority of the contributions in this dissertation can be mapped back to the core 

modular ESMC. The initial ESMC was developed and verified with the capability to 

extract series-connected ES devices from an array. The design provides a circuit topology 

along with the proper hardware and software to effectively manage individual ES devices 

inside the array, enabling total isolation amongst modules when necessary. A bypass circuit 

provides a path for the series-connected ES system to continue functioning at a reduced 

voltage level, where the ES device can be charged by a dedicated isolated charging circuit 

or enable maintenance operations. The unique topology and control of the ESMC enables 
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the user to apply custom charging profiles to each individual ES. The original contribution 

and studies of this dissertation are outlined in the following list: 

 Following the initial test and demonstration of the ESMC, its concept was extended to 

provide a commercial platform that can support larger power systems and zonal 

networks with a communications platform. The ESMC establishes a critical landmark 

in this dissertation, as many chapters utilized one or more multiple ESMC devices to 

conduct laboratory testing and invent or test new management schemes. EMSC initial 

testing was conducted on lead acid batteries, where its features and concepts were 

demonstrated as well as a unique pulsed charging method that was used to improve the 

lead acid battery SoH.  

 A focus is then placed upon enhancing software and management algorithms as well 

as SoH and acquiring real-time equivalent circuits. First, a circuit topology was 

proposed as a future hardware and software extension to apply a version of 

Electrochemical Impedance Spectroscopy (EIS) to batteries to gain a reduced-order 

circuit model. An alternative solution was then designed as a comprehensive hardware 

and software platform to autonomously determine between a lithium ion or lead acid 

battery and its series-cell configurations through the deployment of a single 

standardized pulsed load. The same load is also utilized as another way to obtain a basic 

set of equivalent circuit parameters. The method was developed and validated by way 

of a pseudo 2D (P2D) physics-based model (PBM) of both the lead acid and lithium 

ion battery. This work also contributed by acquiring insight into the SoH of the battery 

connected using multiple methods: a dynamic equivalent circuit model and a usable 

energy tracker. Along with enhanced SoH metrics it improved modern SoC algorithms 
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by providing a new voltage and temperature-based initial SoC mechanism for both 

chemistries.  

 An extension was then made into the lithium ion battery PBM into 3D, where a 

contribution was made in highlighting a new advantage that 3D PBMs can provide in 

being able to visualize and study the generation of undesired current gradients across a 

lithium ion cell surface. High levels of normalized cell currents (high C-rates) are a 

staple in EV and SPS applications and generate gradient currents, which contribute to 

uneven thermodynamic and material stress and can have a profound impact on the 

battery SoH. Continuing on a focus placed upon the demand for accurate battery 

equivalent circuit models, a comprehensive testing platform was designed based on the 

contribution of two different battery equivalent circuit acquisition procedures. A 

dynamic 2nd order model of a lithium ion battery module was obtained, capturing a 

“fingerprint” of the battery for accurate simulations. The all-inclusive model was 

implemented within MATLAB/Simulink as a drop-in replacement to the legacy 

SimPowerSystems battery block. The novelties within this work were particularly 

focused upon the development of the model within Simulink and the method to which 

such an advanced model could be integrated with a variety of applications without 

requiring a great deal of computational overhead. 

 The next major contribution integrated, modeled, tested, and evaluated three unique 

series-configured HESS for SPS consisting of lead acid batteries, lithium ion batteries, 

and SCs. The ESMC was tested and validated with the connection of lithium ion 

batteries, SC, and FESS. The uniqueness in this work is in the development of 

specialized software that was able to utilize many features of the ESMC to execute 
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constant and multiple SPS pulsed loads and enable the execution of a new control 

concept coined as “rolling charging.” Novelties in this work include modeling and 

evaluation of multiple new series-configured HESS architectures composed of lead 

acid batteries, lithium ion batteries, and SCs, modeling and testing of multiple naval 

SPS pulsed loads with varying frequencies and magnitudes via per unit system, and the 

introduction of “rolling charging” to coordinate charging and discharging of individual 

ES units while in operation to extend runtime while acknowledging SoH trade-offs.  

 SoH trade-offs remain a common theme in the final contribution, where a new control 

algorithm is designed for a lithium ion battery and SC HESS for EVs. A particular 

focus is placed upon preserving the SoH of the lithium ion battery by reducing cycling 

and stress upon the battery as it toggles between motoring (discharge) and regenerative 

braking (charging) power. The management scheme was accomplished through the use 

of ESMC devices and another version of the control software, which also resulted in 

an increased energy harvesting efficiency from regenerative braking. The final 

contribution in this dissertation studied and quantified power quality impacts of a DC 

network consisting of a FESS and lead acid battery HESS. Voltage and current ripple 

disturbance frequencies are characterized by a new metric to target and reduce noise 

frequencies inherent to FESS operation. The ESMC software platform was extended to 

include a live frequency analysis platform similar to harmonic analysis in the AC 

system, where a linear load was used as a reference to balance FESS and lead acid 

battery current contribution. Multiple lead acid battery contribution levels were tested 

concluding that even a modest injection of current from the lead acid battery can 

dramatically improve the power quality of a FESS. 
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 Dissertation Organization 

The first half of this dissertation introduces the ESMC device design, placing a focus 

on how it was designed with modularity to be interfaced with single ES devices. This laid 

the groundwork for not only supporting multiple types of ES, but also a mechanism to 

improve and enhance modeling and software. A transition is then made in the second half, 

introducing a discussion on HESS which is broken into two focuses: improving aspects of 

interfacing power electronic converters and the optimal selection and control of ES 

elements for each application.  

In Chapter 2, the concept and development of the ESMC is presented. The first ESMC 

test application is performed on a lead acid battery in Chapter 3, where the basic operation 

of the lead acid battery leads to a discussion of its traditional Randles equivalent circuit 

model and the concept of SoH. SoH is further expanded in Chapter 4, as some of its 

electrochemical driving mechanisms are discussed as well as the most accurate procedure 

to date for estimation, EIS is introduced. A direct correlation between Randles equivalent 

circuit model and EIS is depicted, while a circuit topology is proposed to implement the 

procedure on a real-time controller.  

The following three chapters dive far deeper into battery operation, modeling, and 

technology. A detailed overview of the usage of P2D battery PBMs is conducted in Chapter 

5, highlighting their strengths in deeper analysis for BMS, off-line analysis to study internal 

characteristics, and providing enhanced models that can serve as a base for new enhanced 

battery chemistries. In this chapter, both the lead acid and lithium ion battery PBMs are 

introduced as well as a dynamic Randles equivalent circuit model. Through the application 

of these two models, these PBMs provide inputs to autotomize the ESMC controller, 
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providing an algorithm to determine the chemistry and automatically configure the 

controller as well as a mechanism to estimate circuit parameters and the battery SoH.  

Chapter 6 extends the lithium ion PBM into 3D, recognizing its future implementation 

in EV and SPS applications justifies the need for providing a deeper analysis of where a 

SoH impact originates. The 3D PBM also reveals new features internal to the battery 

operation, which are difficult to measure experimentally while providing a comparison to 

previous P2D model in Chapter 5. Chapter 7 consolidates all the lessons learned from the 

modeling tactics and experimental verification from previous chapters to focus specifically 

on the development of a comprehensive battery equivalent circuit model for a 51.8 V 21 

Amp-hour lithium ion battery module. The acquisition of a dynamic 2nd-order equivalent 

circuit is then applied to a future quasi-dynamic wireless power transfer system for EVs. 

Chapter 8 marks the transition into HESS, first focusing upon their interfacing power 

electronic converters. An overview of basic converters shifts to improving the switching 

technology and replacing legacy silicon-based switches with wide band-gap (WBG) 

gallium nitride (GaN)-based semiconductors. A review of the application performance and 

the use of current GaN switching models reveals a weakness in the usage of basic 

Simulation Programs with Integrated Circuit Emphasis (SPICE) models, highlighting the 

need for a GaN PBM. Chapter 9 demonstrates how PBMs are not only useful in modeling 

of ES devices, but can also be helpful in improving modeling capabilities and 

understanding of semiconductor switching devices as well. A PBM of the GaN High 

Electron Mobility Transistor (HEMT) is introduced, where its construction is analyzed 

using FEM providing a platform where material and geometric design changes are 

evaluated. 
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In the next three chapters, a variety of advanced HESS are introduced for a variety of 

applications and purposes. Chapter 10 introduces a SPS HESS system consisting of lead 

acid and lithium ion batteries paired with supercapacitors (SC). An SPS load platform is 

used, where multiple types of scenarios test and evaluate the HESS performance and extend 

the system runtime, while remaining mindful of battery SoH impacts. SoH preservation 

remains a common theme into Chapter 11, where an EV lithium ion battery and SC HESS 

is studied. A management scheme is introduced with a particular focus on preserving the 

battery SoH, while maximizing the efficiency of the energy required for propulsion and 

that which can be captured through regenerative braking. In Chapter 12, a HESS consisting 

of a lead acid battery and a FESS provides yet another approach in the advantages of HESS, 

particularly in the practical integration of FESS. The advantages of this system in terms of 

balancing power versus energy density as well as how the connection of lead acid battery 

can improve the power quality of the system is quantified. Finally, the conclusions and 

recommendations for further research are presented in Chapter 13. 
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 Introduction 

Modern day energy management systems (EMS) must have a deep understanding of 

each energy storage (ES) device while being capable to go far beyond basic switching, 

State of Charge (SoC), as well as voltage and current measurements. Insufficient control 

devices and algorithms to monitor ES devices can result in a wide range of operational 

issues. With a complex network of new hybrid ES systems potentially consisting of 

multiple types of ES devices or battery chemistries, a modular, adaptable EMS is needed 

that can manage a wide variety of devices. These systems must be prepared to handle each 

unique operating scenario to maintain stability and critical operations. Without proper 

management, large, expensive ES cannot be utilized effectively leading to a reduced 

efficiency and even fire hazards. 

A number of studies have been presented in literature on EMS architectures. The 

research, however, has traditionally been limited to batteries, highlighting the importance 

in obtaining accurate SoC and lifetime or State of Health (SoH) measurements. In reference 

[46], a management system solution was presented that demonstrated the importance of 

including SoH in measurements for grid applications. Focusing on a range of discharge 

rates and the Depth of Discharge (DoD) for two parallel-configured lead-acid batteries, a 

Life Consumption Rate (LCR) factor was defined and modeled for each of the two batteries 

independently. Battery stack configurations were regulated to produce a total SoC through 

the means of the current integration method, or in some simplified cases, voltage-based 

measurements [47]. In Reference [4], an advanced method to depict the SoC of a lithium-
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ion utility array was tested in both grid-connected and islanded modes for microgrid (MG) 

operations. Three modes of operation were proposed to indirectly measure the SoC of the 

battery array. The system was able to demonstrate the effectiveness of its control strategy, 

but it was still unable to access individual battery modules. 

Though individual modules have been difficult to access in series configurations, 

research has demonstrated SoC balancing for parallel connections. In Reference [48], a 

supervisory EMS algorithm was designed to regulate charge flow to a bank of three 

batteries. A constant current was used to charge each battery independently with respect to 

the load profile and individual SoC measurements. Balancing of the array was 

accomplished simply through a means of switching and was unable to adjust the charging 

current. Different methods of cell equalization for lithium ion batteries including the flying 

capacitor charge shuttling method, shared single, and multiple transformer methods were 

discussed in Reference [49]. A charge equalization technique similar to the transformer 

based one was used in a battery management system (BMS) proposed in Reference [50]. 

This technique employed a topology that was developed specifically for lithium ion battery 

cells. In this topology, the charging voltage is pulsed through a control signal and passed 

through a transformer. The current from the cell stack then induced currents in each of the 

secondary coil windings, where the secondary (connected to each battery) with the least 

reactance received the highest induced current. This topology ensured that each cell had a 

charge current proportional to its SoC. 

 In Reference [51], a comprehensive review of existing BMS for grid-scale applications 

was provided. A notional model for implementing a BMS into a battery energy storage 

system (BESS) was presented. In this model, a number of objectives are identified 
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including source peak power demand, cell balancing, and thermal control, but still lacked 

the capability of extracting individual cells from a stack or even in a parallel configuration. 

In this case, SoH and SoC methods were identified for lithium ion and redox flow batteries 

only. Two simplified BMS schemes were presented in References [52] and [53]. The latter 

emphasized the importance of not neglecting differences in each battery’s internal 

resistance during charging.  

In Reference [54], an EMS was developed with a focus placed on extending the lifetime 

and efficiency of an ES system (ESS). Using the Peukert Lifetime Energy Throughput 

(PLET) model, the energy efficiency of the ESS was improved. An optimization algorithm 

was presented in Reference [55], where a discrete-time model of an electrochemical storage 

device was developed to introduce a battery system, but was limited to simply a wind 

turbine and sodium nickel chloride battery combination. The use of pulsed charging, 

however, has surfaced as a more direct method improve battery lifetimes and charging 

efficiency. 

Pulsed charging has introduced a revolutionary control over battery charging behaviors 

by accelerating charging rates while providing battery charge balancing [56]. In Reference 

[57], a battery equalization method was proposed utilizing a positive and negative pulsed 

charger to balance cells in an electric vehicle (EV). Pulsed charging was not only used as 

a method to regulate charging current, but also improve SoH. In the case of a damaged 

battery, charging current pulses can be used in an attempt to characterize or improve the 

lead acid battery SoH by neutralizing the internal electrolyte [58]-[60]. Introducing this 

capability to each battery in a stack configuration would not only provide controlled current 

charging, but also provide a tool to potentially revive batteries in the event of a failure. 
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In this chapter, an advanced ES management controller (ESMC) is developed to 

monitor individual ES inside a series configuration and identify independent voltages, 

current contributions, and SoC levels for each ES device. The proposed EMS has the 

capability to fully decouple an ES device from the system and apply it to a charging and 

diagnostics bus while still maintaining a connection to the load even within a series 

configuration. The system bypasses the decoupled ES device to guarantee the continuity 

of the supply and maintain normal operation of the whole stack. The proposed system 

offers the capability of charging more than one ES device at the same time with different 

charging levels through applying pulsed charging currents with different duty cycles and 

frequencies. The voltage fluctuations accompanied by the coupling and decoupling of ES 

devices are mitigated by a DC-DC boost converter to maintain bus voltages preventing the 

propagation of problems from the ESMC to the utility side.  

 Motivation and Novelty 

The ESMC is motivated by the imperative need for obtaining individual and 

independent control of each ES unit (i.e. ES device or stack of ES devices) in an array or 

bank to achieve efficient operation. Another objective is to prevent failures on a single ES 

device from impacting the operation of the entire system. The system presented can be 

suitable in applications ranging from a small mobile MG such as an EV or shipboard power 

system up to utility scale. The proposed topology offers a variety of features and 

capabilities, which can be summarized in the following: 

1. The ESMC is capable of controlling each individual unit within a series/parallel 

array. The unit can range from a single ES device in small arrays or a stack (i.e. 

sub-array) in large arrays. In other words, each single unit can be treated, controlled, 
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and monitored separately from the others presenting a contribution to the 

enhancement of distributed operation. 

2. The ESMC has the capability to charge some units within an ES array while other 

units can continue to serve the load. By applying a pulsed charging profile at 

different frequencies and duty cycles, the ESMC can control and regulate the 

charging energy to each unit. Hence, SoC balancing can be accomplished without 

a need for proprietary power electronic converters.  

3. The ESMC is capable to electrically isolate a unit allowing the operator to perform 

required maintenance or replace the device without affecting the performance of 

the remaining array elements. 

4. The ESMC incorporates a protection scheme that can determine a faulty bus on 

either the load or charging side and isolate it. 

5. Considering an appropriate selection of relays and other components, the ESMC 

can be expanded to control ES devices of a wide range of capacities and voltage 

levels at a relatively low cost.  

The aforementioned capabilities can increase the reliability, efficiency, and lifetime of 

an ES array. These capabilities and features are verified experimentally in the next chapter. 

As reviewed in the previous section, most EMS focus on either cell equalization, SoC and 

SoH estimation, or pulsed charging, but do not include all features. Furthermore, many of 

these schemes involve transformers or large, complicated power electronic devices that 

introduce more points of failure. 
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 Importance of State of Charge Equalization 

The system under study involves the connection of an ES bank, which is divided into 

an extendable number of stacks where each stack contains  ES devices. A common 

misconception is that each ES device in the array introduces identical aging and current 

distributions when their in-service dates are similar. Without accurate measurements of 

voltage and current from each ES device, there is no guaranteed method to determine the 

SoC. This is particularly of concern in battery ES devices where SoH is a major 

consideration. 

Consider a simple 4 – 12V lead acid battery array (48 VDC) with a 110 Amp-hour (Ah) 

capacity. When charging the array, it is found that only one battery achieves a true full 

charge level while the remaining batteries are cutoff prematurely to around 90% SoC. 

Equation (2-1) presents an averaging function that represents the SoC of the entire array: 

1
																								 (2-1)

where  represents the SoC of each ES device. It can be shown that the actual SoC of 

this configuration would be reduced by 5% until individual battery charging levels are 

corrected. A 5% miscalculation of SoC appears to be minimal, except when compared to 

the 110 Ah capacity of the array, which would result in 5.5 Ah of energy left unutilized. 

Furthermore, the continued undercharging of batteries 2-4 to only 90% SoC would 

eventually result in the permanent inability to charge these batteries to their full capacities 

[13]. This performance shift is driven by differences in the SoH of each battery. Varying 

material impurities, thermal stresses, and minute offsets in manufacturing processes can 
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produce a wide range of results. These metrics are further complicated when nonlinear or 

dynamic loads are introduced.  

 Energy Storage Management Controller Design 

The schematic for a single ESMC unit is shown in Figure 2.1. The ES device is placed 

in-between a network of relays in order to achieve isolation for complete coupling and 

decoupling.  

2.4.1 DC Bus Connectivity 

In order to achieve full isolation, two normally-closed (NC) relays connect the positive 

and negative terminals of the ES device to the DC bus. A normally-open (NO) relay 

connects the positive terminal of the ESMC to its negative terminal to offer the ES device 

a bypass circuit, decoupling it from the array while still providing an alternative path to 

maintain continuity of supply. An interlock is included between the three relays to avoid 

simultaneous connection that would fully isolate the battery in the case of performing 

maintenance or coupling in the charging circuit.  

 

DC

A

V

‐

+

Bypass 
Relay

Current 
Measure.

Voltage 
Measure.

Positive 

Bus Relay

Negative 
Bus Relay

Charging 
circuit

Charging  
Relays

 

Figure 2.1. Proposed Energy Storage Management Controller Unit Schematic. 
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2.4.2 Current Measurement 

A current measurement is provided directly at the battery terminals. A LA 25-NP 

current transducer based on the Hall effect is installed in series in the current path from the 

positive terminal [62]. The LA 25-NP can measure a current of up to 36 A, a level more 

than adequate for laboratory testing, by properly setting the primary insertion inductance. 

Tuning of this value is accomplished by connecting pins 1-5 as well as pins 6-10 together 

as shown in Figure 2.2. The measurement of a voltage drop across R  provides a near 

linear representation of the current I .  

 

Figure 2.2. LEM LA 25-NP Current Transducer. 

 

2.4.3 Voltage Measurement 

Due to limitations of the Data Acquisition (DAQ) equipment, a voltage range of ±10 

VDC must be adhered to. In order to handle a wide range of ES devices and/or module 

voltages, a LV25-P voltage transducer was used also based on Hall Effect [63]. 

Unfortunately, the implementation of a simple voltage divider circuit would not be possible 

because of a lack of the required isolation. A picture of the LV25-P and its general 

schematic is shown in Figure 2.3. A primary resistor, , is calculated in order to tune the 

nominal voltage to be measured. The maximum voltage per module has been tuned to 

handle up to ≤29.6 VDC, a voltage equivalent to the maximum charging voltage of a 7-cell 
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lithium ion series battery configuration; thus  is selected to be 3 kΩ. However, the sensor 

can handle much higher voltages. Although both the LV25-P and LA 25-NP are powerful 

and nonintrusive sensors, they represent a majority of the cost in designing an ESMC 

prototype. 

 

Figure 2.3. LEM LV 25-P Voltage Transducer. 

 

2.4.4 Charging and Diagnostic Bus Connectivity 

The ESMC is connected to the load via two switches to couple and decouple the output 

load on the DC bus. One of the major flexibilities added by the ESMC is its versatility in 

the charging bus to operate over a very wide range of voltages to accommodate various ES 

devices. Two NO relays offer a connection or isolation from this bus depending on the 

operating scenario. This bus can provide the charging current for multiple ES in parallel, 

or the isolation of a single ES device where diagnostics can be performed. This feature is 

particularly useful for batteries where monitoring the SoH is crucial for ensuring efficient 

operation. In this case, diagnostic signals can be sent directly to the battery to evaluate its 

performance or individual SoH. This useful feature can allow an operator to initiate test 

procedures and identify a consistently failing battery while the system is running. These 

relays are interlocked with the other relays to prevent the simultaneous charging or 

discharging of the ES device or module.   
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 Operation Modes 

The ESMC can operate in three distinct modes: Normal Operation, Charging, and Ideal. 

The following subsections discuss each mode in detail. 

2.5.1 Normal Operation (Discharging)  

In order to achieve full isolation, two NC relays connect the positive and negative 

terminals of the ES to the DC bus. A NO relay bypasses the ES to provide an alternative 

path to maintain a continuity of supply. An interlock is provided between the three relays 

to avoid the simultaneous connection. In this mode, the positive and negative bus relays 

are closed and the bypass relay is open as shown in Figure 2.4.  
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Figure 2.4. Energy Storage Management Controller in Normal Operation. 

 
2.5.2 Charging Mode 

One of the important features of the ESMC is the capability to charge one ES element 

while the rest of the array remains in normal operation. In this mode, the positive and 

negative bus relays are open, while the bypass relay is closed to offer an alternative path 

for the current to flow. After an adjustable short delay, the ES element is connected to the 

charging circuit via the charging relays. Figure 2.5 depicts the path of the current in this 
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mode. In this case, the ES device is connected to the Charging Circuit in order to be 

charged. The operator can choose to apply either constant or pulsed charging. 
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Figure 2.5. Energy Storage Management Controller in Charging Operation. 

 

2.5.2.1 Constant Charging 

The Constant Charging mode presents a basic connection to the Charging Circuit where 

current flow is limited by two major components: the charging source and the number of 

ES devices operating in Charging mode connected to the same bus. In the event that 

multiple ES devices are placed in charging mode and are connected to the same supply, the 

current flow behavior will become highly nonlinear. The magnitude will be a result of 

many factors, most notably the internal resistance of the ES device. This is a factor of the 

type of source and, in the case of batteries, its SoH and SoC. For this reason, in these 

scenarios, pulsed charging can be implemented to provide a better balance of the current 

flow amongst ES devices. 

2.5.2.2 Pulsed Charging 

In the Pulsed Charging mode, relays are switched periodically at a designated 
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frequency and duty cycle that can be set by the user. Pulsed charging provides a number of 

new capabilities to the user. First, as was discussed previously, balancing current amongst 

multiple ES devices on the same fixed charging bus can be accomplished by identifying 

the optimal pulse frequency and duty cycle for both ES devices connected to the charging 

bus. Secondly, as discussed earlier, in the case of a damaged battery, pulsed charging can 

be utilized in an attempt to improve the SoH of the ES device, particularly in lead acid 

batteries. This is particularly useful as it can break a layer of sulfate from flooded lead acid 

battery cell plates. The operation of the lead acid battery, the causes of sulfation, and initial 

experimental testing results are discussed in greater detail in the following chapter. 

2.5.3 Ideal Mode 

This mode may be utilized for maintenance purposes or enable the possibility of online 

ES replacement by offering complete isolation. This topology is as depicted in Figure 2.6 

where the positive and negative bus relays are open to isolate the ES device from the DC 

bus. The charging relays are open as well to isolate the ES device from the charging circuit, 

while the bypass relay is closed to provide an alternative path for the current to flow.  
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Figure 2.6. Energy Storage Management Controller in Ideal Mode. 
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 Development 

Figure 2.7 depicts the implemented laboratory prototype for an ESMC unit that is 

fabricated on a 10 x 16 cm printed circuit board (PCB), which reflects the compactness and 

simplicity of the proposed design. The components on the board are numbered in the figure 

as follows: 1) bypass relay, 2&3) positive and negative DC bus relays, respectively, 4) 

freewheeling diode for DAQ device protection [64], 5) positive and negative ES terminals, 

6) the LA 25-NP current transducer, 7) the LV25-P voltage transducer, 8) positive and 

negative DC bus terminals, 9) charging bus relays, and 10) positive and negative charging 

bus terminals.  A unified color coding is followed for all terminals, red for positive and 

black for negative [65].  In order to test and verify the applicability of the developed design, 

a testing platform consisting of 4 ESMC controllers were setup in our laboratory.  

 

Figure 2.7. Energy Storage Management Controller Unit Prototype. 

 

2.6.1 Hardware Setup 

Four complete ESMC units have been built in our laboratory and the hardware setup is 

shown in Figure 2.8. The system features 4 ESMC units connected in series to support a 
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48 VDC bus, which is widely used in telecommunication applications [66]. This system 

will be utilized in the following chapter to conduct a series of tests on a lead acid battery 

array. In this scenario, a DC-DC converter is used to maintain a constant bus voltage during 

switching or in the event a reduced array (e.g. one or more batteries decoupled from the 

stack). The input and output voltages to the DC-DC converter are shown on two Fluke 289 

multimeters from left to right, respectively. The current bus voltage is at 49.002 V. Only 

two batteries are being connected to the DC-DC converters to serve the bus. Three 

commercially available DC-DC boost converters are connected in parallel to handle an 

output current up to 30 A. The input battery bus voltage is only 20.107 V.  

 

Figure 2.8. Hardware Setup with 4 ESMC Units. 

 

2.6.2 Control Platform 

The ESMC hardware and software control platform to support 4 ESMC devices is 

shown in Figure 2.9. Voltage and current measurements are collected from each ESMC 
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and hardwired to a National Instruments NI-9206 DAQ module [65]. This module is a 32-

channel single ended/16-channel differential analog input module. The voltage and current 

on the low and high voltage sides of the boost converter are measured as well. Control 

commands are passed to the switching relays from a NI 16 Digital Input/16 Digital Output 

channel module. The two modules are connected to a PC via a NI 9174 4-slot USB chassis. 

Real time measurements are then provided to the operator scaled to the appropriate level 

to provide synchronized control and monitoring of the relays during coupling and 

decoupling of the DC and charging buses. 

 

Figure 2.9. ESMC Hardware/Software Control Platform. 

 

2.6.3 Graphical User Interface 

An initial graphical user interface (GUI) has been designed to be clear and user friendly. 

The display is split between two distinct control panels: the Main Load and System Control 

and Individual ESMC Control Interfaces. The following subsections will discuss both in 

detail. 
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2.6.3.1 Main Load and System Control 

The main system control panel provides the general status of the load bus as well as the 

input from the ESMC array and is shown in Figure 2.10 with the following features 

numbered:  DC Bus parameters and a graph depicting the input (1) and output voltages 

from the DC/DC converter (2) as well as the load current (3). Several controls are provided 

to operate the load in either constant or pulsed mode (4) where the frequency (5) and duty 

cycle (6) of the pulsed load can be controlled. The main load and system control panel also 

allows the user to set absolute maximum values for overcurrent (7) and overvoltage (8) 

protection with an alarm indicator (9) as well. Since the platform is designed for DAQ, the 

user can select the path where the data is to be saved (10) and toggle the data logging 

operation (11). 

 

 
Figure 2.10. ESMC Main Load and System Control GUI. 
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Figure 2.11. Individual ESMC Control Interface GUI. 

 

2.6.3.2 Individual ESMC Control Interface 

In the second panel, an individual ESMC device is tabbed out allowing the user to 

monitor the status and control each ES device individually. The individual ESMC Control 

Interface is shown in Figure 2.11 with the following features numbered: the operational 

mode setting (1) and crucial measurements of Voltage (V) (2), current (A) (3), power (W) 

(4), Ampere-hour (Ah) energy indicators (5) and SoC (6) are provided for each ES device. 

On the control front, the status of each relay is provided for verification and troubleshooting 

(7). The user has the ability to designate an independent charging method for each ESMC 

(8): Off, Constant Charging, and Pulsed Charging, where pulsed charging knobs allow the 

user to select the frequency (9) and duty cycle (10) of the pulse. The Coulombic or C-rate 
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(11) measures the current into or out of the ES device with respect to its capacity setting 

(12) and is a particularly useful value when monitoring battery ES as it can be used as a 

metric to analyze performance. As the C-rate increases, the available usable capacity in a 

battery will decrease. This value is most useful in the discharge phase as it will influence 

run-times, operation voltage ranges, and SoH progression. This is discussed further in 

Chapter 3. 

 System Expandability for Commercialization 

In this section, the concept of the ESMC is expanded to make it more suitable as a 

commercial product. A US patent was approved on 15 August 2017 (US Patent Number: 

14/848,711), which analyzed a number of features within the design and recommended 

alternative configurations or components to reduce the cost and size of the proposed 

prototype. Five major areas have been reviewed extensively, where hardware and software 

improvements have been investigated and are vdiscussed in the following subsections.  

2.7.1 Voltage and Current Sensor Upgrades 

In the developed prototype, voltage and current measurements were accomplished 

using two Hall Effect sensors, but as mentioned previously, a large percentage of the 

prototype cost is owed to these components. Alternative methods have been investigated 

to reduce the cost while still maintaining measurement accuracy. In order to lower the cost 

of the system, an alternative measuring circuit has been investigated where a high level 

schematic version is shown in Figure 2.12. For the current sensor, a precision shunt 

resistance is used R  where the voltage drop is fed to an AMC 1200 optically isolated 

differential amplifier and a small load resistance R  is placed in series [67]. The current 

through R  is then proportional to the current across R  where the voltage drop V , V   
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is measured and fed to a microcontroller unit (MCU). The AMC 1200 is also an applicable 

alternative in the voltage sensing application. In this case, the voltage across the ES is 

passed through a voltage divider circuit utilizing high resistances R ,	R . Contrary to the 

basic circuit topology outlined in Section 2.4.3, in this case, it is referred to an isolated 

ground (GND ). The current through R  is proportional to the voltage across the ES 

terminals where the differential voltage V , V   is measured and fed to the MCU. These 

circuits are based on commercial-off-the-shelf isolated amplifiers and can achieve a total 

cost reduction of around 70%.  

 

Figure 2.12. Reduced Cost Voltage and Current Measurement Circuit from ESMC. 

 

2.7.2 Switching Component Upgrades 

In the existing prototype, the switching actions were accomplished by 

electromechanical relays; however, these pose a number of challenges in a commercial 

device. In order to further reduce cost and particularly, the weight and overall footprint of 

an ESMC device, relays can be replaced with high powered metal oxide semiconductor 

field effect transistors (MOSFETs). The usage of these devices would also reduce parasitic 

power consumption as well. 
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2.7.3 Thermocouple Addition 

All ES devices are influenced by temperature fluctuations that can impact their 

performance. Electrochemical ES devices, in particular, are sensitive and in some cases 

such as in lithium ion batteries, temperature regulation is essential when attempting to 

charge at voltages near their maximum level. Without precise measurements of voltage, 

current, and temperature, a generation of solid lithium metal can result in the production of 

carbon dioxide causing a dangerous thermal runaway condition [68]. Aside from the 

internal operating temperature, small variations in the ambient temperature can also have 

a strong influence on SoC deviation, which is investigated in detail later in Chapter 4. For 

these reasons, a thermocouple is included in the commercialized version of the ESMC 

where the current voltage and current protection schemes are updated to include thermal 

limits on the ES device. 

2.7.4 Control Enhancements 

The current control algorithm was designed for and is running on a PC-based system. 

However, in order to achieve autonomous operation, major modifications need to be 

completed to the control algorithm. First, the control algorithm can be implemented on a 

MCU chip which is solely responsible for collecting voltage and current measurements 

from ES devices to calculate SoC. Based on measured and calculated quantities, the 

controller can take actions directly and simply have a master supervisory (or zonal) 

controller to exchange control commands. For example, in the case of a low SoC, the 

controller can either connect the ES to a charger or completely disconnect it from the array.  

Initial testing and verification was completed implementing the ESMC control and 

monitoring software under a Qt Linux-based framework [69]. The software was 
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programmed to run on a portable Beaglebone by beagleboard device running the Linux 

Ubuntu operating system. As shown in the high level schematic in Figure 2.13, the 

Beaglebone served as the supervisory controller for Zone Z. For future large scale 

implementations, an architecture like this is necessary to manage large ES arrays installed 

in various zones. This hierarchy could support a number of future zones that would be 

present in shipboard power systems and utility grid applications. Measurements from each 

ESMC are collected using a STMicroelectronics STM32 Discovery board MCU running 

on a 168 MHz STM32F407 chip and transmitted to the supervisory controller via serial 

communication (RS-232) under a defined instruction set [70]. 

 

Figure 2.13. Hierarchy of the Proposed Upgraded ESMC System. 
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2.7.5 Graphical User Interface (GUI) Development 

The existing prototype system GUI was developed under a LabVIEW environment, 

however, a more portable GUI requiring less overhead is needed for commercial operation. 

To accomplish this, a beta version of a revised GUI software was tested operating under 

the Qt Linux application framework. The framework was developed for a touchscreen LCD 

screen to view live measurements, graphs, and status of the system and is shown at the top 

in Figure 2.13. The upgraded GUI provides a more simplified layout in a clear, easy, and 

flexible way to provide crucial performance details to the user.   

 Summary 

In this chapter, a specialized ES management controller (ESMC) was developed, 

discussed, and compared to state of the art BMS and EMS devices found in previous 

literature. The significance of the ESMC device was addressed in its unique capability to 

decouple an ES device from the load while still providing an alternative path for current to 

flow. In addition, a Charging Circuit connection provided charging, balancing, and other 

maintenance tactics to be orchestrated on a single ES device. The different components, 

modes, as well as its potential for future expandability and commercialization were 

discussed in detail. The ESMC provides a significant baseline platform for a number of 

chapters in this dissertation from individual to hybrid ES testing and evaluation to 

improving the management system in terms of SoC, SoH, and introducing autonomous 

features. In the following chapter, the first test of 4 series-connected ESMC prototypes 

managing 4 - 12 V lead acid batteries is evaluated and a wide range of experimental results 

are presented. 
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 Introduction 

The Energy System Management Controller (ESMC) proposed in the previous chapter 

is tested for is usage in a lead acid battery array in this chapter. The first particular focus 

has been placed on its integration with lead acid batteries as a result of their high 

susceptibility to lifetime, or State of Health (SoH) impacts, a major topic of this 

dissertation. Currently, lead acid batteries are being widely deployed for their usage in grid 

energy storage (ES) due to their versatility and low cost, but are burdened by a number of 

factors which result in a declination of their performance. As a lead acid ages, its series 

resistance will begin to increase as it is susceptible to many factors that impact its lifespan 

[71]. Most notably, the number of cycles that it has charged and discharged, effects of 

temperature, and the types or levels of discharge currents it has been exposed to [72]. These 

factors lead to electrochemical changes inside the battery which result in a decreased usable 

capacity and inefficient charging.  

In the following section, a basic review of lead acid battery operation is discussed as 

well as its basic equivalent circuit model based on Electrochemical Impedance 

Spectroscopy (EIS). Through the utilization of the EIS model, differences in the battery 

performance as it begins to age are reflected by varying component parameters within the 

circuit. EIS presents the first basic model of battery performance which offers a glimpse 

into battery lifetime or SoH, a topic which will be covered in deep detail in later chapters. 

To conduct adequate testing, four prototype ESMC devices were developed attached to 4 

– 12V 110 Amp-hour (Ah) deep-cycle lead acid batteries. Some of the specialized features 
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proposed by the EMSC are evaluated by conducting four important test cases. First, the 

SoC balancing example is demonstrated amongst series-connected batteries. Next, the 

ESMC behavior and handling under a fault is analyzed. Third, a management scenario of 

lead acid batteries operating under a heavy pulsed load is shown followed by a 

comprehensive endurance and robustness evaluation. 

 Basic Equivalent Circuit Model for the Lead Acid Battery 

In this subsection, the basic operation of the lead acid battery is discussed as well as its 

basic electrochemical equivalent model based on EIS. Composed of lead (Negative) and 

lead dioxide (Positive) electrodes placed into an electrolyte reservoir of sulfuric acid, its 

operation is governed by changes in the sulfuric acid concentration. A fully charged battery 

has an electrolyte composed of approximately 60% sulfuric acid and a discharged battery 

is primarily composed of water. Discharging precipitates the removal of electrons from the 

sulfuric acid hereby resulting in the production of solid sulfate at the battery plates. The 

charging process removes the solid sulfate and places it back into the electrolyte, but the 

process is not 100% efficient and some mass remains.  

 

 

Figure 3.1. Deconstructed Single-cell Lead Acid Battery with Heavy Sulfation. 
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Over many cycles, the sulfate mass increases and this phenomenon, known as sulfation, 

contributes as one of the largest culprits impacting reduction of SoH in terms of 

performance as well as a reduced usable capacity. An example of heavy sulfation 

production is depicted in Figure 3.1. In Figure 3.1, a fully discharged single-cell lead acid 

battery has been deconstructed revealing the collection of white sulfate (PbSO ) on the 

separators, which provide the isolation between the positive and negative electrodes.  

Some works have been published to find an electrochemical method to essentially 

break down the collection of sulfate at the battery plates [13],[59],[60]. If breaking down 

solid sulfate is successful, it can be introduced back into the electrolyte hereby increasing 

the usable capacity. The pulsing of high electrical current is analogous to repetitively 

pressing against the sulfate layer at a certain pulse frequency. The material stress associated 

with this can result in cracking of the sulfate layer. Through the application of pulsed 

charging using the ESMC, this process will be tested and evaluated. 

Analyzing battery behavior with varying SoH with respect to a current pulse requires 

an extension from the common battery equivalent circuit to account for an impedance 

variance present at the interface between the electrode and electrolyte. EIS introduces 

kinetics to solve for three new parameters governing lead acid cell behavior [61].  

 
Figure 3.2. Basic Equivalent Circuit Model for a Lead Acid Cell Based on 

Electrochemical Impedance Spectroscopy. 
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Shown in Figure 3.2, a modified resistor-capacitor (RC) circuit is placed in series with 

the resistance of the electrolyte (R ) where R  represents a resistive element in parallel 

with a non-faradic capacitance (C ) value to explain the reduced absorption and extraction 

of electrons from the electrodes into the electrolyte. This single order model also provides 

the first basis in capturing the impulse response of a battery cell or module. The transfer 

function depicting the overall impedance is: 

R
C R 1

R 																					
 (3-1)

The voltage  response on the battery cell  is: 

1
C

C R 																					
 (3-2)

where  is chosen to model the capacitive response on the battery during and after a pulse, 

R  controls the voltage drop following a pulse train, and	R  controls the steepness of the 

voltage drop Δ  in each pulse. A comparison is shown in Figure 3.3 where the solid and 

dashed lines depict pulsed load responses for a healthy versus damaged battery. 

 

 

Figure 3.3. Pulsed Load Response on Healthy & Damaged Battery. 
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Minute adjustments are made to C  to depict a reduced response and recovery time 

following a pulse on the damaged battery, but R 	and R  represent the most prominent 

characteristics. The voltage drop after applying a pulse to a healthy battery ∆  increases 

significantly as the battery ages where a damaged battery voltage drop is much sharper 

∆ . In addition, impacts of the pulse train on a healthy battery  present a much gentler 

voltage slope than that of a damaged battery . The steeper downward trend is directly 

correlated to a SoC impact. Without accurate measurements for each battery, one would be 

unable to detect these characteristics. 

 Lead Acid Battery Bank under Test 

A bank of deep cycle lead acid batteries has been utilized for experimental testing of 

the ESMC devices. The bank is pictured in Figure 3.4 and consists of 10 UPG 121100 110 

Ah 12V Lead Acid Batteries all with varying SoH levels [73]. In order to introduce a wide 

range of testing conditions, different combinations of these 12 batteries were selected for 

each experiment. Table 3-1 provides a summary of the specifications for each battery. 

Although at a conservative Coulombic (C-rate) of C/20 (a 20-hour discharge), the full 

discharge can theoretically source 110 Ah of energy; this value is reduced as the discharge 

current increases. This is a common phenomenon which is present in all batteries and one 

which is particularly of a concern in the lead acid battery, which carries with it a significant 

drop-off as the discharge current increases. Table 3-1 reveals how as the discharge current 

increases, the available energy decreases, where 40% of the nameplate capacity is reduced 

at the maximum discharge rate of 1C.   
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Figure 3.4. 10 - 12V 110 Ah Lead Acid Battery Bank. 

 
Table 3-1. UPG 121100 110 Ah 12V Lead Acid Battery Specifications. 

 

 

Nominal Voltage 12 V 
Nominal  

Capacities 
at 25 °C 
*Rated 

C-Rate 
*C/20 (5.5 A)
C/10 (10.2 A)
C/5 (18.7 A)
1C (66.0 A)

Energy 
*110.0 Ah
102.3 Ah
93.5 Ah
66.0 Ah

Charge Voltage
Current

14.4 ≤ V ≤ 15.0
≤C/3 (33 A)

 
 

Discharge  
 

C-Rate 
C/20 
C/10 
C/2 
1C 

Cutoff Voltage 
10.5 V
10.2 V
9.6 V
7.8 V
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Another important aspect to consider is an adjustment of the full discharge cutoff, or 

the minimum voltage level to which the battery can operate safely without being over 

discharged. Although the cutoff defining the 0% SoC level at C/20 is 10.5 V, an increased 

voltage drop under load will be present at higher loading currents as a result of high 

polarization and ohmic losses resulting in a lower terminal voltage. This topic is discussed 

extensively in Chapter 5, where the physics of the lead acid battery demonstrate the reason 

for this large voltage drop. Under heavy pulsed loading and particularly during the 

endurance test section, variances in the discharge voltage cutoff will be apparent. 

 Energy Storage Management Controller Implementation 

In the following scenario, 4 ESMC devices are used to manage a 4 – 12V lead acid 

battery system. The overall topology for connecting ESMC units to four devices is shown 

in Figure 3.5. Based on the range shown in Table 3-1, the charging bus voltage has been 

set to 14.7 V.  Although the current transducers installed on the ESMC have been tuned to 

accept the maximum charging current of 33 A, the test current is limited to 16.5 A [62]. In 

Figure 3.5, the 14.7 V Charging and Diagnostic Bus is connected in parallel to all ESMC 

links. The terminals of the ES array are connected to a DC-DC boost converter to stabilize 

the Bus DC voltage. The converter is unidirectional as the charging of the batteries is 

accomplished through another bus. In order to validate the plausibility and prove the 

capabilities of the developed ESMC, ESMC units are tested experimentally under 

conditions similar to real world conditions. The four ESMC units are connected to lead 

acid batteries from Figure 3.4 containing varying SoC and SoH levels. Different scenarios 

are created with diverse events and load profiles. 
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Figure 3.5. ESMC Implemented in a 4 – 12V Lead Acid Battery Bank.  

 

 State of Charge Balancing  

When more than one battery is placed on charge, current regulation is not possible and 

the magnitude of current absorbed by each battery will vary based on many characteristics. 

These range from a simple deviation in SoC to a mismatch in their internal impedance as 

was previously discussed in Chapter 2. A drift in the internal impedance would allow the 

battery with the lowest impedance to absorb the highest level of current in the stack, thereby 

limiting the energy that is charged by the other batteries. However, with the individual 

charging control capability introduced by the ESMC, the operator can control the energy 

injected into each battery regardless of its individual characteristics.  
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Consider a scenario as the one depicted in Figure 3.6. Initially, four batteries are 

connected in series to serve a load. At minute 5, the SoC of two batteries (BATT3 & 

BATT4) are decreased falling below a certain pre-specified threshold. Keeping a battery 

running with low SoC would increase its Depth of Discharge (DoD), DoD 	100%

SoC, and can cause permanent damage. To solve this, these two batteries are changed from 

Normal Operation to Charging mode. Figure 3.6(a) shows the energy withdrawn from each 

battery (negative sign) and the charged (positive sign) over a 1-hour operation cycle.  

Both batteries are connected to regular constant charging at minute 30 due to the 

aforementioned reasons where both batteries were not withdrawing the same energy: 

battery 3 (BATT3) withdrew more energy than 4 (BATT4). Hence, in order to regulate the 

energy injected into each battery, a pulsed charging profile is applied to both batteries. The 

pulsed charging currents were under the same frequency (0.25 Hz), but utilized different 

duty cycles to control the average injected energy to the battery. The duty cycles were set 

to 25% and 75% for batteries 3 and 4, respectively.  

It can be seen that the slopes of the curves have changed indicating variation in the 

amount of absorbed charging energy. At minute 45, the injected energy to battery 4 

exceeded the energy of battery 3, so battery 4 is selected to be returned to the stack to share 

the load with batteries 1 (BATT1) and 2 (BATT2). Consequently, the slope of the energy 

curve changes to negative which indicates it is losing energy. The energies of batteries 1 

and 2 are shown in Figure 3.6(a) with a negative slope over the entire operation cycle. It 

should be noted that connection, disconnection, and transition of a battery from one state 

to another are occurring seamlessly while the other two batteries continue to supply the 

pulsed load. The load pattern is depicted in Figure 3.6(d).  
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Figure 3.6. SoC Balancing Scenario (a) Battery Energies, (b) DC Bus and Input Array 
Voltages (c) Current of First Battery (BATT1), (d) Pulsed Load Current (e) DC Bus and 

Input Array Voltages (60s close up). 
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The DC bus voltage and terminal voltage of the battery bank (input array) are shown 

in Figure 3.6(b).  It can be seen that the voltage of the battery bank dropped from 48 V to 

24 V when 2 batteries were disconnected.  Returning the third battery to the stack brought 

the battery bank back to around 35 V. High voltage fluctuations are associated with the 

pulsed load as shown in Figure 3.6(e). The DC-DC boost converter successfully regulated 

the DC bus voltage isolating any voltage variations from propagating to the load side. The 

current withdrawn from battery 1 is shown in Figure 3.6(c) which changed from 7 A in the 

first 5 min to 15 A between minutes 5 and 45, then reducing to 11 A when the third battery 

was connected. 

Pulsed charging provides a metric to not only regulate current into the battery, but also 

provide mitigation dynamics in the case of a faulty battery based on the EIS concept 

mentioned previously in Section 3.2. The pulsed charging capability is also introduced for 

usage in SoH mitigation. In the case of a defective battery, the pulsed charging concept can 

be tested at a variety of frequencies (up to 10 Hz), currents (up to 10 A), and duty cycles 

in an attempt to crack sulfation. In this case, the Charging and Diagnostic Circuit would be 

connected only to that particular battery where a maximum safe charging current is used 

to generate thermodynamic stress. It is worth mentioning that this added functionality not 

only allows balancing the SoC, but also distributes the stresses on the batteries as those 

serving the load for longer periods can be put to charge, while the other charged units can 

be connected to the load, and so on.  

 Fault Event 

A protection scheme is designed as an additional functionality for the ESMC. This 

scheme was designed in a way to protect the system and reduce interruptions. If a fault 
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occurs in the charging circuit, the system disconnects the charging relays to isolate all 

ESMC devices from the 14.7 V Charging and Diagnostics Bus. The system is able to detect 

the fault location by checking the current sign, where a positive sign denotes a current 

injected into the battery. As shown in Figure 3.7, three batteries are connected to the 

charger, while only one battery (battery 1) is supplying a 0.9 A load. As shown in Figure 

3.7(c), an event is created to increase the charging current in battery 4 where the current 

rises rapidly to 13.5 A reaching a pre-specified threshold.  

 
Figure 3.7. Protection against Fault Events in the Charging Circuit (a) Load Current (b) 

DC bus and Input Array Voltages (c) Current for the 4 Batteries. 
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The system detected this case and sent an “off” command to the charging relays. The 

current of all the charging batteries fell to zero, while the current of the battery supplying 

the load remained unaffected. The charging relays for battery 1 are opened as well, but do 

not affect its operation in Normal Operation mode. Figure 3.7(b) reveals that the DC bus 

voltage remained constant. The input array voltage is constant at 11.4 V, equal to the 

voltage of battery 1.  

This scenario demonstrates the effectiveness and reliability of the designed protection 

scheme. It should be noted that if the fault occurred at the load side, all ESMC units and 

the load would be disconnected. Also, it emphasizes the previously mentioned points and 

the importance of individual pulsed charging. When three batteries are connected to 

charging, each battery withdrew a different current. The charging currents were 8.1 A, 0.8 

A and 6.5 A for batteries 2, 3 and 4, respectively. The lowest charging current on battery 3 

indicates a high internal impedance and low SoH. The current withdrawn from battery 1 is 

almost four times the load current (considering the converter efficiency) as the voltage on 

the battery side is one quarter of that which is present at the load side.  

 Discharging under Heavy Pulsed Load 

The performance of the ESMC is now investigated under a heavy pulsed load 

condition. A pulsed load requires very high power for a relatively short period of time [74]. 

These are often periodic, operating over a small percentage (duty cycle) of a period of 10 

s or less. Although the pulse period is typically short requiring a relatively small amount 

of energy, reaching the power demand is challenging and places a great deal of stress on 

the ES sources.  
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Figure 3.8. Discharging under a Heavy Pulsed Load (a) Load Current (b) DC Bus and 
Input Array Voltages (c) Battery Currents (d) Battery Voltages (e) Battery Currents (1-

min zoom from (c)) (f) Battery Voltages (1-min zoom from (d)) (g) Battery Power. 
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The pulsed load test is important as its dynamics are present in a wide variety of 

applications which are addressed in this dissertation, from the utility grid to EVs and 

shipboard power systems. In this scenario, the pulsed load amplitude is set to 9 A at a 

frequency of 0.1 Hz and 50% duty cycle for approximately 30 minutes. The complete load 

profile is shown in Figure 3.8(a). It can be seen that the operation cycle is divided into three 

sections where each section is approximately 15 minutes long. In the first section, it was 

found that battery 3 had a low voltage due to excessive aging as opposed to the other 

batteries which reflects on its SoH and SoC. Hence, battery 3 was placed in charging mode 

to improve its SoC where a constant charging current of approximately 6 A is applied for 

the first 15 minutes. The other three batteries remained connected to serve the pulsed load. 

The terminal voltage of the stack is 36 V under no load dropping to 30 V during the heavy 

loading period under the pulse. The voltages of the DC bus and the input array are shown 

in Figure 3.8(b).   

Figure 3.8(c) depicts a compilation of the currents measured from each of the four 

batteries. The first 15-minute segment shows the pulse being supported by only three 

batteries, or a 36 V bus. The levels of current contributed from battery 1, battery 2, and 

battery 4 are somewhat balanced at a high pulse current of 16.5 A at the battery side. This 

current corresponds to a C-rate of C/6.67, or a 6.67 hour discharge. Looking at the envelope 

formed by the amplitude of the pulsating battery currents, the current drawn from the 

remaining battery stack is stable for the first 15 minutes. 

Following the charging of battery 3, at minute 15 the battery is placed back in to serve 

the load, reducing each battery current to approximately 13 A. Initially, this reduces the 

burden and C-rates on the batteries, but as the system continues to operate, the current 
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amplitude begins to expand demonstrating that a weak battery is still present in the system. 

To compensate for a continuously dropping voltage on battery 3, the remaining batteries 

are forced to increase their currents to supply the required energy and fill the pulse. This is 

explained by looking at Figure 3.8(d). It can be seen that the voltage of battery 3 is 

drastically decaying. A close up of the voltage waveform is shown in Figure 3.8(f), where 

a steep decay of the voltage during the pulse is present indicating that the battery cannot 

sustain the heavy loading current for a longer period.  

This rate of change can be used to determine parasitic parameters of the battery using 

the equations provided in Section 3.2 and EIS methods. A closer look into these figures 

reveal a wide range of information about the characteristics of the batteries and their 

expected lifetimes. The voltage profile of battery 3 (red) compared to that of battery 1 

(blue) can give a realistic indication for relative differences in their characteristics. The 

voltage of battery 1 is consistent and steady. This can be used to easily identify an 

unhealthy or low-performing battery inside a large stack. The current and power injected 

by each battery are depicted in Figure 3.8(e) and Figure 3.8(g), respectively.  

During a short rest period, it is shown that the voltages of batteries are recovering to 

their initial values. The slowest recovery rates were seen on batteries 3 and 4. A final test 

is applied where a constant current of 9 A is applied for 2 minutes. Using the current 

sourced during the constant current stage in Figure 3.8(a), the load is essentially stable, but 

should be lower with all four batteries contributing. A load current of 15 A reveals that one 

battery is faulty. By analyzing the bus voltages in Figure 3.8(d), one can identify a weaker 

input array voltage as the slope of the voltage drop during the pulse is substantial. The 

voltages of batteries 3 and 4 drop to 6 V and 8 V, respectively, far below the minimum 
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discharge cutoff for a load of C/5 or greater as designated earlier in Table 3-1. Batteries 1 

and 2 are relatively healthy.  

The output DC bus voltage is shown in Figure 3.8(b) in green with respect to the input 

array voltage in blue. A closer look at Figure 3.8(b) in the pulsed load region is shown, 

demonstrating the stability of the DC bus and voltage variation present on the array input 

as the terminal voltage of the battery array transitions from 45 V to 33 V. The input voltage 

depicts the voltage stabilization and number of batteries connected to the stack. In addition, 

though the DC bus voltage is impacted by the magnitude of the pulse, the voltage variation 

remains relatively small and within standard limits [75]. Thus, a change in the battery array 

size and input voltage only introduces a small deviation on the output DC bus voltage. 

 Endurance and Robustness Test 

In order to examine the endurance and robustness of the developed prototype, it was 

put in operation for a continuous 40-hour test. Measurements were collected via LabVIEW 

and saved in a database. During this test, the system performed the different functions 

(supplying a load, pulsed charging, supplying a load again, and constant charging) without 

recording any issues or failures. The voltage and current data is shown in Figure 3.9(a) and 

Figure 3.9(b), respectively. Figure 3.9(c) shows a close-up of the voltage in the first 45 

minutes of the test. The test was performed by selecting a battery with very low SoH. A 

secondary purpose was to investigate the effectiveness of pulsed charging.  

It can be seen from Figure 3.9(c) that initially the open circuit terminal voltage of the 

battery was 8.5 V. When a load was applied to the battery, the voltage dropped significantly 

reaching around 6.75 V, far below the absolute minimum discharge voltage cutoff for the 

UB 121100. Pulsed charging was applied to the battery, injecting maximum current at a 
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14.7 V charging voltage under a 1 Hz pulse frequency and duty cycle of 75%. After 

charging, the same load was applied again, where the voltage dropped drastically in the 

beginning reaching around 7.1 V. This test shows improvement in the battery voltage 

(around +0.35 V) due to a partial cracking of the accumulated sulfate layer.  

 

 

 

 
 

Figure 3.9. Endurance and Robustness Test (a) Battery Voltage (b) Battery Current (c) 
Battery Voltage (first 45 min). 
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 Summary 

In this chapter, four laboratory ESMC prototypes were placed through four initial tests 

to verify their performance and functionality under different loading conditions. Each 

ESMC was capable of monitoring the voltage, current, power, energy and SoC for each 

battery in the array and independently controlled individual batteries. Through the isolation 

of individual batteries, one or more lead acid batteries in a series stack configuration were 

charged, while the system continued to supply the load. A number of studies were 

conducted revealing the new topology can significantly increase the reliability of the 

system. The first scenario revealed how the collaboration of multiple ESMC devices can 

be used to conduct SoC balancing. The second and third evaluated the ESMC behavior and 

performance under a fault event as well as a heavy pulsed load. The fourth and final test 

was particularly important and served multiple purposes. First, to evaluate the ESMC 

performance over an endurance period and second, to test the capability of utilizing certain 

features to improve a battery SoH.  

In Section 3.2, a battery SoH was introduced and a discussion of how battery 

performance can be evaluated through tracking circuit components in a basic EIS model. 

This dissertation will introduce multiple methods in which EIS circuit component values 

can be obtained and accurate values are crucial for conducting meaningful simulations. In 

the next chapter, the direct approach at acquiring EIS values is taken through the 

implementation of a traditional EIS procedure. The history and theory of EIS and how 

component values can be obtained experimentally though the aid of an AC voltage 

disturbance will be discussed in detail.  
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 Introduction 

All rechargeable batteries have an associated lifespan or State of Health (SoH) which 

will result in a reduction of their performance, usable capacity, and runtime over their 

calendar life and usage [77]. When a battery is first placed into service, charging and 

discharging voltage curves will behave near their ideal case. However, as a battery ages, 

this curve becomes unpredictable and highly nonlinear. Accurate and reliable estimations 

of SoH and performance are crucial in the development of a smart battery management 

system (BMS). Without insight into a battery SoH, a BMS cannot adjust to new operational 

parameters which will result in inaccurate State of Charge (SoC) readings thereby 

inaccurately estimating the remaining usable capacity. 

The batteries leading the market today are sealed lead acid and lithium ion batteries. 

Although the lead acid battery suffers from a number of health-related effects as was 

addressed in the previous chapter, its popularity still remains high due to a low cost of 

materials [71]. Their service to the electric vehicle (EV) industry, however, is limited as a 

shift has been made to various lithium ion compounds due to serious SoH impacts as a 

result of a required deep Depth of Discharge (DoD) and the associated high discharge 

currents required for EV operation. Lithium ion batteries have been introduced as an 

alternative, where their operating ranges can be constrained to increase cycle life, a tactic 

which is more complicated with lead acid batteries as they must be charged in full regularly 

to maintain their full usable capacity. Although lithium ion batteries offer an improvement, 

they are not immune to many of the same SoH issues [78]. While deep DoD continues to 



 

62 

 

hold a strong bearing on the lithium ion battery cycle life, new SoH problems arise from 

thermal expansion and contraction of materials during cycling, especially at high currents. 

These operating scenarios increase the impedance of the battery.  

Although a quantitative definition of SoH has not yet been standardized, it can 

traditionally be referred to as a percentage of remaining usable capacity versus the 

nameplate.  Some of the earliest procedures were introduced in the late 1990s through 

higher level algorithms [79]. In Reference [79], six years of lead acid battery data was 

analyzed to characterize the health of the battery into three SoH phases: starting, working, 

and capacity drop. Reference [80] analyzed the coup de fouet, or the initial discharge 

voltage drop behavior as a method to estimate the remaining capacity.  

A detailed example of capacity loss in a lead acid battery is shown in Figure 4.1 where 

the charging and discharging voltage and current progressions for both a healthy and 

damaged UB 6120 lead acid battery are compared over time [81]. The time scales have 

been matched in order to better highlight differences in the charging and discharging 

periods. Both batteries were charged under a standard two-stage charging scenario: 

Constant Current (CC) where approximately 75% of the capacity is transferred followed 

by Constant Voltage (CV), which injects less energy but is required by the lead acid battery 

to maintain its full capacity [82]. Notice that the CC stage in the healthy battery lasted for 

approximately one third of the charging period followed by CV for the remaining time. 

The CV period also dropped off gradually, where the slope of the battery current (shown 

in orange) eventually reached a minimum value where charging ceased. As shown, the 

charging period lasted for 15.3 hours transferring 11.2 Amp-hours (Ah) into the battery 

followed by a Constant Resistance (CR) discharge phase. Over the discharge period, the 
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battery operated at its rated current for 17.9 hours discharging 11.0 Ah, or approximately 

98% of the charged energy.  

 

Figure 4.1. Lead Acid Battery Charge/Discharge State of Health Curve Comparison. 

 

The same battery is shown below in Figure 4.1 following many charge/discharge 

cycles. This battery was intentionally exposed to heavy discharging currents and was over 

discharged numerous times leading to internal damage. Notice a significant increase in the 

length of the charging period where the duration in CC mode was reduced by 70% and the 
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CV period featured a steep falloff in the charging current. Although the battery charged for 

18.5 hours, only 7.629 Ah of capacity was absorbed. The most noticeable result is present 

in the CR discharge phase, which only lasted for 7.8 hours discharging 57% less energy 

than the new battery (4.693 Ah). Furthermore, the discharge period was significantly less 

than the charging period.  

Capacity may be the most useful to the end user, but a degradation in performance is a 

result of complex electrochemical processes which impact far more than the available 

capacity. As a basic introduction to this concept, the 1st order Randles equivalent circuit 

model which was introduced in the previous chapter is revisited. Accompanying the 

capacity loss phenomenon in the UB 6120, component values in its equivalent circuit 

model have shifted as well. A Randles 1st order representation is shown in Figure 4.2. As 

can be seen, many values can change as the battery ages.  

 

Figure 4.2. Example of Changes in the Randles Equivalent Circuit as a Battery Ages. 

 

In this case, both the ohmic resistance  and impulse parameters ,  are drastically 

different between the new and damaged UB 6120 battery. First,  has increased by almost 

three times its original value which will result in a much heavier voltage drop when the 

battery is placed under the same load. Next, both impulse parameters have increased 
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suggesting the battery recovery following a load or charging current will take much longer 

to recover. A simple calculation of a resistor-capacitor (RC) time constant  

reveals the recovery period between the new and damaged batteries increased from 0.255 

s to 1.17 s. The lack of a fast recovery period also suggests the battery condition is poor.  

A number of techniques have been proposed to offer greater insight into a battery SoH 

[83]-[85]. In Reference [86], two techniques were investigated in an attempt to track and 

detect capacity decay and compute SoH. The first technique makes use of fuzzy logic to 

compute a health index; whereas, the second relies upon a neural network topology. Both 

techniques required early stage characterization of the battery, but were able to track the 

usable capacity to within ±5% of the actual value. However, these procedures were only 

evaluated on batteries of the same type, capacity, and manufacturer. Furthermore, 

determination of the current usable capacity cannot reveal insight into the battery impulse 

response or its equivalent circuit parameters. In order to extract signature information 

related to a battery condition, Electrochemical Impedance Spectroscopy (EIS) must be 

performed. 

EIS presents the most effective method to date in extracting equivalent circuit 

parameters, where a wide range of AC voltage frequencies are passed across the electrodes 

and the battery current response and phase shift is recorded [87]. The use of EIS has been 

a powerful diagnostic tool in the material science field to analyze developmental materials, 

sensors, and emerging electro-chemistries. However, once the device or battery has left 

fabrication, it will rarely be exposed to this characterization again. EIS remains a premium 

in the operational battery industry where the implementation of a low-cost solution is still 

a challenge [88],[89]. However, with the availability of low-cost, small printed circuit 
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boards (PCB), this technology could be made available to future EVs providing near real-

time battery health analysis to the driver and even anticipate failures. 

In this chapter, the core concept of battery EIS is investigated as one of two methods 

that are addressed in this dissertation to obtain the battery equivalent circuit. EIS is 

considered a noninvasive technique, as the current it applies is extremely small operating 

on a low power AC circuit, which is separate from a DC bus, load, or charger. The theory 

of EIS is discussed next as well as its common challenges revealing the necessity to explore 

an alternative method as will be presented in the next chapter. A simplified EIS topology 

for a precision on-board measurement circuit application is proposed. The considerations 

and trade-offs associated in its development will be discussed while a simulation platform 

will test and verify the proposed circuit topology through simulation and initial laboratory 

testing.  

 Electrochemical Impedance Spectroscopy 

The process of EIS is highly correlated to electrochemical processes as it can measure 

the dielectric properties of a medium as a function of frequency. The impedance of the 

battery electrodes are measured under a wide range of different AC frequencies [90]. 

Traditionally, anywhere from 1 mHz up to 10 MHz is applied at the battery terminals. At 

each frequency, the magnitude and phase difference between the system AC voltage and 

current response is recorded and constructed into a Bode plot similar to that which is shown 

in Figure 4.3(a).  

A key characteristic of EIS when it is applied to a specific type of electrochemistry is 

a correlation between the frequency test range and particular components of the 

electrochemical conversion process. For the lithium ion battery, electrochemical kinetics, 



 

67 

 

or the movement of lithium ions between electrodes can be revealed at lower frequencies; 

whereas, ohmic loss though the electrolyte can be obtained at much higher frequencies. 

Similar characteristics can be extracted from the lead acid battery where ohmic losses are 

present at higher frequencies as well but differ from that of lithium ion. Furthermore, each 

battery will feature a signature range as a result of the chemistry type. With high enough 

fidelity and a model of sufficient order given the application, it will become unique to only 

one specific battery.  

 

 
(a) 

 
(b) 

Figure 4.3. Example Randles 1st Order Equivalent Circuit Frequency Response a) Bode 
Plot and b) Nyquist Plot. 
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4.2.1 Procedure 

The Bode plot output in Figure 4.3(a) depicts an example lithium ion battery test 

scenario where an AC signal is passed from 100 mHz to 10 MHz (~10 10  rad/s) 

[91]. To adjust this plot for easier readability and provide a distinction of equivalent circuit 

parameters, the Bode plot is consolidated to form a Nyquist impedance plot as shown in 

Figure 4.3(b), where the real Re|Z | and imaginary Im|Z | components are defined 

by their rectangular coordinates. Since the battery impedance is primarily capacitive, the 

imaginary axis is mirrored to plot Im|Z | where	Ø is the phase shift from the reference 

signal. The real and imaginary components follow the traditional relation: 

Re|Z | ≡ |Z| cos Ø
Im|Z | ≡ |Z| sin Ø

																								 (4-1)

Figure 4.3(b) provides enough information to construct a basic Randles equivalent 

circuit representation for a battery shown in Figure 4.4. Both lead acid and lithium ion 

batteries can follow this basic form, but each produce very different component values. As 

covered previously, R  represents the ohmic resistance of the electrolyte while R  and C  

represent the polarization resistance and capacitance across the electrodes governing the 

impulse response.  

 

Figure 4.4. Electrochemical Impedance Spectroscopy Circuit Fit Examples. 
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The traditional Randles circuit in Figure 4.4 presents the simplest output form from 

EIS, but it is important to mention that many fitted circuit models exist. Since RC 

parameters can typically be tied to the interfacial region of two materials, or electrodes in 

this case, the equivalent circuit parameters can be extended to include a number of RC 

components designated by R , and C , respectively. In addition, depending on the 

chemistry, measurement fidelity, and required depth of the model, the capacitance of the 

electrolyte C  may be included as well. 

For the raw impedance output analyzed in Figure 4.3, the three basic components of 

the Traditional Randles Circuit in Figure 4.4 are solved for. Looking back to Figure 4.3(b), 

at low frequencies ( → 0 , the capacitive component C  is virtually removed solving for 

the sum of the polarization and ohmic resistances R + R . As the frequency ω increases, a 

sharp phase shift occurs corresponding to the time constant  of the polarization 

capacitance C  at the center of the arc. Obtaining C  is achieved following the traditional 

RC circuit relation: 

1 1
∴

1
																								 (4-2)

This transition point would expect to drift slightly from battery to battery and 

drastically from chemistry to chemistry. As the frequency progresses toward infinity ( →

∞), a short circuit is applied at C  leaving only the ohmic loss through the electrolyte R .  

4.2.2 Selected Electrochemical Impedance Spectroscopy Technique 

A number of EIS measurement techniques have been proposed utilizing both frequency 

and time domain methods [90]. Wheatstone bridges were popular under frequency domain 

analysis, but were typically limited to audio frequency ranges preventing high frequency 
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impedance measurements. Resistance arms were later substituted for transformer legs 

where the impedance ratio was proportional to the square of the transformer turns ratio. 

Other variants were produced later but continued to feature complex, bulky measurement 

apparatuses. The introduction of potentiostatic control has enabled the most convenient 

method of obtaining the impedance. 

 

Figure 4.5. Electrochemical Impedance Spectroscopy Circuit Topology. 

 

Shown in Figure 4.5, a 1	V  AC voltage is passed through a current shunt resistance 

R  and connected to the anode of the battery. The cathode is then passed through a large 

filtering capacitor  to block a DC voltage loop. Since the output signal is the system 

voltage  (battery AC voltage) and input is the current response , the transfer 

function is merely the impedance Z . The equation is simply modified to replace  

with the voltage  across the shunt resistance R . This renders the modified formula 

to be: 

																							 (4-3)

To satisfy Equation (4-3), the direct impedance measurement method was implemented.  
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Figure 4.6. Electrochemical Impedance Direct Method Determination. 

 

 

Figure 4.7. Experimental Test Circuit to Verify Topology Circuit Design (left) and 1 
kHz AC Disturbance Frequency and Current Response (right). 

 

Shown in Figure 4.6, the intended design compares peak magnitudes of both the AC 

voltage across the battery terminals | | and shunt  to obtain the impedance 

magnitude | |. By tracking the zero crossing of both signals, the phase shift Ø is calculated. 

The final output for the phasor impedance  is then: 

|e |

e
∠Ø 																								 (4-4)

To confirm the functionality of the topology in Figure 4.5, the circuit was constructed 

in a laboratory and tested on a variety of battery cells. Shown in Figure 4.7, a single-cell 
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6.0 Ah lead acid battery was tested at a variety of different frequencies where the reference 

wave and voltage across the current shunt was recorded. Shown to the right in Figure 4.7 

reveals the current shunt response (blue) as a result of a 1 kHz AC reference wave (yellow). 

As depicted in the figure, the magnitude of the current response is slightly reduced to that 

of the reference with a minor lagging phase shift. 

4.2.3 Challenges in Acquisition 

There are several challenges involved in acquiring accurate and meaningful EIS 

measurements. One objective of this effort is to present an EIS board which limits the 

amount of signal conditioning or processing required to obtain the Nyquist plot. In this 

way, the circuit topology can be engineered to provide a minimized set of analog outputs, 

where a BMS system like the Energy Storage Management Controller (ESMC) presented 

in previous chapters can use real-time information to quickly calculate the impedance. To 

accomplish this, precision measurements of the AC system voltage across the battery and 

shunt signal are crucial as R  and R  can typically drop well below 10 mΩ, as was shown 

previously in Figure 4.2. Second, careful consideration must be taken in selecting the 

frequency steps as extremely low frequencies will introduce long downtimes while taking 

into account that the lack of an adequate wide test frequency spectra will prevent an 

accurate identification of R  and R . 

Although an adequate function generator like the one pictured to the right in Figure 4.7 

can produce a reference signal which is easy to preserve and analyze, the current response 

across the battery is very small thereby producing an even smaller voltage drop. A shunt 

resistance with an extremely tight tolerance (≤0.1%) must be used while in a PCB design 

stage, signal tracks and the ground plane must be optimized to reduce the noise and stray 
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inductance exposed at very high frequencies. Finally, the process of noise filtering is 

complex as a result of testing over such a wide frequency range. 

 

Figure 4.8. BioLogic EC Lab Electrochemical Impedance Spectroscopy Test. 

 

4.2.4 Commercial Systems 

A number of EIS systems are available in the commercial market, but are accompanied 

by a high price tag and are typically cumbersome as shown in Figure 4.8 [92]. As 

previously mentioned, many of these tools are popular in material research fields. EIS 

provides a high quality method to characterize new biomedical devices to semiconductors. 

The EIS system type, cost, and size can typically be mapped to the required excitation 

current magnitude to pass through associated materials of the test subject to conduct an EIS 

procedure [93]. A device with a small surface area would require less current to flow 

through its associated materials while conducting a test, making impedance measurements 

simpler. However, as the surface area becomes larger, the level of current required to 

perform the test increases as well that further increases the complexity and cost of the EIS 

system. Since the surface area of the active regions inside a battery are considerably larger 

than typical samples generated when conducting material research, the high excitation 
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current warrants the need for very specialized equipment which can cost tens of thousands 

of dollars [92]. 

 

Figure 4.9. EC Lab Software During 1.5 Ah Lithium Ion Polymer Test. 

 

To demonstrate the output from a commercial EIS procedure, the BioLogic EC Lab 

EIS system was available to obtain the impedance curve of a small, 1.5 Ah lithium ion 

battery [94]. Since the excitation current of the BioLogic EC is limited to 100 mA or less, 

testing the 6 Ah lead acid cell from the previous section exceeded this limitation. Shown 

in Figure 4.8, the BioLogic EC Lab device is connected to a PC, where its associated 

proprietary EC Lab Software was used to perform the test. The user can assign their own 

frequency sweep and the number of steps or use a default range. For this test,  can be 

clearly identified via inspection at the intersection of the imaginary axis at 165 mΩ. Since 
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the BioLogic EC Lab is not limited to EIS testing of batteries, the user is then able to select 

from a wide variety of circuit topologies that could potentially fit the Nyquist curve. In this 

case, the progression is fairly consistent with a Randles 2nd order equivalent circuit model 

featuring 2 RC time constants. 

 Battery Impedance Measurement Design 

In this section, a circuit topology to develop an effective technique for administering 

EIS on a compact, low-cost controller board is discussed. Previously in Figure 4.4, the 

traditional Randles equivalent circuit and some potential expansions were introduced. In 

this design, a high-speed, low-cost controller would not be expected to yield the highest 

fidelity, thus an extended parameterization is not expected. However, in a complex battery 

array for an EV or shipboard power system, the Randles equivalent circuit model would be 

sufficient to offer insight into SoH without adding extensive overhead. It is anticipated that 

an external PCB following this circuit topology could offer a convenient expansion module 

to the ESMC and a number of BMS systems on the market. 

The battery testing circuit was designed as shown previously in Figure 4.5 where 

initially, a basic function generator is used to provide a reference signal. The shunt 

resistance R  is chosen to be 10 Ω as to ensure a large magnitude of . The design is 

separated into two major components: peak and zero crossing detection that will be 

connected to both the system AC voltage across the battery  and the current signal 

across the shunt . The following sections will describe how each component was 

selected to serve these two functions as well as the special modifications required to the 

current response signal. 
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Figure 4.10. Peak Detection Circuit Topology. 

 

4.3.1 Peak Detection 

Each peak detection circuit consists of a dual-channel Analog Devices AD 8066 

FastFET operational amplifier, where the system AC or shunt voltage 	is fed first to 

the primary amplifier and the output from the secondary amplifier provides the peak signal 

 [95]. The AD 8066 is known for its high performance and speed but is 

particularly useful in sensitive applications due to its very high input and low output 

impedance. Shown in Figure 4.10, two Schottky 1N5817G diodes are implemented to 

minimize the forward voltage drop and enable fast switching action. The 1 μF capacitor 

quickly charges and slowly discharges to the consecutive peak amplitude of the input 

signal, but remains fully isolated from the input function as to not introduce stray 

capacitance on the reference signal. These combined features significantly reduce the 

ripple voltage output over a wide range of sinusoidal input frequencies. The AD 8066 can 

operate over a wide supply voltage range of 5 V to 24 V without the need for a differential 

supply. To make this integrated circuit package flexible for integration with a 

microcontroller unit (MCU), the single-ended +5V supply was chosen.  
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4.3.2 Zero Crossing Detection 

The second major component is a precision zero crossing circuit to calculate the phase 

shift Ø between the AC system voltage  and the battery current response  

across the shunt resistor R . Shown in Figure 4.11, the system AC or shunt voltage 

	is fed to a Linear Technology LT 1116 high speed comparator. The LT 1116 was 

selected for its stability over a wide range of operating conditions and particularly for low 

frequency triggering, which presents the greatest challenge [96]. The intended output 

 provides a transistor-transistor logic (TTL) level square wave suitable for passing 

to either an analog or digital microcontroller. Similar to the AD 8066, the TL 1116 is also 

capable of operation from both a single or differential ±5 V supply thus the single-ended 

+5 V output was once again chosen for easy integration with a MCU or BMS. 

 

Figure 4.11. Zero Crossing Detection Circuit Topology. 

 

4.3.3 Final Circuit Topology 

The final circuit topology is shown in Figure 4.12 where the testing circuit from Figure 

4.5 is connected to two peak and two zero crossing circuits. For the system AC voltage 

, the signal is connected directly to the peak  and zero crossing  

circuits without the need for further amplification. However, due to the sensitivity of the 

shunt voltage signal , a fully-differential isolation amplifier was needed. The Texas 
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Instruments AMC 1200, which was previously discussed for its use in extending the ESMC 

design in Chapter 2, was used as it provides precision isolation and is optimized for the 

direct connection to a shunt resistor [67]. The AMC 1200 contains an optocoupler, where 

the inputs and outputs x are in the form V  and V . Since the optocoupler provides total 

insolation, the output common reference V  to the shunt voltage measurement is unique 

to obtain the peak  and zero crossing  signals. The risk in including an 

amplifier in this system was an introduction of a nonlinear gain which would render an 

inaccurate peak detection measurement. The AMC 1200 features a linear gain of 8 ± 0.01 

enabling a simple correction factor to be applied to the shunt peak detection output 

following the integration with a MCU. 

 

Figure 4.12. Final Test Circuit Topology. 

 

 Simulation Results 

To demonstrate the operation of the proposed circuit topology, National Instruments 

(NI) Multisim was used to conduct a comprehensive simulation. All three major integrated 

circuit (IC) architectures were available to import into the final model. To perform an 
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analysis of the accuracy of both the zero crossing and peak detection circuits, the frequency 

response of both are shown in the Bode plot in Figure 4.13 over the intended operating 

frequency range of 1 Hz to 100 kHz.  

 

Figure 4.13. Frequency Response of the Final Circuit Topology. 

 

For the zero crossing detector, the magnitude and phase were held relatively constant 

across the entire frequency span. Although the magnitude was lower than that of the peak 

detector, there is no presence of a phase shift. The peak detection circuit, however, has a 

flat phase shift of -90° until approximately 10 kHz where it progresses to -180°. Although 

this behavior is undesired, the 1 μF capacitor is crucial for smoothening the peak signal at 

lower frequencies. Furthermore, since the ideal peak detection signal is DC in nature, this 

phase shift has little impact on the performance. 

Using the non-ideal battery block in Multisim, a simple impedance and capacity was 

introduced into the proposed circuit design. Unfortunately, the production of an accurate 
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Bode and Nyquist plot for a battery would require actual experimental data or a higher-

order physics-based model (PBM) of the battery, thus only the time-domain performance 

of the system could be evaluated. The following sections evaluate the performance of the 

circuit at the low (1 Hz), medium (1 kHz), and maximum (100 kHz) reference frequencies. 

The Multisim schematic is shown in Figure 4.14 where the main battery is pictured at the 

center (V1) in series with its associated AC filtering capacitor (C2) at its negative terminal 

and a 10 Ω shunt (R2) at the positive terminal. The circuit above the battery is purposed to 

sense the AC voltage across the battery terminals while the bottom senses the AC current 

across R2. 

 

 

Figure 4.14. Implementation of EIS Test Circuit Topology in National Instruments 
Multisim. 
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Figure 4.15. EIS Circuit Topology Simulation at Low Frequency (1 Hz). 

 

4.4.1 Low Frequency Performance 

The first test evaluated the performance of the proposed EIS circuit at low frequencies. 

Low frequency information is crucial in order to obtain the sum of all resistances in the 

equivalent circuit, but presents a challenge in terms of the minimal current response 

magnitude which will appear across the shunt. Figure 4.15 depicts the voltage  in 

black and the peak detector  signals in blue where the peak is reduced from 500 

mVp to only 3 mVp after being passed through the shunt. The low frequency performance 

features the largest error of up to 7% for both the shunt and system AC voltage signals due 

to a requirement in limiting the capacitor size (Figure 4.10). For practical implementations, 

this would be increased for both signals to smoothen the peak or a switch case could be 

provided to transition between low and high reference frequencies, a tactic that is 

implemented in the proposed practical implementation in Section 4.6. The zero crossing 
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digital signals  (red) have been normalized to fit the plot scale and closely follow 

all zero crossings for both the shunt and AC system voltage signals. 

 

Figure 4.16. EIS Circuit Topology Simulation at Mid Frequency (1 kHz). 

 

4.4.2 Mid Frequency Performance 

The second test evaluated the performance of the proposed EIS circuit at a mid-level 

frequency of 1 kHz. Mid-frequency information aids in inducing a maximum phase shift 

to obtain capacitor C . Figure 4.16 once again depicts the voltage signals in black  

and peak detectors  in blue. At mid-level frequencies, the shunt response increases 

to around 380 mVp. Although a ripple is still present on both peak detectors, it is minimal 

at 1 kHz at less than 1%. The zero crossing digital signals  are once again depicted 

in red. 

  

10 10.2 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8 12
-600

-400

-200

0

200

400

600

Reference AC Signal of 1 Vp-p at 1 kHz

V
o

lt
ag

e 
(m

V
)

 

 

e(j)
ePk

e0

10 10.2 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8 12
-600

-400

-200

0

200

400

600
Shunt Signal Response

Time (ms)

V
o

lt
ag

e 
(m

V
)

 

 

eRs(j)

ePk Rs

e0 Rs



 

83 

 

4.4.3 High Frequency Performance 

The final test evaluated the performance of the proposed EIS circuit at the maximum 

design frequency of 100 kHz. High frequency information aids in revealing the ohmic 

resistance R .  Figure 4.17 once again depicts voltage signals 	in black and peak 

detectors  in blue. At 100 kHz (in this simulation), the magnitude of both the AC 

system voltage and shunt are nearly equal revealing that the maximum test frequency for 

the battery has been reached. A close inspection shows that the peak detection of the AC 

system voltage and shunt is nearly linear. The zero detection circuits  are still 

operating correctly, but at 100 kHz a slight delay is present as a result of the upper level 

limitations of the LT 1116 comparator [96]. 

 

 

Figure 4.17. EIS Circuit Topology Simulation at High Frequency (100 kHz). 
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Figure 4.18. Experimental testing of EIS Circuit on a Breadboard. 

 

 Laboratory Verification 

Following the production of successful experimental results, part of the EIS circuit was 

tested on a breadboard to provide an initial verification using one set of peak and zero 

crossing detection components. The setup is pictured in Figure 4.18. To the right, the 

oscilloscope screen has been expanded for easier recognition. In this scenario, the input 

from the function generator is shown in orange while the amplified output signal is shown 

in purple. The scales have been adjusted in order to save space on the scope screen so the 

purple waveform has been amplified by 5 times (100 mV/step versus 20 mV/step). The 

square wave output from the zero crossing circuit is shown in blue which closely follows 

the zero crossing points of both the amplified and original AC wave, hereby following the 

frequency. Finally, the output from the peak detection circuit is shown in green. Aside from 

some shot noise at the zero crossing times, the signal reveals a stable constant voltage level 

that can be isolated with minor hardware or digital filtering. 
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Figure 4.19. On Board EIS Tester: Proposed Printed Circuit Board Design (left) for 
Integration with the ARM Cortex M4 (right). 

 

 Proposed Printed Circuit Board Design and Integration 

A practical implementation of the EIS design has been drafted on a PCB that is intended 

to easily mate with a MikroElektronika STM32 ARM Cortex M4 MCU [97]. The Cortex 

M4 MCU was selected for integration as it carries with it the same 168 MHz STM32F407 

processor as was featured on the STM32 Discovery Board previously investigated for the 

ESMC. However, the Cortex M4 also includes a 320 x 240 pixel touchscreen interface with 

a reduced footprint of only 8 cm x 6 cm. 

Figure 4.19 shows the proposed PCB layout to the left, which is designed to mate with 

the Cortex M4 layout pictured to the right. To provide primary power, a differential DC-

DC converter was favored to convert the supply from the MCU for use of the EIS circuit, 

while an EXAR XR 2206 monolithic function generator IC is used to generate the AC 

reference wave [98]. The output frequency of the AC signal generated by the XR 2206 can 

be pooled into a number of frequency bands dictated by a capacitance value tied to one of 

its control pins. Since the XR 2206 must output an extremely wide range of frequencies, a 
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bank of five different capacitors were needed to cover the range. A Nexperia 74LV4052 4-

channel multiplexer is purposed to dynamically switch between each capacitor [99]. SOP-

16 Surface mount device (SMD) packages with a 1.27 mm pin spacing were selected for 

the 74LV4052, LT 1116, AD 8066, and AMC 1200. 1206-type (3.2 x 1.6 mm) surface 

mount resistors, capacitors, and diodes were selected for remaining components. 

 Summary 

In this chapter, one of two methods outlined in this dissertation was explored in detail 

to obtain a battery equivalent circuit while also shedding more light on the topic of 

analyzing and assessing a battery SoH. A comprehensive review of the theory, procedure, 

and challenges involved in the deployment of an EIS device was discussed as well as how 

it can be used to track the SoH of a battery. A procedure to obtain a wide range of extended 

Randles equivalent circuit models was discussed, while the operation and output from a 

commercial system was demonstrated. 

A circuit topology was designed taking into consideration the various challenges 

involved in the operation and acquisition of EIS signals. In the design, the main areas of 

interest pointed toward precision peak and zero crossing detection in order to measure how 

a signal magnitude and phase changes as it passes through the battery at each frequency. 

Simulation results were presented as well as extended testing of the physical circuit for 

laboratory verification. Finally, a PCB design was proposed intended for integration with 

a common Cortex M4 MCU or as a future expansion module for the ESMC. 

Although the physics and operation of a battery play a large part in why EIS works, it 

was only briefly discussed as a way to map out the response of a battery to the extraction 

of equivalent circuit components. In the next chapter, the physics of the lead acid and 



 

87 

 

lithium ion batteries will be discussed in great detail. An alternative method to obtain the 

battery equivalent circuit and SoH will be presented through the application of a 

standardized loading pulse, which will be verified through the development of PBMs of 

both the lead acid and lithium ion batteries. This same loading pulse also carries with it a 

second feature: autonomous detection of the battery chemistry. A new, comprehensive 

battery management scheme is then proposed to decipher the lead acid or lithium ion 

battery chemistry and determine the cell configuration while applying advanced SoC, SoH, 

and battery equivalent circuit determination procedures. 
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 Introduction 

There has been a great deal of discussion in previous chapters regarding the operation, 

popularity, and drawbacks surrounding the lead acid battery. Despite its downsides, it still 

remains the most prevalent vehicle starter battery and a dependable resource to provide 

auxiliary power support [100]. Lead acid batteries are a cost-effective method to regulate 

and store the energy generated by renewable resources, particularly in grid-scale 

applications [14]. Although lithium ion batteries carry with them a much higher price tag, 

they are far superior in their higher energy and power densities, increased tolerances to 

heavy discharge currents, and reduced charging periods. Solar applications, in particular, 

have traditionally deployed advanced lead acid batteries on site, though lithium ion 

batteries are slowly being added to improve power capacity and reduce concerns over their 

lifespans [101]. Lithium ion has even begun to appear in the consumer market for 

residential renewable energy systems, such as the Tesla Powerwall [102]. However, many 

of these applications still utilize legacy deep cycle lead acid batteries or a hybrid of both to 

provide affordable backup power [103].  

For electric vehicles (EV), the introduction of lithium ion batteries for propulsion has 

virtually led the growth of the market [25]. Although lithium ion is typically designated as 

the primary source of power, often other energy storage (ES) devices are included as well, 

including lead acid batteries, to support auxiliary power and lighting [12]. As future Battery 

Management System (BMS) devices and algorithms are developed, it is important to 

continue support for both battery types to enable both an interchangeable ES system and 
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hybrid battery systems. The US Navy has begun analyzing hybrid battery storage as well 

in their commitment toward an all-electric ship with the DDG 1000, while the aeronautical 

industry is progressing through a transformation of its own from lead acid to lithium ion 

battery systems [111],[112]. While support for the efficient operation of both battery types 

is needed, it is also important to consider the need for accurate State of Health (SoH) 

estimations as well. Both batteries will be susceptible to their own unique SoH impacts. 

SoH tracking and obtaining a dynamic Randles equivalent circuit model is needed to 

optimize both the lead acid and lithium ion battery lifespans. 

In the previous chapter, the concept of Electrochemical Impedance Spectroscopy (EIS) 

was explored as an accurate method to determine the battery SoH, however, the process 

was complex and costly to implement. For this reason, common BMS tools on the market 

are not usually equipped with an advanced method to obtain SoH. If tracked, it is typically 

limited to historical cycling information [104]. Furthermore, the BMS is typically specific 

to a given battery type, cell configuration, and/or the capacity, making a majority of them 

proprietary. Autonomous detection of the battery type and characteristics would provide a 

wide range of new capabilities, and depending on the method, could also provide a great 

deal of insight into the battery SoH. A detection algorithm was proposed for a smart charger 

in Reference [105] but required a full discharge of the battery. Reference [106] presented 

a battery chemistry identification scheme through defining a battery voltage gradient, but 

required heavy discharge rates to work and was only tested and verified on smaller cell 

capacities.  

Recently, new proposed BMS have begun to address the importance of including SoH 

inside their platforms [107]. In Reference [108], an adaptive parameter estimation method 
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was proposed to monitor SoH, but was computationally intensive. Reference [46] 

demonstrated the importance of including SoH to continuously adjust the operating range 

based on the cycle performance. The use of pulsed load testing has surfaced as another 

option, but has remained limited to lithium ion batteries [110].  An optimal pulse testing 

solution should be compatible with both battery types. An adaptive controller compatible 

with both battery chemistries would improve interoperability, while easing the transition 

to a hybrid battery ES system.  

In this chapter, an adaptive battery monitoring, health, and performance analysis 

technique is proposed and implemented for use in a hybrid battery ES system. An 

alternative equivalent circuit estimation technique and method to estimate a battery SoH is 

proposed as an alternative to EIS. Through the application of a low-frequency pulsed load, 

Randles 1st-order equivalent circuit values are acquired over each full battery cycle, while 

the same pulse is also used for initial battery chemistry detection. Physics based models 

(PBM) of both the lead acid and lithium ion battery cells are derived in detail, and are 

provided as a validation to the pulse test method. These features are then included in a 

comprehensive BMS platform, a hardware and software platform that could be added to 

the Energy Storage Management Controller (ESMC).  

Another important facet of this dissertation is investigating ways to improve State of 

Charge (SoC) estimation in battery ES devices, thus this platform has also looked closely 

at the need for improving SoC accuracies for both battery types. Once the system is in 

operation, an adaptive algorithm accounts for shifts in the SoH from cycle-to-cycle using 

two assessment methods: 1) the estimation of equivalent circuit parameters and 2) the 

update of the usable capacity that is represented by a capacitive energy model. A final 
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control platform is implemented, demonstrating the chemistry detection, automatic cell 

configuration, a refined initial SoC estimation, and the production of an online Randles 

equivalent circuit.  

 Physics Based Battery Modeling 

This section will discuss the theory behind the use of pulse testing through the 

development and utilization of PBMs for both the common lithium ion and lead acid 

batteries. Through finite element modeling (FEM), insight into the behavior of each cell 

and how a standardized pulse can be applied regardless of its capacity will result in the 

same behavior. The basis for each battery interface was developed in COMSOL 

Multiphysics through a coupling between electrochemistry and electromagnetics 

[113],[114]. A pseudo two-dimensional (P2D) spatial representation of the negative 

electrode, electrolyte, and positive electrode provide a FEM environment to describe the 

behavior of each cell under a normalized discharge pulse. Various standardized discharge 

pulses were tested, but a Coulombic Rate (C-rate) of C/10 (10-hour discharge) over a 50 s 

period (0.005 Hz) was ultimately selected, as it applied a strong enough current density to 

push each cell out of equilibrium without causing unnecessary harm to the battery. A 25% 

duty cycle was chosen to elongate the recovery voltage period, which will be used to 

generate time constants for both the lead acid ( ) and lithium ion ( ) battery. This will 

be discussed in detail later. 

Although the operation of the lead acid and lithium ion battery cells is drastically 

different, both are governed by Ohm’s law, which describes the transport of charge in each 

electrode  and electrolyte  [115]: 

                                                           ∙ 																			 (5-1)
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∙ 																			 (5-2)

where  and  represent a sum of all current contributions in the electrodes and 

electrolyte, respectively. The total active induced currents in each cell are: 

, , 																			 (5-3)

where  is the active surface area under all m reactions and ,  represents an induced 

current as a result of the double layer capacitance in the electrodes. Electrode kinetics are 

depicted by the localized current produced at the electrodes  and are described by the 

Butler-Volmer expression: 

0 RT RT 																		 (5-4)

where  is the exchange current density, 	and  are charge transfer coefficients, R is 

the universal gas constant (8.314 J/mol·K), F is Faradays constant (96,485 Coulombs/mol), 

T is the absolute temperature, and η is the activation overpotential describing how the cell 

voltage behavior will deviate from its electrochemical equilibrium potential . Equation 

(5-4) reveals how the current generated at the electrodes will result in a voltage drop ∆V in 

each of the battery types as a result of the overpotential , which is calculated by the 

following: 

∆ 																		 (5-5)

where  and  are the electric potentials of the electrode and electrolyte, respectively. 

5.2.1 Lead Acid Cell 

The lead acid battery operation was briefly discussed in Chapter 3 in the development 

of a preliminary equivalent cell model. In this section, its electrochemical formula and 
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function is reviewed and mapped to a crucial set of differential equations governing its 

operation. As previously mentioned, the lead acid battery operation is primarily governed 

by changes in the sulfuric acid electrolyte concentration , which decreases during 

discharging and increases during charging. The chemical formula defining the charge and 

discharge processes is as in Equation (5-6), where lead and lead dioxide electrodes are 

placed in an electrolyte reservoir to precipitate the storage and removal of electrons: 

Pb PbO 2H SO 2 ⇌ 2PbSO 2H O 2 					 (5-6)

A fully charged battery has an electrolyte concentration  of approximately 60% sulfuric 

acid by volume (20 mol/L) and a discharged battery is primarily water (~0 mol/L). Three 

governing equations limit the speed of the electrochemical conversion process. First,  

represents an electrochemical reaction source term describing how charge is transferred to 

the electrodes. A superficial velocity vector u limits the electrode reaction speed [116]: 

∙ ∙ 																	 (5-7)

where  represents the diffusion coefficient at each concentration . The speed of the 

transport process is further constrained by the molar flux  generated inside the 

electrolyte: 

																	 (5-8)

a quantity that is also impacted by  and . A third component impacting the voltage 

response is a considerable double layer capacitance , : 

, 																	 (5-9)

which is a function of the changing electrode and electrolyte potentials, the double layer 

capacitance  (F/m), and the active surface area , which is directly proportional to the 
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cell capacity. The active surface area for the lead acid battery cell  is: 

,
0

0
																 (5-10)

where the difference in the porosity  of the lead and lead dioxide electrodes from full 

charge  to full discharge  limit the maximum surface area , , hereby reducing 

the total active induced current in Equation (5-10). In the lead acid cell, a higher 

overpotential  is required in order to generate the same current, thus Equation (5-4) is 

modified to include a constraint based on . The localized current produced at the lead 

acid battery cell electrodes is: 

0 RT RT
,

																	
(5-11)

where the lead acid exchange current density  is a constant. 

 

Figure 5.1. Physics-based Model to Experimental Comparison under a C/10 0.005 Hz 
50% Duty Load Pulse for a Lead Acid Cell. 

 

The PBM versus experimental lead acid cell voltage is shown in Figure 5.1, where a 

normalized C/10 discharge pulse is applied at 0.005 Hz under a 25% duty cycle to a fully 

charged cell. The single-cell lead acid battery used in this verification has a 6 Amp-hour 

(Ah) capacity. A close inspection reveals a long voltage recovery time  as well as a 98 
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mV voltage drop from equilibrium (i.e. open circuit). Since this behavior will differ when 

the battery is not at full charge, to obtain equivalent circuit parameters, the pulse must be 

applied at 100% SoC. However, a lack of full charge will not heavily impact , thus 

battery identification can be accomplished by widening the tolerance. The model follows 

a close approximation to that of the experimental test, except at the pulse transition period. 

This is likely a limitation in the P2D model and/or differences in manufacturing of the 

electrolyte reservoir in the test battery. A correlation between , rated capacity , 

and  reveals the voltage under a C/10 discharge pulse results in a similar behavior 

regardless of the cell capacity. 

5.2.2 Lithium Ion Cell 

In this section, the chemistry and operation of the lithium ion battery cell is introduced. 

The lithium ion cell operates very differently, as it primarily stores charge in its electrodes, 

utilizing a lithium salt electrolyte purely as a transport layer [21]. The chemical formula 

defining the operation of the common lithium ion cobalt oxide (LCO) cell is: 

LiCoO C xLi xe ⇌ CLi Li CoO xLi xe 					  (5-12)

where the charging process is shown from left to right and the discharging process from 

right to left. Its transport properties are revealed by the lithium ion molar flux equation in 

Reference [21]: 

																						 (5-13)

where the reaction speed is limited by the transport number  as current  is carried across 

the electrolyte. The lithium ion cell reaction source term  is still a function of a varying 

electrolyte concentration, but is now impacted by changes in  as well. 
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∙ 																						 (5-14)

One can observe that  and contain no superficial speed terms u as were present in 

the lead acid cell. In addition, the double layer capacitance from Equation (5-9) is very low 

as compared to the lead acid ≫ , thus it has been neglected.  

Other major differences are present in the operation of a lithium ion battery that result 

in a shallower voltage drop under load. The active surface area in Equation (5-3) has no 

immediate constraints ≅ , reducing . Furthermore, the Butler-Volmer 

expression is left unmodified, removing its dependence on the electrolyte concentration. 

The exchange current density,  varies based on kinetics: 

0 , 																						 (5-15)

where  and  represent charge rate constants and  and ,  represent the current 

and maximum concentration of the electrodes, respectively. Equation (5-15) demonstrates 

how the primary current generated at the load is a result of the concentration of lithium salt 

in the electrodes. The conductivity, however, can be impacted later in life as a solid-

electrolyte interphase (SEI) layer forms with respect to cycle life and operation. However, 

this has minor impacts on the timing constant primarily used in lithium ion battery 

detection. 

The PBM versus experimental lithium ion cell voltage is shown in Figure 5.2, where 

the same normalized C/10 discharge pulse is applied to a fully charged cell. The single 

lithium ion cell under test is nearly equivalent in capacity to the lead acid test cell at 6.4 

Ah. A much shorter voltage recovery time  and voltage drop is present from equilibrium 

(68 mV) than that of the lead acid cell. Figure 5.2 reveals a closer approximation to that of 
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the experimental test as a result of minimal dependence on the nonlinear double layer 

capacitance. Since the same general set of equations are solved for, the lithium ion cell has 

the same dependence over , , and , revealing the voltage behavior under a 

standardized discharge pulse behaves in a similar manner regardless of the cell capacity. 

 
Figure 5.2.  Physics-based Model to Experimental Comparison under a C/10 0.005 Hz 

50% Duty Load Pulse for a Lithium Ion Cell. 

 

Figure 5.3. Lead Acid versus Lithium Ion Cell Voltages under 0.005 Hz C/10 Load Pulse 
at 25% Duty Cycle. 

 

5.2.3 Physics-based Battery Differentiation 

A comparison between both the lead acid and lithium ion PBMs under the C/10 

discharge pulse is shown in Figure 5.3. One can observe a striking difference in the voltage 

recovery periods of the lead acid  versus lithium ion  battery cells, as well as a 30% 
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reduction in the overpotential η when comparing the lithium ion cell to the lead acid cell. 

Although there are a number of advantages in obtaining the full PBM, particularly in the 

design and off-line estimation domain, it is challenging and computationally-intensive to 

utilize it in an online controller.  

One of the major novelties of the developments in this chapter is recognizing that a full 

physics-based controller is unnecessary to identify the battery chemistry and obtain a 

Randles 1st-order equivalent circuit, but can be used as an intermediary to link between the 

physics and electrical domains. Differences in the electrochemical source terms  and 

double layer capacitances ,  are connected to the recovery voltage, generating a time 

constant  as a means for chemistry detection. In the same way, a scaling of the Butler-

Volmer expression , in conjunction with a different active surface area  while in 

operation, provides the two driving factors to link a standardized C-rate pulse to a 

predictable response. 

Ideally, if each battery type were tested in new condition or at a matching SoC, a single 

standard response would be expected from each chemistry. Using this as a reference, 

differences in the response from an ideal (expected) state would reveal signature values for 

an electrochemical equivalent circuit while providing a secondary measure to assess and 

track the SoH. Through establishing a firm relationship to predict the behavior using this 

PBM representation, the development of a real-time BMS can be accomplished based on a 

relatively simple foundation. This process is discussed in detail later in Section 5.4. 

 Battery Management Systems 

All battery ES require a specialized BMS to provide a robust monitoring and protection 

platform. This information, however, only provides accuracy when a method has been 
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implemented to provide insight into its lifetime, performance, and voltage stability to 

properly control and maintain its SoH. This is particularly the case in an EV, shipboard, or 

aeronautical power system application, where high C-rates and a deep Depth of Discharge 

(DoD) would be frequently observed [117]. The following subsections discuss how this 

unique BMS and cycling platform will increase accuracy in terms of SoC measurement, 

differentiating battery types, and assessing SoH.  

5.3.1 State of Charge 

The open circuit voltage (OCV) is an excellent source to obtain the initial SoC, 

assuming it is taken at a state of equilibrium. Following this, an enhanced coulomb 

counting mechanism can be deployed. The combination of both OCV and coulomb 

counting has been standardized in industry, but both can suffer from a number of 

inaccuracies that have led to a variety of improvements in initial and online SoC estimation. 

One way is through utilization of an Extended Kalman Filter (EKF), but its success strongly 

depends on the accuracy of the battery model and a predetermined system noise matrix 

[118]. For the applications addressed in this dissertation, the noise content is expected to 

be substantial. In Reference [119], an adaptive EKF was introduced to improve this issue, 

but could not be applied to an aged cell. Since the proposed system has been designed to 

have a wide SoH and noise tolerance, the EKF-based controllers have been avoided. 

However, two core factors have been involved in the preliminary design of these 

controllers: a temperature-dependent initial OCV-based SoC estimation and a coulomb 

counting scheme adjusted based on the recent estimated usable capacity. 

5.3.1.1 Initial Voltage-Based Measurements 

OCV estimations are highly dependent on the chemistry and ambient temperature, and 
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recent works have explored new methods to improve them [120],[121]. In Reference [120], 

extensive testing was conducted to assess performance over a wide temperature range, 

presenting the concept of a multistate OCV-based SoC estimation dependent on whether 

the battery was previously in the charging or discharging phase. Reference [121] presented 

a revised method acknowledging the resting time can have an impact on the OCV-based 

SoC for lithium ion phosphide (LiFePO4) batteries. Although both systems revealed an 

improvement, they required previous knowledge of the battery state or how it was used. 

Furthermore, both had heavy computational requirements. In the development of this 

system, a focus has been placed on optimizing the tradeoff between accuracy and simplicity 

to make a package suitable for a microcontroller unit (MCU)-based system similar to the 

commercial ESMC. These systems are assumed to have no previous knowledge of the 

battery connected. Since the temperature dependence is significant and does not require 

previous data, the OCV-based initial SoC equations for both lead acid and lithium ion cells 

account for temperature. 

5.3.1.1.1 Lead Acid Batteries 

The lead acid battery cell OCV  measurements are based on the Nernst equation, 

a fundamental relationship between the electromotive force of the cell, its electrochemical 

reactions, and thermodynamics [47]. As opposed to a curve fitting procedure resulting in 

coefficients with no physical meaning, the Nernst equation provides a bridge to the 

electrochemical realm. The OCV of a single lead acid cell  under no load is: 

2.303 log 																						 (5-16)

where  is the electrode potential of a lead acid cell (1.931 V) and  represents the molar 
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concentration of the electrolyte. Since the SoC of a lead acid cell is directly proportional 

to , Equation (5-16) is rearranged to solve for SoC taking into consideration both a 

fluctuating  and temperature : 

, ,
.

										 (5-17)

where  is a linear scaling factor between  and SoC equal to 5, since the concentration 

range is 0 20 mol/L, as was established in Section 5.2.1. A surface plot of Equation 

(5-17) is shown in Figure 5.4, where the temperature is varied from -20°C to +45°C, a 

reasonable range of operation. Under this range,	  remains mostly linear over the 

temperature range, but reduces the OCV reference defining 100% SoC. Since the full 

discharge OCV is fixed, lower temperatures will dilate the operating voltage range, as can 

be shown in Figure 5.4. 

 

 

Figure 5.4. Open Circuit Voltage and Temperature versus SoC function per cell for a 
Lead Acid Battery. 
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Figure 5.5. Open Circuit Voltage and Temperature versus SoC function per cell for a 
Lithium Ion Battery. 

 

5.3.1.1.2 Lithium Ion Batteries 

The lithium ion battery OCV  measurements are different from that of the lead acid 

battery cell as a result of its very different operation. The relationship between the SoC 

, OCV , and temperature T is highly nonlinear. Since its dependence cannot be 

conveniently mapped to the Nernst equation, curve-fitting was selected to generate a 

lookup table to determine , . For the lithium ion cell,  versus SoC curves 

were replicated at five different temperatures: -20°C, -10°C, 0°C, +23°C, and +45°C [122]. 

A three-dimensional (3D) curve fitting procedure was then applied using a thin-plate spline 

function to interpolate values along the surface, shown in Figure 5.5. Original data points 

extracted from the each of the five curves are superimposed in black. Through the use of a 

lookup table, the computational requirement is dramatically reduced from the methods that 

were proposed in Reference [121]. 
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5.3.1.2 Coulomb Counting 

Following an estimation of the SoC at the OCV, charging and discharging energy in 

the system is monitored through coulomb counting. Using a timing reference, the current 

is integrated over a fixed sampling period to determine the capacity that was removed or 

replaced, but this method alone is insufficient. Enhanced coulomb counting methods have 

been addressed previously in References [119]-[121], highlighting the need to account for 

the shift in the usable capacity  (in Ah) over time. Thus,  has been used as 

the reference in the online algorithm [123]: 

η
3600

																					 (5-18)

where 	  represents the initial SoC OCV-based measurement for each battery type 

x (Pb or Li) integrated over a 1-second period , where  is the battery current and η 

is the cycle efficiency. 

5.3.2 Peukert’s Component 

As the discharge current increases from the rated value of a battery, the available energy 

will decrease as a result of an increased overpotential [91]. Similarly, as the discharge 

current decreases, the overpotential is reduced, providing an increase in the available 

energy and runtime. To account for this phenomenon, Peukert’s component has been 

implemented to correct the BMS for an altered expectation in the usable energy. Peukert’s 

law provides a capacity adjustment  based on the following relation: 

																							 (5-19)

where H is the rated discharge time in hours and k is the Peukert constant. For this system, 
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k is assumed to be a constant value of 1.0909, but depending on the application, this value 

would be adjusted by the battery manufacturer. 

5.3.3 Quantitative Definition of the State of Health 

While SoC is the most common active assessment for a battery, insight into 

performance and condition is crucial to maintain efficient operation and has already been 

a major topic of interest in previous chapters. Degradation and aging of a battery is a 

complex process that involves many parameters, but the most of interest to the user is the 

usable capacity. Although as previously mentioned, SoH has not yet been formally defined, 

in this system, a quantitative definition of SoH has been established. SoH is defined by the 

usable capacity  of the battery under the most recent full discharge cycle versus its 

rated capacity : 

x 100% 																							 (5-20)

 can be set to the full nameplate (i.e. peak) or nominal capacity. The nominal rating 

presents a reduced operating capacity in order to preserve the life of the battery for 

applications with high DoD. Depending on the application, a few minor adjustments would 

need to be made to the BMS to restrict the battery operating range. First, a simple offset 

can be applied to the initial OCV-based curves from the lead acid and lithium ion batteries 

in Section 5.3.1.1, and second, a shallower discharge voltage cutoff and higher charging 

current cutoff would need to be observed. 

5.3.4 Generating the 1st-Order Randles Equivalent Circuit Model 

An alternative method to EIS is proposed in this subsection for estimating the 

component parameters through the use of a low frequency C/10 discharge pulse test. Recall 
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the basic 1st-order Randles equivalent circuit that has been slightly modified in Figure 5.6. 

The resistance  still represents the average ohmic resistance of the electrolyte, while R  

and C  still represent the polarization resistance and capacitance, respectively. A method 

to estimate R  and C  will be discussed in detail in the following subsection. However, 

without highly accurate sensing and a precision load resistance, the ohmic resistance  is 

challenging to obtain. Alternatively, a sum of the C/10 load  and ohmic resistance +  

can be monitored cycle-to-cycle by noting a reference value from the initial cycle. Using 

the Randles equivalent circuit parameters, the operator can monitor the specific aging 

processes of each battery module. 

 

Figure 5.6. Battery Equivalent Model for Multichemistry System. 

 

5.3.5 Battery Energy Model 

The complete battery model is divided into two parts: the equivalent circuit parameter 

estimation and a lifetime energy model, which has been previously neglected. The common 

energy model depicted in Reference [109] models the battery as a large capacitor  in 

parallel with a self-discharge resistor. However, for this system, the battery is assumed to 

be in operation anytime it is connected and due to high self-discharge resistances, has been 
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omitted. The capacitance is referred to the OCV of each battery at full charge , thus 

the equivalent charge storage capacitance  is calculated by the following formula: 

3600 																							 (5-21)

 Battery and Health Identification 

Through applying a low frequency C/10 load, both an initial identification of the lead 

acid or lithium ion battery is accomplished as well as estimating its Randles equivalent 

circuit parameters to gain insight into aging. This section describes how these procedures 

can be implemented on a real-time BMS. The real-time BMS has been demonstrated using 

a battery testbed that is pictured later in Figure 5.8. 

5.4.1 Battery Identification 

The timing constant  is generated through exponential curve fitting of the battery 

under test.  is extracted and used as the primary metric to determine the battery type. 

Online curve fitting using the Least Squares Method (LSM) has been utilized in a number 

of BMS applications for a wide range of purposes, primarily for accurate capacity 

estimation [125],[126]. Reference [126] demonstrated how LSM could be implemented 

with the coulomb counting method, in a goal to reduce accumulated error in measurements. 

Reference [127] used LSM to extract equivalent circuit parameters online without the 

assistance of a loading or charging disturbance (generation of overpotential), but resulted 

in relatively high error and required over 15 min (1000 s) to converge, whereas the 

proposed system takes 7 min under two passes of 3.5 min each. In this work, the traditional 

LSM method is sufficient since the C/10 discharge pulse instigates a considerable voltage 

drop and one which can produce a measurement immediately following the voltage 

recovery period.  
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The basic formula for the traditional LSM is: 

1
																							 (5-22)

where N is the length of voltage  samples,  is the ith weighting element,  is the ith 

element of the best exponential fit, and  is the ith element of the voltage input vector. The 

resulting exponential fit of the recovery period following the 0.005 Hz pulse under a 25% 

duty cycle can be reduced to a basic form:  

																							 (5-23)

Following the calculation of the a, b, and c values in Equation (5-23), the voltage response 

follows: 

1 																						 (5-24)

Relating the curve fitted form of Equations (5-23) and (5-24), the generated time 

constant  is extracted from b and forced positive | | 	 | |.  

Table 5-1 depicts a wide range of different lead acid and lithium ion batteries of 

different capacities, voltages, and known health conditions, where each battery is shown 

with its corresponding number in Figure 5.7. Each battery was tested three times to ensure 

consistent results. The lithium ion batteries were revealed to traditionally yield time 

constants below 1 s, whereas lead acid batteries were found to yield time constants above 

20 s thus 20	s was chosen as the threshold value. Under a closer inspection,  can also 

approximate the condition of the battery. Generally,  will begin to increase as the 

condition of the battery decreases.  
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Table 5-1. Tested Batteries to Acquire Timing Constants. 
Battery Type Condition Cells Nominal 

Voltage
Test 

Current
Capacity Timing 

Constant 
Battery 
Number 

Li-ion - NMC Fair 1 3.7 V 0.150 A 1.5 Ah 3.869 s 1
Li-ion - NMC Good 1 3.7 V 0.200 A 2.0 Ah 1.650 s 2
Li-ion - LCO Good 1 3.7 V 0.640 A 6.4 Ah 0.245 s 3
Li-ion - LCO Bad 1 3.7 V 2.100 A 21.0 Ah 14.292 s 4
Li-ion - LCO Good 1 3.7 V 2.100 A 21.0 Ah 0.208 s 5
Li-ion - LCO Good 2 7.4 V 2.100 A 21.0 Ah 0.208 s *5
Li-ion - LCO Good 3 11.1 V 2.100 A 21.0 Ah 0.477 s *5

Lead Acid Good 1 2.0 V 0.600 A 6.0 Ah 21.033 s 6
Lead Acid Good 3 6.0 V 0.450 A 4.5 Ah  29.242 s 7
Lead Acid Fair 3 6.0 V 1.200 A 12.0 Ah 33.013 s 8
Lead Acid Bad 3 6.0 V 1.200 A 12.0 Ah 24.003 s 9
Lead Acid Good 6 12.0 V 2.100 A 21.0 Ah 56.546 s 10
Lead Acid Fair 6 12.0 V 2.100 A 21.0 Ah 34.150 s 11

 

*Same cell type with similar age connected in series 

 

 

Figure 5.7. Batteries Tested for Chemistry Identification Mapped to Table 5-1. 

  

Following the pulses and the OCV reaching an equilibrium state, the series-cell 

configuration of the battery can be determined. All batteries have nominal voltages 

dependent upon the chemistry. As a result, individual battery cell voltages and ranges can 
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be classified within a normal range of operation when the source is in good condition. Table 

5-2 depicts the different nominal voltages and operation ranges associated with each type 

of battery where , , and  represent the discharge cutoff, nominal, and charging 

voltages of the battery, respectively. The actual detection ranges were extended to account 

for batteries that have a reduced SoH or suffered from overcharge or over-discharge, where 

 and  are the minimum and maximum detection voltages under each 

configuration. Following a successful detection, , , and  are established in 

optimal operating zones to preserve the battery SoH. The total battery identification process 

takes three minutes to complete, where the best results are found at a high SoC. However, 

it is important to mention that this test is designed to cover the entire operating range.  

Table 5-2. Battery Cell Configuration Ranges. 
Battery 
Type 

Cells Operation Ranges Detection Range 
 

Lithium Ion 1 3.300 3.700 4.200 2.900 4.399
Lithium Ion 2 6.600 7.400 8.400 4.400 8.699
Lithium Ion 3 9.900 11.100 12.600 8.700 13.199
Lithium Ion 4 13.200 14.800 16.800 13.200 16.499
Lead Acid 1 1.750 2.000 2.10 1.200 2.299
Lead Acid 2 3.500 4.000 4.20 2.300 4.599
Lead Acid 3 5.250 6.000 8.40 4.600 6.899
Lead Acid 4 7.000 8.000 10.50 6.900 8.599
Lead Acid 5 8.750 10.000 12.60 8.600 10.499
Lead Acid 6 10.250 12.000 14.70 10.500 13.699

 

 

5.4.2 Calculating 1st Order Randles Equivalent Circuit Parameters 

The voltage drop and recovery response after the C/10 pulse can provide parameter 

estimation as well. Pulse frequencies from 0.001 Hz to 500 Hz were tested, but revealed 

that as the period of the pulse fell below the timing constant of most batteries, the 

disturbance was virtually absorbed at the battery terminals. This refocused attention to 
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pulses of ≤0.1 Hz. To maximize the recovery voltage period while limiting the total time 

of the test, the same 0.005 Hz pulse at a 25% duty cycle was chosen and initiated twice for 

verification limiting the total test time to just under 7 min. The parameters must be applied 

with equivalent SoC levels, thus this pulse test is applied when the battery is at full charge. 

Multiple low frequency pulsed loads are then applied while the system notes the initial 

voltage, initial voltage drop, and recovery period. To solve for individual resistor-capacitor 

(RC) components, Equation (5-24) is used where  is replaced by the initial voltage 

drop	∆  between the open circuit  and loading  voltage under the C/10 loading current 

. Following an exponential fit using Equations (5-22) to (5-24), the result is equated to 

∆  and  is quickly solved for from . The Randles equivalent circuit estimation is then 

accomplished by: 

∆
																						 (5-25)

																						 (5-26)

5.4.3 Practical Implementation 

All features have been verified using a battery testing bed developed to test the new 

control, management, and analysis techniques, as well as evaluate cycling performance. 

This battery testing platform, shown in Figure 5.8, features solid state relays (SSR) to 

initiate discharging and charging pulses all connected to a main DC bus. The discharging 

SSR is connected to a mechanically controlled resistive load, whereas the charging SSR is 

connected to a BK Precision 1761 DC Power Supply [128]. The entire platform is 

monitored and controlled by a National Instruments (NI) LabVIEW DAQ platform 

featuring 12-bit ±10 V Analog to Digital Converters (ADCs) at a sampling frequency of 
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20 kHz to measure voltage and current. To handle C/10 currents over a wide range of 

capacity ratings, a LEM LA-25 current transducer has been utilized [62]. Although this test 

and evaluation platform is not portable, attention was placed on making the final system 

suitable for implementation on an embedded controller such as the ESMC. 

 

Figure 5.8. Battery Test Stand Hardware. 

 

5.4.3.1 Accuracy Variance versus Sampling Frequency 

A series of tests were performed at much lower sampling rates to evaluate the 

performance of the system at computational speeds that are suitable for an embedded 

controller. In an effort to demonstrate a comparison, a subset of batteries were introduced 
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to lower sampling frequencies of 2 kHz, 200 Hz, and 20 Hz. Although a 20 Hz sampling 

frequency would be far too slow in most applications, the electrochemical response of the 

battery (taking into account the Nyquist criterion) is slower than 10 Hz (τ > 0.1 s), thus, it 

is still sufficient to determine the battery chemistry.  

Table 5-3. Generated Time Constant per Sampling Frequency. 
Battery Type Size 

(Ah)
20 kHz 2 kHz 200 Hz 20 Hz 

Li-ion - LCO 21.0 0.658 s 0.642 s 0.632 s 0.568 s 
Lead Acid 21.0 24.999 s 31.434 s 27.197 s 33.882 s 

Li-ion - LCO 6.4 0.510 s 0.509 s 0.499 s 0.511 s 
Lead Acid 6.0 20.115 s 21.493 s 20.661 s 17.462 s 

Legend: Correctly Identified, Incorrectly Identified 

 

Table 5-3 depicts a table of the generated time constants for lead acid and lithium ion 

batteries with small (6-6.4 Ah) and medium (21 Ah) capacities. Since the generated time 

constant cutoff between lead acid and lithium ion batteries is set relatively high at 20 s, 

smaller lead acid batteries can run a risk of being misidentified. This is purely due to adding 

a wide range of tolerance for the lithium ion batteries that are in much worse condition (i.e. 

low SoH). Generally, when the SoH is low, the response of the battery following a 

disturbance is slower, thereby generating a longer time constant. Table 5-3 also shows that 

both lithium ion batteries under test generated time constants far below 1 s, where an 

increase in the time constant was minimal even with a capacity over three times larger. By 

further optimizing the tolerance of the time constant cutoff or establishing a range of 

acceptable battery conditions that the intended application can be exposed to, this could be 

easily modified. 
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When calculating equivalent circuit values, the sampling frequency tolerance becomes 

more critical. In the case of calculating the polarization resistance , the values are fairly 

consistent, even at much lower sampling frequencies since the timing element is not as 

prevalent. Table 5-4 depicts the calculated values for  from the software platform for 

each of the four frequencies. Even at 20 Hz, the highest error is only around 5%. However, 

when looking at the polarization capacitance , the deviation is much wider. Shown in 

Table 5-5, both batteries introduce a higher error than what was observed by , but the 

proposed system produces values that are still within an acceptable range of accuracy 

(<8%) at a sampling frequency of 200 Hz or higher. 

Table 5-4. Calculated Polarization Resistance per Sampling Frequency. 
Battery 

Type 
Size 
(Ah) 

20 kHz 2 kHz 200 Hz 20 Hz 
Measured

mΩ 
Measured

mΩ 
Error

% 
Measured

mΩ 
Error 

% 
Measured 

mΩ 
Error 

% 
Li-ion - LCO 21.0 54 54 0.0% 55 1.8 56 3.7 

Lead Acid 21.0 200 200 0.0% 203 1.5 205 2.5 
Li-ion - LCO 6.4 57 56 1.7% 60 5.2 60 5.2 

Lead Acid 6.0 110 110 0.0% 111 0.9 116 5.4 
 

Table 5-5. Calculated Polarization Capacitance per Sampling Frequency. 
Battery 

Type 
Size 
(Ah) 

20 kHz 2 kHz 200 Hz 20 Hz 
Measured

(F) 
Measured

(F) 
Error

% 
Measured

(F) 
Error 

% 
Measured

(F) 
Error

% 
Li-ion - LCO 21.0 14.5 14.5 0.0 13.9 4.1 17.8 22.7

Lead Acid 21.0 134.5 136.2 1.2 130.9 2.6 111.1 17.3
Li-ion - LCO 6.4 12.7 12.3 3.1 11.7 7.8 14.6 14.9

Lead Acid 6.0 309.1 307.2 0.6 319.2 3.2 292.2 5.4
 

5.4.3.2 Discussion 

In the previous subsection, it was shown that high accuracy can still be maintained even 

when the DAQ sampling rate is 100 times lower than the current test configuration. This 
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point is important to note in the practical implementation of this system when addressing 

the required onboard memory to store the data cache. When moving from 20 kHz to 200 

Hz, a data cache of 50 – 60 MB per curve fit is reduced significantly to only 1 MB per 

curve fit. The hardware in Figure 5.8 would also need to be revised to make a practical, 

compact, and cost-effective system. To this point, the controllable electronic load could be 

replaced with a small network of power resistors. Since the loading period under the C/10 

pulse is only 50 s, the voltage reduction over this period is relatively small and with a minor 

tradeoff in accuracy, it may be neglected. Finally, the LEM LA-25 could be replaced with 

a precision shunt resistance similar to the implementation that was demonstrated in the 

ESMC commercialization to significantly reduce the cost and size of the system. 

 Battery Management System Implementation 

In this section, the battery testbed has been extended to test and evaluate the concepts 

addressed in this chapter. The following subsections cover the program operation. 

5.5.1 Battery Initial Setup 

In this subsection, a full procedure for setup and management of a battery in this BMS 

is outlined for implementation on an industrial BMS or the ESMC. 

1. Connect Battery and Specify Size: The user inputs the battery capacity in Ah. 

2. Perform Battery Type ID: The battery chemistry identification process is conducted 

lasting 200 s. 

3. Match to Series Cell Configuration: The voltage is fit into the ranges as was shown 

previously in Table 5-2 based on the battery type. 

4. Verify Configuration with User: A dialog is presented to the user for verification. If 

both match, as demonstrated in the example shown in Figure 5.9, the system will 
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proceed to the next step. If not, as shown in Figure 5.10, the user can manually select 

the correct battery type and the correct number of cells. If the platform miscalculates 

both, the system proceeds. If the user selects the same battery type as was scanned but 

under a different cell configuration, the system identifies the OCV was out of the 

expected range indicating a defective or damaged battery module.  

 

Figure 5.9. Normal Detection of a 12 V Lead Acid Battery. 

 

Figure 5.10. Misidentification of an 8 V (4-cell) Lead Acid Battery for a 12V (6-cell) 
Lead Acid Battery with Custom Entry and User Warning. 

 

5. Estimate SoC: The SoC is calculated by the OCV method using Equation (5-17) for a 

lead acid battery or the look-up table ,  for lithium ion. 
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6. Begin Test: All charging and discharging parameters have been established and the 

system can proceed. 

Charging

Perform Pulse Test

Topping Charge

Discharge

Calculate Circuit Parameters

Update Usable Capacity Cb

1-hour Rest

Quick Rest

Quick Rest

1-hour Rest

Track Δ(Rt+RL)[n-1]Calculate (Rt+RL)[1]

Start New Battery Cycle

Calculate Rp[1], Cp[1] Calculate Rp[n], Cp[n]

 

Figure 5.11. Autonomous Battery Management System Cycling Flow Chart. 
 

5.5.2 Battery Test 

The goal of the battery test procedure is to demonstrate a basic range of functionality 

in which a single battery or module would be exposed to during a full operation cycle. A 

flow chart is shown in Figure 5.11. Although a constant load and charging profile has been 

utilized on this platform, this is primarily to demonstrate how the proposed features could 

be implemented on a comprehensive online BMS such as the ESMC. However, it is 

important to mention that this system could also be suitable as a modular maintenance tool, 

where conservative constant charging and discharging currents would be necessary to 
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evaluate the battery performance while minimizing the thermodynamic stress. A 

screenshot of the Graphical User Interface (GUI) visible to the user while the system is in 

operation is shown in Figure 5.12. During operation, a wealth of information is provided 

to the user to obtain the status of the test including: voltage, current, C-rate, power, SoC, 

energy exchange in Ah, energy exchange in Watt-hours (Wh), SoH, and cycle efficiency. 

 

Figure 5.12. Graphical User Interface during a Battery Test. 

 

5.5.2.1 Charging 

Using the initial SoC value , the remaining amount of energy stored is 

estimated in Ah. By Equation (5-18), the system will sum charging energy until one of two 

stop conditions occur: 1) the battery has reached its full charge current or 2) the energy 

charged has exceeded the total energy of the battery by 25%. The +25% allowance accounts 

for a reduced roundtrip efficiency and potential thermodynamic losses. Once charging has 

completed, a 5 min rest period is observed before the pulse test.  
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5.5.2.2 Perform Pulse Test 

Two 0.005 Hz pulses at the C/10 discharge current are applied under a 25% duty cycle. 

Following each pulse, an exponential fit is applied as per Equations (5-22) and (5-23) and 

,  parameters are then estimated based on Equations (5-24) to (5-26). Following the 

second pulse, these values are averaged to ensure accuracy and passed to the circuit 

parameter display front-end, where an example performed on a 6 V 2-cell lead acid battery 

is shown in Figure 5.13.  

 

Figure 5.13. Pulse Test Example on a 6 V Lead Acid Battery. 

 

5.5.2.3 Topping Charge 

To maintain the highest accuracy in assessing the battery SoH, the energy expended 

during the pulse tests are replaced with a quick topping charge phase. The stop condition 

in this phase is further protected by the charging current cutoff. Once this has completed, 

an extended 1-hour rest period is observed to prepare the battery for a full discharge. 

Although it is unlikely an online BMS would be able to observe a full 1-hour rest, this 

would be ideal in a maintenance scenario. 
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5.5.2.4 Discharge 

The discharge phase applies the Peukert component to correct for the expected usable 

capacity under discharge. For convenience, once again the C/10 discharge current is used. 

The new usable Peukert capacity is used as the SoC reference as well when applying 

coulomb counting. In the event that a full discharge event occurs, the final calculation of 

the SoH in Equation (5-20) is modified to compare the total energy output to the revised 

Peukert-adjusted capacity.  

 

Figure 5.14. BMS Software Platform and Equivalent Circuit Generation for a 6 V Lead 
Acid Module. 

 

5.5.2.5 Calculate Circuit Parameters and Usable Capacity 

Following a full discharge, the usable energy is obtained and the equivalent charge 

storage capacitor  is calculated based on Equation (5-21). An example is shown in Figure 

5.14 where the equivalent circuit model for a healthy 6 V lead acid battery is shown with 

 filled in revealing the 12.974 Ah energy output during the discharge stage is similar to 
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the charge storage of a 303,137.3 F capacitor. The parameterization estimations for , , 

and  in the Randles 1st-order equivalent circuit have been calculated as well to be 1.998 

Ω, 106.2 F, and 0.008 Ω, respectively. 

5.5.3 Full Circuit Model 

The equivalent circuit model is shown at the end of every cycle and can be accessed 

anytime thereafter. Cycle 1 would specify ‘NaN’ for the  value, but would produce the 

new charge storage capacitance and impulse response parameters. Thus, for a maintenance 

scenario, a minimum of two cycles are required to estimate all equivalent circuit 

parameters. 

 Experimental Testing 

To demonstrate the detailed capabilities of the BMS and testing platform, a 

combination of both healthy and damaged lead acid and lithium ion batteries were placed 

on the testbed. All four batteries tested have matching rated capacities of 21 Ah. 

5.6.1 Lithium Ion Battery Testing 

Two 3.7-V single-cell 21 Ah lithium ion LCO batteries were placed on the system: one 

in good health and one defective. The following subsections discuss these test results. 

5.6.1.1 3.7 V Lithium Ion Battery in Good Condition 

The initial test depicts a battery identification for a single-cell lithium ion battery in 

good condition. Pictured as Battery Number 5 previously in Figure 5.7, the timing constant 

 is labeled in Figure 5.15 and was found to be 0.437 s revealing the battery was indeed, 

lithium ion. From Table 5-2, the OCV fell within the range of a single-cell. Figure 5.16 

reveals that after two cycles the system detected  had a shift of 69 mΩ. The battery 

discharged 17.199 Ah of energy in cycle 2 similar to the charge storage in a 209,888.9 F 
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capacitor. The impulse response resistance  and capacitance 	was 51 mΩ and 14.687 

F, respectively. R  is well within the range of expectation for a lithium ion battery, whereas 

the capacitance is slightly higher than some cells, but still much lower than that of lead 

acid revealing a young lithium ion cell [91]. 

 
Figure 5.15. 3.7 V 21 Ah Lithium Ion Battery Type Identification. 

 
Figure 5.16. 3.7 V 21 Ah Lithium Ion Battery Curve Fit and Final Equivalent Circuit for 

a Battery in Good Condition. 

 

5.6.1.2 3.7 V Lithium Ion Battery in Bad Condition 

Figure 5.17 shows the same single-cell 21 Ah lithium ion battery heavily damaged. 

Pictured as Battery Number 4 previously in Figure 5.7, it delivered under 1 Ah in its 
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discharge cycle, which is similar in charge storage to a 13,226.8 F capacitor. The battery 

was only capable of operating for one cycle, thus  could not be determined. The impulse 

response resistance  and capacitance  were very high, revealing a damaged cell at 837 

mΩ and 65.155 F, respectively. Although the calculated circuit values quantitatively 

confirm the battery is in poor health, a qualitative assessment of the two pulse testing 

waveforms expose a very different response than that of the good battery. 

 

Figure 5.17. 3.7 V 21 Ah Lithium Ion Battery Curve Fit and Final Equivalent Circuit for 
a Battery in Bad Condition. 

 

5.6.2 Lead Acid Battery Testing 

Two 12-V 6-cell 21 Ah lead acid batteries were placed on the testbed, one in good 

health and the other defective. The following subsections discuss these test results in detail. 

5.6.2.1 12 V Lead Acid Battery in Good Condition 

A healthy 12 V lead acid battery (depicted as Battery Number 10 previously in Figure 

5.7) was placed under test. Figure 5.18 shows the output from the BMS after four cycles, 

where the total discharge energy was 18.935 Ah, similar to the charge storage in a 

910,570.5 F capacitor. The shift in the ohmic resistance  since the first cycle increased 
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by 39 mΩ. The impulse response or polarization resistance  and capacitance 	was 205 

mΩ and 286.369 F, respectively, revealing a lead acid battery in good health. 

 

Figure 5.18. 12 V 21 Ah Lead Acid Battery Curve Fit and Final Equivalent Circuit for a 
Battery in Good Condition. 

 

Figure 5.19. 12 V 21 Ah Lead Acid Battery Type Identification. 

 
5.6.2.2 12 V Lead Acid Battery in Bad Condition 

In the final scenario, a similar 6-cell lead acid battery (depicted as Battery Number 11 

previously in Figure 5.7) was placed under test. Battery Number 11 generated a time 

constant 20	s, thus correctly identifying a lead acid battery. However, as shown in 

Figure 5.19, the voltage did not fall within the expected range for a 6-cell configuration, 
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thus the system requested user input providing a warning that the battery may be defective. 

Since the battery was damaged, once again only one cycle was completed thus  could 

not be determined. Figure 5.20 shows the battery only discharged a mere 0.196 Ah, which 

is similar to the columbic storage of a 6,398.5 F capacitor. The impulse response or 

polarization resistance  and capacitance 	was 621 mΩ and 35.628 F, respectively. 

Similarly to the lithium ion battery comparison, a qualitative assessment of the two pulse 

testing waveforms reveal a very different response than that of a good lead acid battery. 

 

Figure 5.20. 12 V 21 Ah Lead Acid Battery Curve Fit and Final Equivalent Circuit for a 
Battery in Good Condition. 

 

 Summary 

This chapter introduced a number of new techniques suitable for implementation on a 

flexible hybrid BMS. Two new battery detection concepts were developed and verified via 

PBM to highlight how a standardized C/10 discharge pulse can be utilized for multiple 

purposes. The proposed system demonstrated a comprehensive BMS platform with 

autonomous differentiation of lead acid and lithium ion battery chemistries, determination 

of the series-cell configuration, and an estimation of a Randles 1st-order equivalent circuit 
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including an energy tracking model. Furthermore, other aspects of improving a BMS were 

addressed. Prior to operation, the initial SoC estimation procedure was enhanced through 

a voltage and temperature-based algorithm for both battery chemistries. These features 

were tested and evaluated on a final control platform on a wide range of lithium ion and 

lead acid battery cell configurations, capacities, and health conditions.  

In the midst of development, the system was designed keeping computation and 

memory overhead in mind, where the performance and accuracy was tested under a wide 

range of conditions accounting for limitations in MCU capabilities. In this way, the 

platform and procedures can be utilized not only an alternative to EIS on a BMS or the 

ESMC, but also improve SoC estimations by monitoring historical trends of SoH (usable 

capacity in this context) and performance. The information determined by this model 

would provide a useful model for off-line analysis or advanced maintenance.  

Although in this chapter the PBM was developed and utilized as a tool to demonstrate 

the effectiveness of using a pulsed load to obtain the battery chemistry and equivalent 

circuit model, PBMs were not found to be practical for their implementation inside a real-

time controller. However, the offline usage of PBMs can provide powerful simulation tools 

to very accurately capture the performance of battery ES devices. With a model of 

sufficient detail, PBMs can offer further insight into battery performance and health 

mechanisms that are not easy, or even impossible to measure. In the next chapter, the 

lithium ion battery PBM is expanded considerably into 3D, where a detailed formulation 

of the 3D PBM is derived. Trade-offs and comparisons in accuracies of the P2D PBM and 

the 3D PBM are discussed, while the enhanced 3D PBM carries with it a novel capability 

in visualizing a major contributor to lithium ion battery ageing. 
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 Introduction 

The lithium ion battery was introduced in the previous chapter as an alternative battery 

energy storage (ES) device. Their rapid deployment in utility, electric vehicle (EV), and 

shipboard power system applications was discussed, but it is their usage in common 

everyday consumer electronics devices that has made them commonplace in our daily lives. 

The mobile phone and laptop industry has utilized lithium ion batteries since the early 

2000s. These devices have tested the durability, versatility, and lifespan, or State of Health 

(SoH), while taking advantage of new capabilities they have to offer. The ability to function 

regularly at much higher charging and discharging currents as compared to legacy 

chemistries such as lead acid or nickel cadmium has contributed to their popularity. 

In the previous chapter, physics based models (PBM) of both the lithium ion and lead 

acid batteries were introduced. These models were simplified in this analysis, utilizing a 

pseudo two-dimensional (P2D) PBM for two reasons: 1) to reduce computational 

complexity and 2) to provide universal PBMs that were not dependent upon the capacity 

of the cell. A comparison in P2Ds of the lithium ion and lead acid batteries revealed that 

the lithium ion battery voltage drop or rise behavior, previously referred to as overpotential, 

was very different than that from legacy battery chemistries [129]. Although it was not 

demonstrated in the P2D analysis, in the same light, high charging currents will result in a 

very different overpotential as well. Lead acid batteries are charged between 2.30 V to 2.45 

V per series connected cell, where excessive voltage can cause a decomposition of the 

electrolyte and initiate premature aging [130]. Although exposure to higher voltages can 
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place a toll on their long-term SoH, lead acid batteries do not pose as much of a safety risk 

and are far more resilient to these conditions. 

The lithium ion battery, on the other hand, is a much more sensitive device. Standard 

lithium ion cobalt oxide (LCO) batteries are charged at 4.20 V and can only tolerate up to 

a 50 mV increase in the terminal voltage before catastrophic affects such as thermal 

runaway can take place [68],[131]. Excessive charging currents and a lack of adequate 

control can push the terminal voltage to dangerous levels if not properly handled. PBMs 

can be used to study these traits while providing a deep investigation into real-time battery 

performance and its long-term SoH [132]. A PBM provides a mechanism to not only 

accurately forecast the terminal voltage, but also track how electrochemical reactions 

impact the cell. This information is crucial in understanding how the design and package 

impacts the operation, while it also provides a new mechanism to study how these 

behaviors can impact the SoH.  

 Consequences of Overpotential  

Battery SoH has been discussed a number of times in this dissertation, starting from a 

generalized definition to mapping its specific impacts to the lead acid battery. In this 

chapter, a focus will be placed specifically on the lithium ion battery. Although SoH 

management in this battery is primarily mapped to regulating its Depth of Discharge (DoD) 

and enforcing a tight operating temperature range, the degradation of active materials is a 

complex process that must consider many variables not easily measured [133]. Previously, 

overpotential was defined simply in the context of the change of voltage ∆V present 

between the open circuit voltage (OCV) and the terminal voltage under loading or 

charging. In this chapter, the concept of overpotential will be further investigated. A 



 

128 

 

voltage drop under load not only results in an altered voltage profile or performance in the 

electrical domain, but has instant consequences in the thermal domain. The most common, 

joule heating overpotential (i.e. I²R losses), can be observed simply as a result of the power 

dissipation through an internal resistance. At increased operational currents, the joule 

heating component is significant, and can be apparent within minutes or less of operation.  

   

 
Figure 6.1. Samsung Galaxy S7 Battery Fast Charging Profile: Current versus 

Temperature (top) and Current versus Voltage (bottom). 
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This phenomenon is frequently observed in modern cellular phones, particularly 

Samsung devices, which utilize an adaptive fast charger to minimize charging times [134]. 

A significant increase in the charging current results in heating of the battery cell, which 

takes a toll on its active materials. The charging profile from a Samsung Galaxy S7 utilizing 

a fast charger to charge a lithium nickel manganese cobalt oxide (NMC) cell was recorded 

and is shown in Figure 6.1. The charging current versus the temperature rise is shown at 

the top. The initial fully discharged cell temperature under light loading was 30°C. After 

applying a constant current (CC) of 2400 mA, a 5°C temperature rise is observed after only 

3 min. The charging progression from the S7 fully discharged at rest was repeated and 

recorded using a thermal imager in Figure 6.2. Figure 6.2 indicates the battery form factor, 

the location of the positive and negative terminals, and the local temperature. The 

temperature at rest was 27.8°C, progressing to 30°C (+2.2°C) after 1 min and 33.2C 

(+5.4°C) after 3 min of charging. One can also observe how the shape of the battery begins 

to form along the boundaries of the thermal outline, but are inhomogenous. 

 
Figure 6.2. Thermal Imaging of Samsung Galaxy S7 Battery During Fast Charging 

Profile: Initial State (left), After 1 min (center), After 3 min (right). 
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A generalized charging profile was discussed previously in Chapter 4, which consists 

of a CC phase followed by a Constant Voltage (CV) phase. Significant energy is transferred 

during CC, and since this represents the maximum current, it is also the fastest charging 

period. However, since the charging current is so high in the case depicted in Figure 6.1, 

charging in the CV phase is required or the battery would only reach a maximum of 61% 

State of Charge (SoC). This is a result of the much higher overpotential, where the cell 

reaches its maximum terminal voltage sooner. In order to maximize the period in which 

the cell remains in CC, the maximum terminal voltage level is also pushed close to its 

maximum as well (4.35 V in the case of this NMC battery cell). As mentioned previously, 

exceeding the maximum battery terminal voltage for any period of time can be catastrophic 

and result in a thermal runaway condition. This sensitive transition zone is shown below in 

Figure 6.1. Through the aid of an advanced PBM, a more accurate forecast of the 

overpotential and joule heating during loading and charging could help reduce the risk of 

a cell in being exposed to these conditions. 

Joule heating accounts for only one type of overpotential, but it is important to mention 

that other types exist and can be mapped directly to the electrochemical conversion process 

and the active materials. At conservative charge or discharge currents, the balance of 

current across the battery cell can be assumed to be similar, which would in turn result in 

a relatively linear thermal heating profile. However, once the cell reaches high current 

levels, the distribution of current across the cell becomes highly nonlinear as a result of 

concentration overpotential. 

The concept of concentration overpotential is a complex electrochemical phenomenon, 

which is caused by a number of factors which surface once the lithium ion battery begins 
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to operate at high current levels. Previously, the lithium ion battery operation was described 

in the development of a P2D PBM, where the energy stored in a lithium ion cell is mapped 

to the concentration of lithium ions at the electrodes. At high current, a variable 

conductivity of the electrolyte and electrode at different SoC levels results in gradient 

currents. Gradient currents at the electrodes cause nonlinear joule heating, leading to 

uneven material stress that in turn degrades the cell SoH [135]. Through the development 

of a three-dimensional (3D) Finite Element Model (FEM) of the lithium ion battery, this 

phenomenon can be visualized and studied. In this chapter, a common LCO battery PBM 

is constructed using 3D FEM, where an electric and magnetic field analysis is conducted 

under charging and discharging at Coulombic rates (C-rates) of C/10 (10-hour), C/2 (2-

hour), and 1C (1-hour) current levels. An experimental analysis is made to verify the model 

while highlighting new operational features that can have a profound impact on the battery 

SoH.  

 Lithium Ion Battery Physics 

Lithium ion batteries exchange lithium ions using their electrolyte as a transfer layer 

between the positive and negative electrodes [132]. Many types exist and are characterized 

by differences in the metal (M) oxide used in their positive electrode (LixMO2), where the 

negative electrode is essentially a carbon graphite (LixC6) [22]. As the battery charges, 

lithium ions move from the positive to the negative electrode, where the process is simply 

reversed during discharging. A LCO (LixCoO2) battery has been modeled and studied in 

this chapter, as it is not only a popular battery in mobile electronics, but has also been 

experimented with in transportation electrification because of its extremely high energy 

density. However, its safety and limited lifespan present a challenge in its utilization. 
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Figure 6.3. Pseudo 2D FEM to 3D FEM Representation of the Lithium Ion Battery Cell. 

 

Traditional FEM of battery physics begins using a P2D representation, as was done in 

Chapter 5, modeling critical components of the electrochemical process. The FEM is 

solved along a line, representing a cross section of the battery materials from the edge of 

the negative electrode to the edge of the positive electrode using a minimum number of 

meshing points, as shown in Figure 6.3. These models only introduce the battery cell 

thickness  and active surface area  to model operation, neglecting dimensions of 

the package, plates, and current collectors. This formulation is computationally efficient 

and provides a superior improvement over legacy Randles equivalent circuit models during 

operation. 

Although the P2D is a powerful improvement over the Randles equivalent circuit, it 

still represents a simplification of the cell operation. The P2D sacrifices a number of other 
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details that can provide insight into the internal electromagnetic losses and stresses across 

the structure of the battery cell [136]. An extension into 3D FEM provides a way to study 

new operational features of the battery while providing a mechanism to assess voltage 

losses across the electrolyte, magnetic field propagation, and the generated gradient 

currents. 

6.3.1 3D Physics Based Model Formulation 

The basis of the nonlinear lithium ion 3D FEM formulation is broken into two major 

parts, solving for both electrochemical and electromagnetic components [114]. In this 

subsection, the 3D PBM mathematical formulation of the LCO battery is derived. A 

summary of all associated simulation parameters is provided later in Table 6-1. The 

insertion and extraction of lithium ions occur at the surface of each electrode and can be 

represented by spherical particles of radius  [132]. The molar flux  of lithium at the 

particle surface can be represented by the following equation: 

3
																				 

(6-1)

where  is a stoichiometric coefficient,  is the localized current generated as a result 

of electrode kinetics,  is the number of electrons involved in the reaction,  is Faraday’s 

constant,  is the active surface area, and  is the electrode volume fraction.  

Lithium diffuses  to and from each surface, altering the total concentration of lithium 

 in the solid phase: 

∙ 																						 (6-2)

subject to the following boundary conditions: 
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0
0 																						 (6-3)

The ratio of the present concentration of lithium ions in the electrodes  versus their 

maximum storage capacity ,  defines the SoC of each electrode . 

SoC
,

																						 (6-4)

As lithium ions move across the electrolyte, the mass of all reactants is conserved: 

∙ 																				 (6-5)

where  is the electrolyte volume fraction,  is the electrolyte concentration,  is the 

electrolyte salt diffusivity,  is the transport number for lithium ions, and  is the reaction 

source term. A connection is made to the electromagnetics domain in Equation (6-6). The 

the total generated cell current  and an arbitrary current  is constrained by the 

following relation: 

∙
2

1
ln
ln

1 ln 									 (6-6)

where R is the universal gas constant, T is the absolute temperature,  is an activity 

coefficient, and  and  represent the conductivity and electric potential of the electrolyte, 

which vary based on the concentration . This relationship is demonstrated in Figure 6.4. 

 The lithium ion reaction at the electrode induces an exchange current density , 

demonstrating how a primary current generated at the load is a result of the concentration 

of lithium at the electrodes: 

, 																				 (6-7)
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where ,  and ,  represent the charge rate  and transfer  coefficients at the anode 

 and cathode , respectively.  

 
Figure 6.4. Ionic Conductivity of the Lithium Salt Electrolyte versus its Conductivity. 

 
Table 6-1. FEM Simulation Parameters for the Lithium Ion Cobalt Polymer Battery. 

 

Description Variable Value 

Cell Length 0.150 m
Cell Width 0.050 m

Cell Thickness 0.010 m
Test Temperature T 293.15 K
Faradays Constant  96,485 Coulombs/mol

Universal Gas Constant R 8.314 J/mol·K
Stoichiometric Coefficient -1

Number of Electrons Involved in Reaction 1
Transport Number for Lithium Ions  0.363

Anodic Charge Rate Coefficient  2	x	10  m/s
Cathodic Charge Rate Coefficient  2	x	10  m/s

Anodic Charge Transfer Coefficient  0.5
Cathodic Charge Transfer Coefficient 0.5

Activity Coefficient 0
Electrolyte Salt Diffusivity  7.5	x	10  m²/s

            Electrode Material-Dependent Values 
Positive 

Electrode 

Negative 

Electrode 
Spherical Particle Size  8.0 μm 12.5 μm

Electrode Volume Fraction  0.297 0.471
Electrolyte Volume Fraction 0.444 0.357

Maximum Concentration ,  3900 mol/m³ 14870 mol/m³
Electrode Conductivity  3.8 S/m 100 S/m

Electrode Diffusion Coefficient  1.0 x 10  m²/s 3.9	x	10  m²/s
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The Butler-Volmer expression describes how 	  contributes to a localized current 

induced at the electrode surface, which is dispersed in 3D: 

, , ,
, , , , , ,

																	 (6-8)

where 	and  are the anodic and cathodic charge transfer coefficients, respectively, and 

 is the activation overpotential, revealing how the terminal voltage will drop or increase 

from its standard electric open circuit potential  under a load or source. 

, , , , , , , , , 																			 (6-9)

Table 6-1 provides a summary of all simulation parameters, which were utilized in the 

FEM development of the 3D PBM. The electric field cannot propagate beyond the total 

width , length , or thickness  of the cell depicted in Figure 6.3. This results in 

the electric field boundary condition: 

, , , , , ,

, , , , , ,

, , , , , ,

0												 (6-10)

The resulting open circuit voltage of the LCO battery cell is thus: 

, , , , 0, , 												 (6-11)

where ,  and ,  represent the electrode potentials at the positive  and negative  

electrodes, respectively, and  represents the ohmic loss between the tabs and current 

collectors.  
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Table 6-2. 8048168C Lithium Ion Cobalt Polymer Battery Specifications. 

 

Nominal Voltage 3.7 V 
Rated Capacity 0-100% SoC Operating Range          6400 mAh

10-90% SoC Operating Range           5400 mAh
Cell Dimensions 168.5 mm x 48.5 mm x 8.0 mm

Mass 140 g

Charging 

Charging Voltage
Maximum Current

Standard Current
Temperature Range

4.20 ± 0.05 V
1C (6.40 A)

C/2 (3.20 A)
0 - 45 °C

Discharging 

Maximum Current
Standard Current

Minimum Cutoff Voltage
Recommended Cutoff

Temperature Range

5C (32.00 A)
C/5  (1.28 A)

2.75 V
3.30 V

0 - 60 °C
 

6.3.2 Finite Element Modeling 

The specifications for the 8048168C lithium ion battery modeled in this study are 

summarized in Table 6-2. The 8048168C has a capacity of 6.4 Ah, though the operating 

SoC range has been constrained to utilize only 5.4 Ah in order to preserve its usable 

capacity and SoH [138]. The cell dimensions are 168.5 mm x 48.5 mm x 8.0 mm containing 

copper-based positive and aluminum-based negative current collectors measuring 10 mm 

x 10 mm x 0.1 mm. However, in order to provide a computationally efficient model, these 

dimensions were slightly altered to 150 mm x 50 mm x 10 mm to improve proportionality, 

allowing for reduced 3D meshing elements.  

 
Figure 6.5. 8048168C Lithium Ion Cobalt Oxide (LCO) Polymer Battery. 
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Figure 6.6. Electrostatic 3D FEM of the LCO Battery at Full Charge. 

 

Pictured in Figure 6.5, the LCO cell has no onboard balancing circuitry, thus the length 

and width of each plate is consistent with its outer dimensions. The thickness of each 

electrode, electrolyte, and current collectors were estimated by normalizing the dimensions 

from the P2D model and were depicted in Figure 6.3. These dimensions were then used to 

partition the cell thickness. Since the protective film is <0.1 mm, its offset could be 

neglected. The resulting mesh and the OCV solution at full charge of 4.15 V is shown in 

Figure 6.6. Meshing elements were able to remain coarse at the current collectors, reducing 

the degrees of freedom, but are finer at boundaries where each electrode interfaces with the 

electrolyte. 

 Results and Discussion 

To quantify the PBM, light, medium, and high loading and charging currents were 

applied to the terminals of the lithium ion battery, and the results are shown in Table 6-3. 

Currents were applied at the C/10, C/2, and 1C rates to both the P2D and 3D PBMs. All 

discharging currents were applied at full charge (100% SoC) while all charging currents 

were applied at full discharge (0% SoC).  
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Table 6-3. Experimental, Pseudo 2DFEA, and 3DFEA Model Comparison. 

State SoC 
(%) 

C 
Rate (A) 

Terminal Voltage Overpotential  (ΔV) Error 
Exp.
(V) 

P2D
(V) 

3D 
(V) 

Exp. 
(mV) 

P2D 
(mV) 

3D 
(mV) 

P2D 
(mV)

3D 
(mV)

OCV 100 -- -- 4.149 4.142 4.149 -- -- -- -- --
Discharge 100 -1C -6.40 3.960 3.960 3.962 -189.0 -182.5 -186.3 +6.5 +2.7
Discharge 100 -C/2 -3.20 4.085 4.045 4.064 -64.0 -97.3 -84.6 -33.3 -20.6
Discharge 100 -C/10 -0.64 4.136 4.122 4.134 -13.2 -20.0 -14.1 -6.8 -0.9

OCV 0 -- -- 3.300 3.318 3.315 -- -- -- -- -- 
Charge 0 +1C +6.40 3.477 3.512 3.488 +177.0 +194.0 +172.5 + 17.0 -4.5
Charge 0 +C/2 +3.20 3.370 3.427 3.402 +70.0 +109.3 +86.2 + 39.3 +16.2
Charge 0 +C/10 +0.64 3.313 3.342 3.333 +13.0 +23.8 +17.3 + 10.8 +4.3

 

 

6.4.1 Terminal Voltage and Analysis of Overpotential 

The terminal voltage potential between the electrode plates and overpotential  

between measurements and each model, as well as the error between the measured , is 

shown in Table 6-3. For discharging, light and heavy loading produces a strong correlation 

with less than a 3 mV variance, while medium loading introduces the highest error of 20.6 

mV. In the charging case, a 5 mV variance is observed from the measured values for light 

and heavy currents, while the C/2 charging current drift is around 16 mV.  

The P2D follows a similar progression, with its best accuracy at 1C and C/10, except 

with much greater error versus the 3D PBM. There are a number of potential causes for the 

error observed at C/2. First, the error could be a result of adjusting the electrode and 

electrolyte thicknesses to better align with the FEM meshing scale. Adjusting these 

thicknesses, particularly the thickness of the electrolyte, would vary the ohmic loss. 

Secondly, both the conductivity of the electrolyte  and electrodes  are functions of the 

electrolyte salt concentration  and concentration of lithium ions , respectively. Since 

the initial states vary greatly when starting from full charge or full discharge, these are 

driving factors. 
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 Electrode Voltage at +C/10 Electrode Voltage at +C/2 Electrode Voltage at +1C 

 Electrolyte Voltage at +C/10 Electrolyte Voltage at +C/2 Electrolyte Voltage at +1C

Figure 6.7. Electric Potential at the Electrodes and Electrolyte of the LCO Battery 
under Charging. 

 

 Electrode Voltage at -C/10    Electrode Voltage at -C/2    Electrode Voltage at -1C 

 Electrolyte Voltage at -C/10    Electrolyte Voltage at -C/2    Electrolyte Voltage at -1C 

Figure 6.8. Electric Potential at the Electrodes and Electrolyte of the LCO Battery 
under Discharging. 
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6.4.2 Electric Field Analysis 

An electric field analysis for the charging and discharging cases is shown in Figure 6.7 

and Figure 6.8, respectively. The voltage potential distribution at the electrode plates is 

shown at the top, revealing the departure from the OCV at each current level. For the 

charging case, as the current increases, the voltage at the electrodes increases consistent 

with Table 6-3 in a fairly linear fashion, from 3.30 V (OCV at 0% SoC) to 3.49 V. In the 

discharging case, the terminal voltage across the electrodes decreases, dropping from 4.15 

V (OCV at 100% SoC) to 3.95 V. The current collectors reveal a potential distribution that 

is nearly constant across their surfaces. The electrode voltage distribution does not offer a 

great deal of insight in 3DFEM, however, this is not the case inside the electrolyte. The 

electric field distribution across the electrolyte is shown at the bottom of Figure 6.7 for 

charging and at the bottom of Figure 6.8 for discharging.  

For charging, C/10 results in a light voltage drop, where the terminal voltage does not 

greatly vary. However, at C/2 and particularly at 1C, a significant variation is present. 

Close-ups demonstrate a progression in the electrolyte potential, becoming highly 

nonlinear as it approaches high levels of current. This is visualized to the bottom right of 

Figure 6.7 and Figure 6.8, where the wide range of colors depicts an electric potential that 

is very different at each individual cross sectional cut through the electrolyte. 

6.4.3 Magnetic Field Analysis and Gradient Currents 

An extensive magnetic field analysis for the charging and discharging cases is shown 

in Figure 6.9 and Figure 6.10, respectively, highlighting a strength of the 3D FEM. Since 

the only measurable current is that which is delivered to the terminals, 3D FEM provides 

insight into the direction and magnitude of all generated electrochemical currents and the 
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locations of the heavy losses. The top plots reveal the normalized (C-rate) current density 

normal across the cell and terminals under each of the six current levels. Current density 

vectors are superimposed to illustrate the current propagation across the cell as it is 

delivered to each electrode. Below, the analysis is extended, viewing the current density 

normal as a contour plot from 0 to 1,000 A/m² in 10 A/m² steps. 

The charging cases are depicted in Figure 6.9, where all current flows into the positive 

electrode dispersing across the cell structure. At C/10, the current density inside the 

electrodes is nearly equal to that which is delivered at the current collectors. This 

phenomenon is expected, as at currents below the 5-hour rate (C/5), the energy input and 

output capacities are close to the rated capacity, as verified by the 8048168C datasheet 

[138]. Below, the current density norm offers a different perspective. Although the cell 

current density is calm, some concentrations still form near the junctions where the contacts 

meet the current collectors. At C/2, losses begin to increase and the effective C-rate at each 

electrode shifts, which indicates parasitic losses occurring inside the cell. This phenomenon 

results in additional energy, which will be needed to inject charge into the battery to 

effectively charge the cell at the C/2 current. Another contribution to these losses is caused 

by gradient currents, which begin to surface near the electrode terminals. 

A close-up identifies a development of gradient currents at both electrodes. As charging 

approaches 1C, differences in the current density at each electrode intensify. Looking at 

the top plot, although the cell is charged at 1C, the charging current required to overcome 

parasitic losses is 7% higher, or an effective C-rate of 1.07C. When analyzing the gradient 

currents, they develop both at the electrodes and inside the electrolyte, though the 

magnitude inside the electrolyte is far less.  
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 Current Density at +C/10 Current Density at +C/2 Current Density at +1C 

 Gradient Currents at +C/10 Gradient Currents at +C/2 Gradient Currents at +1C 

Figure 6.9. Current Density at the Electrodes and Electrolyte of the LCO Battery under 
Charging. 

 

 Current Density at -C/10 Current Density at -C/2 Current Density at -1C 

 Gradient Currents at -C/10 Gradient Currents at -C/2 Gradient Currents at -1C 

Figure 6.10. Current Density at the Electrodes and Electrolyte of the LCO Battery 
under Discharging. 
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A close-up reveals multiple concentrated currents forming on the electrodes as rings 

spreading from the positive electrode to nearly half the length of the cell structure. These 

features can easily go unnoticed without a reduced scale. The reduced scale exposes a 

maximum current density in during charging of this cell to be at 8,131 A/m². 

For all discharging cases, current generated inside the cell is dispersed across the cell 

structure and delivered to the positive electrode. At C/10, the distribution is similar to that 

of the charging cases, since C/10 is less than the rated discharge current of the battery cell. 

Looking at Figure 6.10, the normalized current density inside the electrodes is nearly equal 

to that which is delivered at the current collector contacts. Once again, the current density 

norm offers a different perspective, except concentrations at the junctions are slightly 

higher in magnitude, with a peak near 1,000 A/m² versus the 700 A/m² that was observed 

in the charging case.  

At C/2, the losses increase once again, except the additional energy previously required 

from the charger is now required by the battery. The top plot reveals an imbalance between 

the current passing through each electrode. Below, the gradient currents are far worse than 

what was observed during charging, where multiple concentrated current density rings are 

already beginning to surface. As the load approaches 1C, the total electrochemical current 

density required to deliver energy to a load is actually 19% higher than what is delivered, 

or an effective C-rate of 1.19C. This case results in the greatest difference between the 

terminals and is further visualized by the gradient current generation, which once again 

features both electrode and electrolyte gradients. The current density is high enough that 

multiple concentrated rings develop, stretching beyond half of the cell length. 
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 Summary 

In this chapter, the concept of the PBM of the lithium ion battery is deeply investigated 

and expanded from the P2D model. The P2D is used as a foundation to the 3D PBM, where 

a comprehensive mathematical formulation was made. The 3D PBM was used as a 

mechanism to study operational characteristics of the common LCO battery cell that are 

difficult to obtain experimentally, as well as offer an extension of the SoH analysis. 

 Terminal voltages during both charging and discharging at C/10, C/2, and 1C currents 

were close to measured values. The results highlight new advantages and insight into SoH 

impacts on lithium ion batteries that 3D PBMs can offer to study the generation of 

undesired gradient currents across the battery cell when operating at high charging and 

discharging currents. A more accurate depiction of overpotential when moving from P2D 

to 3D is evident in the results in the form of gradient currents, contributing to 

thermodynamic and material stress, which contributes to shortening the battery life. This 

analysis can serve to increase awareness for manufacturers of some of the inherent 

operational challenges associated with lithium ion batteries in modern applications. 

Accounting for the lessons learned could help to propose revised geometries to help better 

distribute gradient currents and generate a more linear current distribution, which would 

result in a more linear distribution of current across the battery cell. 

Some of the strengths of a P2D or 3D PBM have been demonstrated in the last two 

chapters of this dissertation as a superior way to model accurate depiction of the battery. 

However, these models are extremely challenging to utilize when conducting deep, 

comprehensive simulations of an entire electrical power system. Intricate electrical system 

simulations requiring a great deal of processing power and/or memory can prove to be 
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impractical when placing a PBM in the loop.  

For these scenarios, a popular option is to generate an enhanced, dynamic Randles 

equivalent circuit model. An enhanced 2nd-order model, which can account for 

continuously changing component values, and OCV can provide a powerful tool in 

simulation while capturing the signature dynamics of the battery. Furthermore, it is 

important to evaluate the required complexity as it relates to the specific application. A 

close analysis of the application may yield that a dynamic model based on the SoC is not 

needed, or a 1st or 2nd-order equivalent circuit model is sufficient to obtain an accurate 

depiction of the terminal voltage and performance once the battery is placed into service. 

In the next chapter, a dynamic multi time-scale battery model for a 51.8 V 14-cell LCO 

battery module is generated to assist in conducting accurate simulations of EVs. A 

comprehensive data acquisition system is built upon similar concepts as outlined in Chapter 

5, where pulsed loading and charging currents are used to extract equivalent circuit 

component values across the entire battery SoC range.  
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 Introduction 

The popularity of electrochemical energy storage (ES) continues to grow to support a 

trend toward transportation electrification [139]. In recent years, electric vehicles (EVs) 

have become a major topic of discussion, as they are expected to witness a double-digit 

growth by 2022 [140]. This has placed ES, and particularly battery ES, center stage. As the 

number of EVs continue to emerge into the market, the concept of hybrid ES consisting of 

multiple ES devices (e.g. supercapacitors) has been deployed and implemented. The 

current-voltage (I-V) behavior of supercapacitor (SC) ES can be fairly predictable, as 

responses in the EV propulsion and traction system fall within the seconds and sub-seconds 

range [141]. Moreover, the operating State of Charge (SoC) range of the SC remains fairly 

constant over the course of its lifespan, as a result of an entirely different ageing 

mechanism. This enables their simulations to be relatively straightforward in most 

applications. Their performance within hybrid ES systems will be extensively evaluated 

later in this dissertation for not only EV, but also shipboard power system applications. 

In this chapter, a focus has been placed specifically upon the advanced modeling of a 

battery ES device. In contrast to the SC, battery ES behavior is highly nonlinear and 

dependent upon many factors [142]. Although battery ES for EV propulsion originally 

started with lead acid battery testing in the 1990s, this has since moved onto the primary 

usage of nickel metal hydride (NiMH) and various lithium ion battery chemistries. Six 

different lithium ion battery chemistries now exist in the market, each with their own 

signature dynamics [22]. EV manufacturers have explored a wide range of chemistries in 
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their aspiration to maximize operating ranges, motoring power, and the battery lifespan. 

From propulsion and regenerative breaking to a power electronics perspective, advanced 

models that capture the necessary dynamics are needed. Without a method to extract and 

implement an advanced battery model capturing these features, an accurate and dependable 

simulation is not possible.  

In Reference [143], a comprehensive test procedure was proposed for building a 2nd-

Order dynamic lithium ion battery equivalent circuit model through the introduction of 

fixed, standardized charging and discharging pulses at high current. During each pulse, 

Coulombic rates (C-rates) of up to 1C were imposed at the battery terminals with a goal to 

amplify the voltage drop or rise response and extenuate its exponential recovery dynamics. 

Equivalent circuit parameter extraction procedures were discussed, as well as a method to 

obtain the average open circuit voltage (OCV) trend over the entire SoC span. 

Unfortunately, the 2nd-Order model was unable to map impulse parameters to meaningful 

time spans, making it difficult when trying to address its adequacy for EV applications.  

In Reference [144], a procedure to obtain a 3rd-Order dynamic battery model was 

presented, similarly imposing standardized charge and discharge currents on the battery at 

multiple SoC levels. In this case, time constants were mapped to the second, minute, and 

hour ranges. To acquire a time constant within the seconds range, a short, 1.5 s pulse was 

applied, followed by a 120 s rest period. To obtain a time constant within the minutes range, 

a 6 min pulse was applied, followed by a 20 min rest period, while pulses within the hours 

range applied pulses for 5 h, followed by a 15 h rest period. Through analyzing the voltage 

behavior during and following each pulse, ohmic resistance and impulse parameters were 

extracted at each time step.  
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In this chapter, a hybrid of these previous tests and procedures have been implemented 

to build and program a battery test stand. The final comprehensive model was fully 

implemented as a drop-in SimPowerSystems block in MATLAB/Simulink. Conceptually, 

the process in acquiring the equivalent circuit model is similar to the method addressed 

previously in Chapter 5, where a 1st-Order Randles equivalent circuit model was developed 

for an autonomous battery management system. However, now a variety of pulse currents 

are utilized to obtain a 2nd-Order model, which is charge or discharge and SoC-dependent. 

Moreover, by applying a current magnitude of five to ten times greater, the accuracy in 

extracting its I-V behavior is dramatically increased.  

A hybridization and simplification is applied from the procedures in References [143] 

and [144]. Although these previous systems produced accurate results, specialized 

equipment with elaborate setups were necessary. In this work, the battery testing system is 

designed and implemented with relatively low-cost equipment, and programmed and 

controlled by a National Instruments (NI) LabVIEW data acquisition (DAQ) interface. The 

battery model addresses the requirements and depth required to conduct an accurate EV 

simulation. Since EV dynamics primarily impact time constants in the second and minute-

range, a 2nd-Order model is acquired. Comprehensive testing is conducted to extract the 

OCV and equivalent circuit parameters trends based on the SoC for both charging and 

discharging operation. The trend for both the OCV and each parameter was individually 

curve-fit to generate the six functions essential for an accurate simulation. The final model 

also includes an energy rate adjustment that compensates for the reduced capacity observed 

at high discharge currents. The model is generated for a PL8048168 21 Amp-hour (Ah) 

Lithium Ion Cobalt (LCO) Polymer battery module, as shown in Figure 7.1, containing 14 
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LCO cells in series to reach a nominal voltage level of 51.8 V [145]. It is worthy to mention 

this module contains 14 of the same LCO cells that have already been studied and analyzed 

in the previous chapters. 

 

Figure 7.1. PL8048168 51.8 V 21 Ah Lithium Ion Cobalt Polymer Battery Module. 

 Mathematical Model 

The Randles equivalent circuit provides the basis for virtually all battery representation 

based on Electrochemical Impedance Spectroscopy (EIS), beginning with a 1st-Order 

circuit and typically progressing to 3rd-Order [142]. In the development of this battery 

model, a 2nd-Order equivalent circuit has been selected for two reasons. First, the 

MATLAB/Simulink environment can require a great deal of overhead and to enable the 

support for an EV bank, where many modules are utilized in large parallel-series 

configurations. For these cases, a 2nd-Order model would improve the computational 

efficiency. Second, when executing active EV simulations, minute and second-range 

responses are particularly of interest, while hour-range responses only target extremely 

long stops (e.g. parking overnight). The 2nd-Order equivalent circuit model is shown in 

Figure 7.2, where dynamic values are passed to variable resistances, capacitances, and a 

voltage source.  
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The terminal voltage response at the battery terminals is: 

1 1 								 (7-1)

where the time constants in the seconds and minutes range are  and 

, respectively. 
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Figure 7.2. 2nd-Order Dynamic Battery Equivalent Circuit Model. 

 
Figure 7.3. BatterySpace KP4818C Universal Smart Charger. 

 

 Testing and Parameter Estimation 

In this section, the testing system and DAQ is discussed, as well as the process in which 

equivalent circuit parameters are acquired, processed, and curve-fit to their final functions. 

7.3.1 Setup and Performing the Test 

In order to obtain the equivalent circuit parameters, a battery testing platform was 

designed that implements a high-powered 3.3 Ω resistive load bank for discharging, and a 

BatterySpace KP4818C Universal Smart Charger for charging currents (Figure 7.3) [146]. 
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During the test, the discharge current magnitude varied between 15.5 A (0.74C) at 100% 

SoC to 13.1 A (0.62C) at 0% SoC. During charging, a constant current of 18 A (0.85C) 

was held until entering constant voltage mode, where the charger reduced to 1.1 A (0.05C) 

as it approached 100% SoC. Hall Effect current and voltage transducers were implemented 

and calibrated to handle the maximum battery operating range between 48.0 V and 58.5 V 

[62],[63]. 

 
Figure 7.4. LabVIEW Battery Test Front Panel. 

 

A NI PCI-6071E DAQ card was used in conjunction with LabVIEW to implement an 

automated pulsed and constant charging and discharging system. Custom LabVIEW 

software was developed to automatically administer the test pulses while logging data. To 

limit the duration of the testing period, constant charge and discharge phases are observed 
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before pulses are administered, where two sequential pulses were run to reduce the 

possibility of an anomaly. These phases are measured based on the user setting of a number 

of Ah that will be charged or discharged prior to another set of pulses. 

A sample of the LabVIEW front panel during discharging is shown in Figure 7.4. 

Following user input of the “Data Save Directory,” the pulsed discharge frequency and 

duty cycle is set. The “Ah Step” setting allows the user to designate the amount of energy 

to be charged or discharged when observing a constant charge or discharge phase. A value 

of 0 Ah would simply continuously administer pulses. Although this would drastically 

improve the accuracy of the final curve-fit to SoC procedure, it significantly increases the 

testing period. An additional indicator entitled “Discharging Before Current Pulses” counts 

down the remaining energy to be charged or discharged before the next set. To achieve a 

reasonable balance of test duration to accuracy for this 21 Ah battery, 1 Ah of charging or 

discharging is observed, generating minimum SoC steps of 4.7%. Although data was 

logged at all times, only 1 Hz sampling was observed over the constant loading and 

charging periods, increasing to 1 kHz during the pulse testing periods.  

7.3.2 Extracting Circuit Parameters and Open Circuit Voltage 

Test data was then analyzed for each pulse to extract each equivalent circuit parameter. 

The process adhered to is discussed in Reference [143], where the dynamic behavior during 

and after the pulse is used to extract each parameter. Consider the voltage waveform shown 

in Figure 7.5, where the initial voltage  is placed under a pulsed loading or charging 

current I 	for ∆  followed by a rest period of ∆ . The duration of both periods are 

tuned based on whether the user is obtaining the long (min) or short (s) time constant.  
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Three simple relations are made to interpret the battery response during and following 

the pulse in terms of ohmic and resistor-capacitor (RC) impulse parameters. The 

experimental ohmic resistance can be acquired by measuring the terminal voltage 

drop between the end of the pulse  and after  with respect to current . 

																								 (7-2)

RC parameters are obtained by a similar procedure, measuring the voltage drop between 

the final voltage  and  following .  

; 																								 (7-3)

In addition to identifying precise values of ,  and ,  is extrapolated from by 

exponential curve-fitting. These values are then captured for all long and short charging 

and discharging pulses, along with the initial battery SoC reference at .  

 
Figure 7.5. Dynamic Behavior of Battery Voltage under Current Pulse. 

 

7.3.3   Curve Fitting 

Following the calculation and extraction of values for ,  and  at every 

measured SoC level, the data was curve-fit. As expected, a comprehensive analysis 
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revealed that multiple functions are suitable to fit each parameter. Thus, a focus was placed 

upon a balance between minimizing error and the function simplicity, while giving priority 

to functions that are suitable to model both the charging and discharging trends. 

Shown in Figures 7.6 to 7.11, the charging experimental points are depicted in blue, 

while discharging is depicted in red. Since the variance of	  is minimal between charging 

and discharging, the datasets were combined, and only a single trend exists between SoC 

and . The closest fit to the progression observed in Figure 7.6 was consistent with a 4th-

Order polynomial: 

												 (7-4)

where -  represent each of the extracted coefficients, which are shown in Table 7-1.  

 
Figure 7.6. Ohmic Resistance Function Curve Fit for Charging and Discharging. 

 

For all remaining functions, different coefficients are required when operating in 

charging or discharging mode. For the OCV, a complex SoC-voltage relation justifies the 

need for a 5th-Order polynomial, as shown in Figure 7.7: 

	 (7-5)

where -  represent the coefficients and the mode is denoted by the x subscript shown 

in Table 7-1, utilizing d for discharging and c for charging, respectively.  
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Figure 7.7. Open Circuit Voltage Curve Fit for Charging and Discharging. 

 
Table 7-1. PL8048168 51.8V Lithium Ion Cobalt Polymer Battery Coefficients 

Coefficient 
 

Charge 
 

Discharge 
 

Coefficient
 

Charge 
 

Discharge 
 

 0.29500 0.01895 0.02218 
 -0.53990 -69.94 63.22 
 0.35810 121 -113.6 
 -0.09226 -81.3 66 
 0.22350 40.12 15.64 
 78.99 70.98 0.3397 -0.1734 
 -237.5 -202.2 -0.4096 0.3648 
 266.3 218.2 0.1516 -0.1666 
 -133.2 -107.3  0.05377 0.09134 
 34.03 27.89 2.184e-6 720.8 
 49.24 49.36 19.25 0.6925 
 0.01715 -0.04911 928.7 419.6 
 0.01964 0.09523 0.5496 -2.012 
 -0.0251 -0.05824 - - - 

 

For impulse parameters in the seconds range, both resistance and capacitance trends are 

modeled using 3rd-Order polynomials shown in Figure 7.8 and Figure 7.9: 

												 (7-6)

																	 (7-7)

where -  represent the coefficients required to obtain  and -  to obtain 
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Figure 7.8. Curve-Fitted Polarization Resistance Parameters under Seconds Timespan for 

Charging and Discharging. 

 
Figure 7.9. Curve-Fitted Polarization Capacitance Parameters under Seconds Timespan 

for Charging and Discharging. 

 

For impulse parameters in the minutes-range, the resistance  shown in Figure 7.10 can 

be accurately depicted through a 3rd-Order polynomial: 

											 (7-8)

where -  are the coefficients. However, some complexity in the capacitance trend 

required a more complex fit, which utilized a 2-term exponential: 

																						 (7-9)

where -  are the final coefficients. The capacitance trend for the minutes impulse 

response is shown in Figure 7.11. 
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Figure 7.10. Curve-Fitted Polarization Resistance Parameters under Minutes Timespan 

for Charging and Discharging. 
 

 

Figure 7.11. Curve-Fitted Polarization Capacitance Parameters under Minutes Timespan 
for Charging and Discharging. 

 

 Implementation 

An implementation of the MATLAB/Simulink-based battery model is shown in Figure 

7.12. The final model is broken into three major parts: 1) the MATLAB function code 

block, 2) the Simscape SimElectronics components, and 3) the SimPowerSystems 

interface. 
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Figure 7.12. MATLAB/Simulink Model of the Battery Block Implementation. 

 

7.4.1 SimPowerSystems Interface 

SimPower was the most preferred environment for the final battery model, as it can 

easily interface with a wide range of power and energy components, motor drives, and 

power electronic devices to conduct an EV simulation. Furthermore, the final block was 
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intended to be a drop-in replacement to the battery model already available within the 

SimPower block set. Unfortunately, SimPower does not feature variable resistors and 

capacitors, thus the primary battery equivalent circuit had to be designed within Simscape 

SimElectronics and conditioned to work seamlessly on the SimPower side using a 

Simscape to SimPowerSystems Interface block, as shown to the right in Figure 7.12. The 

final model is packaged as a SimPower block. 

7.4.2 Simscape SimElectronics 

In order to implement the dynamic circuit components in the battery equivalent model, 

a Simscape SimElectronics block set was utilized as variable resistor and capacitor 

components were available. From the MATLAB Function block, the OCV  and values 

for all remaining components ( , , , ) are passed to each of the elements, 

as shown in Figure 7.12. SimElectronics components (e) require their own current  and 

voltage sensors , which are interpreted and fed back to the MATLAB function block to 

keep track of the SoC and battery terminal voltage. Similarly, the voltage  and current 

 measurements native to the SimPower block set (p) are shown off to the right in Figure 

7.12, which are fed from the final SimPower block. 

7.4.3 MATLAB Function 

A MATLAB function block was needed to apply initial conditions, implement all 

equations, and keep track of the current energy and SoC of the battery. Prior to the 

calculation of SoC and component values within the equivalent circuit, the MATLAB 

function block requires the user to provide the desired discrete solver step time T  in 

seconds, the battery capacity  in Ah, and the initial SoC  in decimal form. Since 
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T  must be synchronized with both SimScape and SimPower components, this value is fed 

to both independent solvers. 

A flow chart representing the MATLAB function is shown in Figure 7.12. Using , 

the initial usable capacity  is calculated based on the specified initial SoC.  

																								 (7-10)

Based on the current requested or injected at the battery terminals at each sample n, some 

constraints are applied. If the battery is approaching full capacity and the upcoming sample 

will exceed , I n  is replaced by 0 to prevent the battery from an overcharge. Similarly, 

in the case that the battery is approaching full discharge and the upcoming sample could 

risk an over discharge, I n  is once again replaced by 0. Next, a primary battery energy 

(capacity) tracking function is defined, representing the energy delivered to the load or 

sourced from a charger. The discrete time energy function n  applies current summation 

with respect to the designated sample step T : 

n n 1
I n T
3600

																								 (7-11)

where n  is tracked in Ah. 

Although n  represents the energy sourced from or provided to the user, it is not 

sufficient to explain the total energy expended internally to the battery. For all batteries, 

the available usable capacity will vary based on the C-rate applied. At low discharge 

currents, a full output equal to  is expected, assuming the battery is in relatively good 

health. However, as the current approaches high levels of 1C and beyond, a notable 

difference is observed between the nameplate capacity and the amount of energy available 

to the load as a result of internal heat losses. To model this phenomenon, full discharges 
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were performed at a wide range of C-rates, from 0.05C to 1C, where the resulting energy 

output was fit to the following linear function that introduces two new variables. First, an 

energy rate adjustment  is defined, which represents an offset in the total energy to be 

expected from the battery given the current C-rate [n] applied. 

n 1.019 0.3109 n 																								 (7-12)

Next, the energy rate is applied to an alternative internal energy function  that takes 

these losses into account. Here, 	represents a fictitious capacity from the point of view 

of the battery, which may or may not represent all energy that the user has received. To 

implement , an adjustment is made to the applied current I n  in Equation (7-11), 

which is scaled by  and stored in Ah. 

n n 1
I n T

3600 n
																								 (7-13)

The importance of  resides in its ability to represent the true SoC level, regardless of 

the operating conditions. The SoC is then calculated by the following equation: 

SoC n
n

																								 (7-14)

Finally, all remaining parameters are calculated based on the current SoC SoC n . The 

OCV  and remaining components ( , , , ) are also dependent on 

whether they are in charging or discharging operation. 

7.4.4 Final MATLAB/Simulink Implementation 

A view of the MATLAB/Simulink schematic is pictured in Figure 7.13. The SimPower 

block provided to the user is shown to the left, where the only required input is the initial 

SoC. Positive (BATT+) and negative (BATT-) output terminals are accompanied by a 
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Measurements & Coefficients output bus that contains all internal operating variables, 

components values, and measurements. The inside of this block is shown to the right in the 

Simulink diagram. At the top, the timing reference, the previous current reading, and initial 

SoC are passed to the MATLAB function block. The output bus from the function block 

provides all Measurements & Coefficients values, which are passed to the 2nd-Order 

Dynamic Randles equivalent circuit shown below. Below, to the left, the SimScape solver 

configuration is connected to a voltage source and all passive components. To the right, a 

conversion from the Simscape to SimPowerSystems Interface connects the block to the 

load or charger. 

 
Figure 7.13. MATLAB/Simulink Dynamic Battery Model. 

 

 Results and Comparisons 

To verify accuracy of the final battery equivalent model, the same 1.5 s and 6 min 

charge and discharge pulses conducted in the equivalent circuit acquisition were applied to 
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the battery model at four different SoC levels across its operating range. Since the number 

of pulses taken experimentally were finite, the SoC test references were not the same for 

all four tests, but were targeted to fall within four important regions: near the practical SoC 

discharge cutoff for EVs (15-25%), mid-range SoC (45-55%), high SoC (60-70%), and 

near the practical full charge SoC for EVs (75-90%). The results from each comparison are 

shown in Figures 7.14 to 7.17.  

Figure 7.14 and Figure 7.15 depict the voltage response during and following discharge 

current pulses of 0.74C, where the measured values at multiple SoC levels are shown in 

multiple colors compared to the simulation in dashed lines. For the short discharge pulse 

pictured in Figure 7.14, the measured and simulated voltage responses are very close, 

confirming the battery model is able to accurately capture high-frequency (sub-seconds 

range) recovery components of the battery. The long discharge pulse comparison is 

pictured in Figure 7.15, revealing a close agreement with both ohmic and impulse response 

components. The most variation was observed at low (22%) SoC and high SoC (84%) 

levels.  

 
Figure 7.14. Battery Model Impulse Response Verification under Short Discharge Pulse. 
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Figure 7.15. Battery Model Impulse Response Verification under Long Discharge Pulse. 

 
Figure 7.16. Battery Model Impulse Response Verification under Short Charge Pulse. 

 
Figure 7.17. Battery Model Impulse Response Verification under Long Charge Pulse. 
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The charging current pulses are shown in Figure 7.16 and Figure 7.17, where a 

maximum charging current of 0.85C is imposed. As a result of a constant voltage charging 

transition at high SoC levels, the test current is slightly reduced near the practical full 

charge values. The short pulse is shown in Figure 7.16, once again indicating a close 

correlation of charging performance in the sub-second response range. The long charge 

pulse response is shown in Figure 7.17. The model reveals a closer correlation to 

experimental values than the discharging pulses. At medium (51%) to high (84%) SoC 

levels, both the ohmic and impulse components show a close correlation between measured 

and simulated responses. The largest drift is seen in the impulse components at the low 

(22%) SoC level. However, it is important to note that in a practical application, this is near 

the minimum operating SoC level. 

 Modeling an Electric Vehicle Battery and Wireless Power Transfer System 

In this section, this battery model will be applied to an advanced EV propulsion and 

wireless charging system to conduct a feasibility study on a wireless charging technique 

[148]. Wireless charging can be classified into two distinct modes: stationary and dynamic, 

where the Society of Automotive Engineers (SAE) has designated four standardized 

charging levels in the new SAE J2954 standard [149]. In both modes, a primary coil is 

implanted below the vehicle. In stationary mode, energy is transferred to a parked vehicle 

using a single coil buried under the road surface, while in dynamic mode, energy is 

transferred to a moving vehicle using a series of buried coils. Dynamic charging would be 

particularly useful for highway driving, where an EV can operate and charge while making 

minimal stops. However, controlled charging while operating at high speed remains a 

challenge. Furthermore, a wide-scale implementation of travel lanes with millions of 
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charging coils in the road would be costly. A proposal of this nature could prove to be 

impractical.  

An intermediate solution between stationary and dynamic charging has been explored 

in this section, which falls into the classification of a quasi-dynamic wireless power transfer 

(WPT) system. Quasi-dynamic WPT (QDWPT) could provide a balance between the 

infrastructure cost, while still enabling a majority of the same advantages dynamic charging 

has to offer. Using QDWPT, an EV could charge during transient stops on the city roads, 

such as bus stops for electric buses, and traffic signals for EVs. The comprehensive 2nd-

Order dynamic battery model developed in this chapter has been utilized to provide an 

initial feasibility analysis for the future deployment of this concept. 

 
Figure 7.18. Proposed Wireless Power Transfer Traffic Intersection Architecture. 

 

A conceptual drawing is shown in Figure 7.18, where a primary string of wireless pads 

are placed beneath the pavement in each travel lane at each direction of the intersection, 

and are depicted in blue. To determine the optimal number of WPT coils to support each 

lane, a traffic flow analysis can be conducted to define the minimum coverage distance. In 

this system, it is assumed that over the course of a full traffic light cycle across all 

directions, wireless coils are available for all stopped traffic (when under a red signal).  
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Figure 7.19. Block Diagram of an Electric Vehicle with a Wireless Power Transfer 
Network. 

 
7.6.1 System Modeling 

A block diagram of the wirelessly connected EV network is shown in Figure 7.19. The 

system consists of three main parts: the WPT system (WPTS), the EV battery, and the EV 

drive system. The WPTS has two isolated sides: the grid and vehicle. The power flow 

between these sides is managed by a secondary controller. The modeling of each part of 

the network is described in the following subsections. 

7.6.1.1 Configuration of the Electric Vehicle Battery Bank 

Present-day EVs are subjected to heavy power and energy demands that are not limited 

to high transient discharge currents, but also sporadic regenerative braking charge currents. 

Furthermore, with the inclusion of QDWPT, a battery model accounting for multiple time-

constants is needed to accurately depict the dynamic response of the battery system. For 

this, the 2nd-Order Randles dynamic equivalent circuit model developed in this chapter was 

utilized. To reach the specifications of a standard EV battery pack voltage and capacity, 

seven modules were placed in series and three in parallel to reach a nominal voltage of 

362.6 V and 63 Ah, respectively. Figure 7.20 depicts a modified version of the equivalent 
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circuit model, where a general block diagram indicates how the EV battery model is 

connected to the traction system driven by a reference speed  from a driving profile. 

The electric motor loading and regenerative braking power (PE) is calculated and divided 

by  to generate the reference current ,  to the battery bank. 

 

Figure 7.20. Dynamic Battery Equivalent Circuit Model Integration with Electric Vehicle 
System. 

 
Figure 7.21. FTP-72 Driving Profile: (a) Speed (b) Electric Power. 

 

The EV chosen in this study aligns with provisions published by the US National 

Highway Traffic Safety Administration (NHTSA), classified as a heavy passenger car 

similar to small-sized sedan with a curb weight of 1680 kg [150]. The Federal Test 
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Procedure-72 (FTP-72) dynamometer driving profile was chosen, which represents typical 

city driving test conditions [151]. A 12 km commute is run over an approximately 22-

minute period at an average speed of 31.5 km/h and is shown in Figure 7.21(a). FTP-72 

consists of two phases: 1) a 505-second “cold start cycle,” taking the vehicle up to 91.2 

km/h, and 2) an 867-second “transient” phase representing stop-and-go city driving. Phase 

1 presents the greatest demand on the battery pack in terms of power and energy output, as 

the high-speed driving portion reduces the availability of QDWPT. Phase 2 subjects the 

EV to frequent stop-and-go conditions at traffic signals, where WPT will be initiated. The 

FTP-72 speed profile is passed to an EV powertrain model. 

7.6.1.2 Electric Vehicle Powertrain Model 

The EV under test is modeled to include both drive power applied to the motor and 

regenerative braking recovery power. The resistance force  of the EV at speed  is 

calculated by the summation of aerodynamic drag, rolling resistance, and grading 

resistance at an angle  [152]: 

1
2

sin 																		 (7-15)

where , , , and 	  represent the air density (1.205 kg/m³), drag coefficient (0.32), 

frontal EV area (2.31 m²), and vehicle mass, respectively. The rolling resistance function 

 can be found in detail in Reference [152]. Wheel resistance and dynamic torque 

for acceleration are passed through the gearbox  (6.45) to calculate motor torque  and 

speed : 

																								 (7-16)
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/ 																																	 (7-17)

where  and  represent the radius of the wheels (0.29 m) and total vehicle inertia (145 

kg·m²), respectively. The resulting battery power flow (PE) is then: 

/ , 0
, otherwise

																								 (7-18)

where 0 1 is the motor-inverter efficiency, which is a function of the motor 

speed and torque interpolated from Reference [152]. The resulting motoring and 

regenerated power profile from the FTP-72 drive cycle is shown in Figure 7.21(b). 

7.6.1.3 Wireless Power Transfer System Model 

Typically, a WPTS consists of two sides: a primary (grid) and secondary (vehicle) side. 

The former is coupled with a DC bus and placed beneath the EV in the road, while the 

latter is attached to the EV battery and placed inside the vehicle. Each side consists of a 

high frequency (HF) inverter, controller, compensation circuit, and wireless pad [153]. The 

two sides are loosely coupled by magnetic induction via a large air gap (100-250 mm) 

according to the SAE J2954 standard [149]. During charging operation, the DC bus power 

is converted to HF AC (20-90 kHz) by the primary inverter to supply the primary pad. The 

primary power then moves by magnetic induction to the secondary pad through the air gap. 

The secondary power is rectified by another inverter to supply the EV battery.  

Capacitor banks are essential to compensate the large reactive power required to 

magnetize the wide air gap. The power flow control in the system is achieved by controlling 

the switching of the two HF inverters based on the phase shift technique. Using this 

technique, the controllers adjust the phase shift between switching of each inverter leg. The 

power flow direction is controlled by the phase shift between the two inverter voltages 
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[154]. The WPTS is also modeled in MATLAB/Simulink and linked to the battery and 

driving model to represent the entire performance of the wirelessly-connected EV. 

7.6.2 Testing the Quasi-Dynamic Wireless Charging System 

A large-scale model was used to evaluate the effectiveness of implementing this system 

at traffic signals. In this scenario, it is assumed that the EV charging will start automatically 

once the EV stops at the traffic signal. The charging power is kept fixed by the power flow 

controller of the WPTS. Four different standard charging levels are analyzed: WPT1=3.7 

kVA, WPT2=7.7 kVA, WPT3=11.1 kVA, and WPT4=22 kVA based on the SAE J2954 

standard. The EV is assumed to start driving from an initial SoC of 80%, a reasonable 

maximum practical SoC for an EV. The driving performance during the WPT4 charging 

level is depicted in Figure 7.22. As can be observed from the driving profile reference in 

Figure 7.22(a), charging is initiated when the vehicle speed is 0 km/h. The terminal voltage 

of the battery is shown Figure 7.22(b), revealing both the high and low-frequency response 

components. The EV charging current and power is approximately 52 A (0.83C) and 22 

kW, respectively. The final plot reveals the SoC progression throughout the driving cycle. 

Even with the limited availability of applying a charging current at the vehicle stops, the 

high charging current magnitude is able to recover a majority of the energy that was 

discharged over the drive cycle. 

The same study was conducted for different standard charging levels, and the driving 

performance is compared with the case while there is no QDWPT charging, as shown in 

Figure 7.23. In this scenario, the initial SoC is assumed a little below the practical EV full 

charge at 70% SoC. This figure shows the EV battery SoC throughout the driving period, 

without and with implementing a WPT charger at the traffic signal. 
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Figure 7.22. Driving Performance at Fixed Power Charging at WPT4: (a) Speed, (b) EV 
Power, (c) Charger Power, (d) EV SoC, (e) EV Voltage, (f) EV Current. 
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Figure 7.23. Electric Vehicle Driving Performance at Different Standardized Wireless 

Power Transfer Charging Levels. 
 

It can be observed that through the utilization of QDWPT charging, the driving range 

is extended as a function of the charging power level for the same stop time. All charging 

levels exhibit a shallower reduction in the SoC, where WPT4 results in only a net 3% SoC 

reduction by the end of the drive cycle. WPT4 and higher levels appear promising for these 

applications, since the EV may recover its initial SoC by the end of the driving profile. 

Through the implementation of the advanced battery model developed in this chapter, the 

battery voltage response over the quickly changing driving and regenerative breaking 

pulses, as well as the longer response following QDWPT charging periods, were accurate 

to the performance of the PL8048168 battery module when extended to an array that would 

support an EV. Furthermore, through the inclusion of the energy rate function, a more 

accurate depiction of the SoC was realized over the driving cycle. 

 Summary 

In this chapter, a multiple-time-constant battery model was implemented particularly 

for use in accurate EV simulations. The unique I-V characteristics of a 51.8 V 21 Ah LCO 
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battery module was captured using a hybrid modeling procedure, where a 2nd-Order 

Randles dynamic equivalent circuit contains dynamic RC components mapped to both the 

minute and second time-scales. A battery test stand composed of relatively inexpensive 

components and instrumentation administered controlled discharging and charging current 

pulses over the entire battery SoC operating range. The data was then curve-fitted to extract 

the dynamic equivalent circuit parameters. The final comprehensive model was 

implemented in the MATLAB/Simulink environment to be used seamlessly with the 

SimPowerSystems block set. Results revealed the model to produce a close match to 

experimental values. Following its development and verification, the model was utilized in 

the simulation of a future EV wireless charging system. In this concept, the EV drivetrain, 

propulsion, and wireless charging system was modeled and simulated to evaluate the 

practically of installing wireless charging at traffic intersections. Some results were 

presented, revealing the strengths of the battery model in accurately depicting the battery 

terminal voltage behavior and its SoC progression.   

Although a focus was placed primarily upon the advanced modeling of a lithium ion 

battery system, the concept of hybrid ES systems (HESS) has been introduced, as many 

EVs and other all-electric drivetrains contain more than one ES type. The introduction of 

a HESS composed of multiple battery chemistries, SCs, or flywheel ES systems can 

drastically improve the system performance with the proper design and control. However, 

it also introduces a dilemma within the power electronics domain, as multiple ES devices 

require advanced interfacing electronics. Each ES type has its own operating voltage and 

current range. Without the assistance of a power electronics converter, the combination of 

a HESS is challenging and if possible, would suffer from low efficiency. In the next 
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chapter, the basic interfacing power electronics devices will be discussed, as well as their 

operation within a HESS system. A particular focus will then be placed on present-day 

switching devices, their efficiencies, and frequency limitations, as well as how wide-band 

gap semiconductor switches could offer a notable improvement for future HESS. 

 



 

177 

 

 

 Introduction 

Thus far, energy storage (ES) has been managed, analyzed, and modeled in a variety 

of different ways. Since the introduction of the Energy Storage Management Controller 

(ESMC) in Chapter 2, a focus has been particularly placed upon lead acid and lithium ion 

battery ES systems. Beginning with the implementation of a simple Randles equivalent 

circuit model to evaluate battery performance under a variety of conditions, an extension 

to physics based models (PBMs) helped lay the framework to connect a deep relationship 

between their varying circuit models and lifetime, or State of Health (SoH). Performance 

and SoH degradation concerns are synonymous with all battery ES, and despite a 

designer’s best efforts, all that can be controlled is the rate at which this degradation occurs. 

Furthermore, the energy and power density of each battery chemistry is fixed. Although 

some types, such as lithium ion batteries, may offer a reasonable balance between the two, 

ES devices with far better energy and power densities are available.  

A solution to these concerns is the design of a hybrid ES system (HESS), which can 

combine the strengths of multiple ES devices. This would increase both the energy and 

power density of the system, while potentially relieving some of the stress placed on the 

batteries, aiding in reducing their rate of degradation. Electric vehicles (EV), shipboard 

power systems (SPS), smart home energy systems, and the Smart Grid are some examples 

that traditionally employ more than one ES type [156]. For example, the integration of a 

lithium ion battery with a supercapacitor (SC) could purpose the battery as the primary 

energy source, while the SC could be utilized to handle high-power demands, as their 
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power density is one hundred times greater than the battery [28]. This type of integration 

could decouple or maintain a conservative constant current on the battery, while the SC 

provides a short duration current to fill a heavy discharge pulse. With the proper control 

and interfacing power electronics, this basic HESS would avoid exposing the battery to 

unnecessary high currents, hereby prolonging its lifespan. For these reasons, the second 

half of this dissertation is focused upon the development of various HESS for different 

applications.  

Although the integration of a HESS system carries with it a number of advantages, it 

also introduces a new set of challenges. In order to connect ES devices together, a power 

electronic interfacing converter is required. From common portable computers to cellular 

phones, to light emitting diode (LED) lighting, efficient conversion is needed to provide 

clean, lower operational voltage levels to these devices. With the recent surge in renewable 

energy, EVs, and hybrid AC/DC SPS, a great deal of research is being done in an effort to 

scale these devices to handle much higher voltage and current levels, while still pushing 

the boundaries of efficiency. For the US Navy, for instance, current shipboard platforms 

such as the DDG 1000 have revised legacy power system models, increasing the load 

potential to serve electromagnetic rail guns and high-powered radar equipment [10], [158].  

In the meantime, power electronics have continued to improve as well to handle loads, 

which would be highly disruptive to the onboard main turbine generators.  

To support these demands, an efficient HESS must be designed. Although the HESS 

design for a structure of this scale has many facets, in this dissertation, a general focus is 

placed upon two. First, the selection and configuration of the optimal ES types and devices 

to support these applications, which will be discussed in the next chapter, and second, 
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improving their interfacing power electronics. To support a wide range of voltage and 

current levels for multiple ES devices, while supporting the interfacing of renewables, the 

demand from the power electronics front is very significant. The efficiency of conversion 

is only one main aspect. As new mobile applications such as EVs and SPS emerge, the 

energy and power density of the converters also comes into play. In order to support the 

buck or boost operation in applications with an extremely large voltage change, while 

operating at a high level of current, design of the converter becomes complicated and in 

many cases, requires multiple conversion stages. An increase in the switching speed and 

minimization of their voltage ripple is crucial, all the while ensuring total harmonic 

distortion (THD) levels remain at or below their required levels. These categories all fall 

into the power quality assessment of the HESS, an aspect which will be discussed in detail 

later in Chapter 10. 

In this chapter, an overview of the common DC-DC interfacing electronics will give 

way to focus upon the synchronous buck converter, a more advanced topology for 

interfacing HESS. The synchronous buck converter will then be simulated with a lithium 

ion battery and flywheel ES system HESS. Different simulation platforms will highlight 

how deeper models of the switching devices can result in not only a more accurate 

depiction of the circuit performance, but also pinpoint a major aspect where the efficiency 

of the circuit can be improved. An investigation into the operation of the silicon (Si) metal 

oxide semiconductor field effect transistors (MOSFET) and its replacement with gallium 

nitride (GaN) wide band-gap (WBG) semiconductors is two-fold, showcasing the 

improvement of the circuit performance and efficiency, while identifying the need for 

deeper models of the GaN switches. 
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 Basic Power Electronic Devices to Interface Energy Storage 

Since each ES device carries with it its own voltage level and operating conditions, a 

DC-DC converter is traditionally necessary to match voltage levels and manage the power 

flow between ES devices [161]. Two fundamental topologies are depicted in Figure 8.1, 

both relying upon the periodic opening and closing of a switch to operate. Since the 

duration the switch is on dictates the required size of the output capacitor and inductor, 

DC-DC converters are switched at high speeds of kHz or greater [162]. The following 

subsections will briefly describe the operation of each topology. 

8.2.1 Basic DC-DC Buck Converter 

The basic buck converter is utilized to step down from a higher voltage to a lower 

voltage and its topology is shown in Figure 8.1. A diode  provides a path for the 

inductor current when the switch  is open, simply reverse-biasing when  is 

closed. As  opens and closes, the resulting pulsed square wave is smoothened by a 

capacitor , maintaining an average value. Some variation, or ripple, is present as a 

result of the time  takes to charge and discharge, as the pulse varies between on and 

off. Through a simple modification of the square wave duty cycle (also known as pulse 

width modulation), the voltage reduction from the source to load side can be easily 

controlled. 

       
Figure 8.1. Basic DC-DC Buck Converter Circuit Topology. 
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Figure 8.2. Basic DC-DC Boost Converter Circuit Topology. 

 

8.2.2 Basic DC-DC Boost Converter 

The basic circuit schematic of a boost converter is shown in Figure 8.2. In this scenario, 

the primary voltage is stepped up to a higher voltage. When the switch ,  is closed, 

current flows through the inductor  to the load, while  stores energy in a 

magnetic field. When  opens, the current reduces as a result of a higher impedance, 

discharging the magnetic energy to maintain the load. Since this reverses the polarity of 

, its voltage is added in series with the source , where a capacitor	 	is 

charged through diode  to hold the resulting higher voltage. As with the buck 

converter, some ripple is present as a result of the time  charges and discharges its 

electric field. Also, similar to the buck converter, control of the pulse width modulation 

(PWM) duty cycle controls the resulting output voltage. 

 Improving DC/DC Converter Topologies 

Power electronics development within this field is very broad, and has spawned a 

significant deal of research. An analysis of all features and aspects that can be improved in 

the design, control, and switch driving circuits of these devices is out of the scope of this 

chapter. However, in this subsection, a focus is placed on a common enhancement of the 

buck converter, which is popular in high-efficiency ES interfacing. Modification from the 
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legacy buck converter is rather simple, where a second MOSFET is used in place of the 

diode since it has a much lower voltage drop when conducting. This results in a higher 

circuit efficiency, especially important in applications with a low-voltage output also 

featuring high-current, which is why it is commonly used in interfacing lithium ion battery 

and SC-based HESS [162]. 

 
Figure 8.3. Synchronous Buck Converter. 

 

Consider the synchronous buck converter design shown in Figure 8.3. In its traditional 

operation, two Si MOSFETs are utilized in its operation, where the switching states of  

and  are simply inverted. Since the on-resistance  of a MOSFET is sufficiently 

small, the 0.3 V to 0.4 V diode drop is considerably reduced when the converter is not in a 

conducting state (  off and  on). However, a sufficiently small  yields a number 

of other advantages as well. When the switch is in its conducting state, a lower  

contributes to lower losses and better thermal characteristics that in turn enable the 

converter to operate at higher current levels. Although Si-based MOSFETs are common in 

the market, there is a desire to obtain a lower  and lower input capacitance	  with 

improved thermal characteristics. These needs have inspired researchers to investigate into 

alternative switching materials. WBG devices such as GaN have emerged as a potential 

replacement, offering a considerable reduction in , , and better thermal stability. 
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Table 8-1. Synchronous Buck Converter Design Parameters. 

*3C Charging Rate for 21 Ah 3-cell Lithium Ion Polymer Battery Module 

Input Voltage  125 V
Output Charging Voltage  12.6 V
Output Charging Current  *63 A
Smoothening Capacitor C 10 mF

Inductor L  5 μH
Switching Frequency  50 kHz

 

Table 8-2. Silicon and Gallium Nitride-Based Synchronous Buck Converter 
Specifications. 

 
 

 
 

Description 

 
 

Variable

Si MOSFET
Infineon 

IPW60R125P6 

eGaN HEMT
GaNSys 

GS66508T 

 

Surface Area  326.56 mm² 31.05 mm²

Electrical 
On-Resistance  125 mΩ 50 mΩ

Input Capacitance  2660 pF 260 pF
Reverse Transfer Capacitance  80 pF 2 pF

Maximum Switching Frequency 1 MHz 100 MHz
Maximum Voltage  650 V 

Thermal
Junction-to-Case 

Thermal Resistance 
 0.57 K/W 0.50 K/W

Case-to-Ambient 
Thermal Resistance 

 62 K/W 5 K/W

Maximum Junction Temperature  +150°C (423.15 K) 
Heat Transfer Coefficient 20 W/m²·K 

Initial Temperature   +25°C (298.15 K) 

 

 Simulating the Synchronous Buck Converter using Si versus GaN 

In this section, a synchronous buck converter is designed to interface a flywheel ES 

system to charge a lithium ion battery module. The circuit architecture for both the Si and 

GaN-based converter is identical aside from the replacement of the switch. Table 8-1 
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provides a summary of the desired input  and output  voltages, charging 

current	 , selected capacitor  and inductor  values, and the PWM switching 

frequency . In this case, the flywheel is expected to input 125 V, while the output of 

12.6 V matches the maximum allowable voltage to charge a 3-cell 21 Amp-hour (Ah) 

lithium ion phosphate (LiPO4) battery bank connected in series [164]. The charging current 

is set to 63 A, as this matches an extreme charging Columbic (C) rate of 3C (1/3rd-hour 

rate) on the battery. It is worthy to note that charging at 3C to 5C is not uncommon when 

utilizing LiPO4-type cells for EV or SPS applications.  

 
 Figure 8.4. Synchronous Buck Converter Design in Simulink SimPowerSystems. 

 

Commercial Si and GaN-based switches have been selected for comparison. Since the 

availability of commercial GaN is limited, the GaNSys GS66508T enhanced GaN High 

Electron Mobility Transistor (eGaN HEMT) was first selected, while the comparable Si-

based Infineon IPW60R125P6 MOSFET was selected with similar specifications depicted 

in Table 8-2 [165],[166]. Note the GS66508T features an  one-third of its Si-based 
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counterpart. Input  and reverse transfer  capacitances are ten to forty times less than 

that of the IPW60R125P6, while the package size is also one-tenth of the size, featuring a 

lower thermal resistance. In order to conduct an initial simulation of the synchronous buck 

converter operation, Simulink SimPowerSystems is initially used, where the circuit 

configuration is shown in Figure 8.4. 

 
Figure 8.5. GaN-based and Si-Based Synchronous Buck Converter Voltage Output under 

SimPowerSystems Simulation. 
 

8.4.1 Initial Simulation in Simulink SimPowerSystems Blockset 

To accurately measure the conversion efficiency, “Mean” blocks are included to obtain 

the average current sourced and expended over each PWM pulse period. A source 

conversion was also required to convert the inductor  to a voltage source, achieved by 

including a large parallel resistance R 10	kΩ. The output voltage over the first 25 ms of 

operation is shown in Figure 8.5. Notice both converters take approximately 15 ms to settle 

to their steady-state targets of 12.6 V. As anticipated, some ripple is present in both 

converters of approximately 15 mVpp. Since the SimPowerSystems design is only capable 

of taking  into account in the switch model, its performance is near ideal and is weak 

in simulating the accurate frequency and magnitude of the voltage ripple.  
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Figure 8.6. GaN-based and Si-Based Synchronous Buck Converter Charging Current 

Output under SimPowerSystems Simulation. 

 

 
Figure 8.7. GaN-based and Si-Based Synchronous Buck Converter Efficiency under 

SimPowerSystems Simulation. 

 

Since the output voltage ripple and charging current for the GaN versus Si converters 

match once they have reached a steady-state point, their output powers are nearly identical. 

However, as a result of a lower , a basic representation of the losses through each 

converter can be assessed. Figure 8.7 represents the total input-output efficiency of each 

converter in real-time. Using the SimPowerSystems MOSFET model, the GaN-based 

converter appears to only offer a 3% improvement in the total efficiency over the Si 

converter.  
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8.4.2 Improved Dynamics under Simulink SimElectronics Blockset 

Although Figure 8.7 demonstrates an improvement in the efficiency when eGaN 

HEMT switches are used, the SimPowerSystems model neglects a great deal of detail 

related to differences in their internal capacitance and thermal losses. These factors have a 

dramatic impact on the voltage response, as well as the real efficiency of the system. 

Furthermore, minimal differences are observed when the converter charging current is 

varied, which is not realistic. A higher-level model depicting each switch is required that 

can account for more physical, electrical, and thermal characteristics of each switch. To 

achieve this, the same SimPowerSystems circuit designed in Figure 8.4 was rebuilt using 

the Simulink SimElectronics blockset. SimElectronics not only provides support for more 

physical, electrical, and thermal MOSFET characteristics, but also has the ability to couple 

losses into the thermal domain to simulate the switch operating temperature. Figure 8.8 

depicts the alternative Simulink synchronous buck converter developed with the 

SimElectronics blockset. 

 
Figure 8.8. Synchronous Buck Converter Design in Simulink SimElectronics. 
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Most of the model depicted in Figure 8.8 is similar, with an exception to the depth of 

the models for MOSFET1 and MOSFET2. Furthermore, characteristics of the body drift 

diodes inherent to each MOSFET have been separated so they can be modeled in detail 

from the GS66508T and IPW60R125P6 datasheets. Below MOSFET1 and to the left of 

MOSFET2, a block represents a coupling of the internal ohmic losses from each MOSFET 

into the thermal domain. In this case, the thermal model is taken to be relatively simple, 

where the thermal and dimensional characteristics from Table 8-2 are used to capture the 

expected temperature rise at the MOSFET junction and case over time. Beginning with the 

same analysis conducted for the SimPowerSystems simulation, the output voltage of each 

converter is shown in Figure 8.9. One can notice a striking difference in the waveforms 

shown over the same initial 25 ms operating period. At the initial start of each converter, 

the GaN-based converter responds remarkably faster, reaching near the target output 

voltage in 0.5 ms. Some oscillation is present, though it is expected as a result of the 

Proportional Integral (PI) controller driving the PWM signal. The converter completely 

settles within 10 ms. 

  
Figure 8.9. GaN-based and Si-Based Synchronous Buck Converter Voltage Response 

under SimElectronics Simulation. 
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Figure 8.10. GaN and Si-Based Synchronous Buck Converter Switch Junction 

Temperature. 

 

For the Si-based converter, the settling period is approximately 50% longer, reaching 

its steady-state after approximately 15 ms. An initial rise of the voltage to within the range 

of its target output takes almost four times longer (1.8 ms). Although the settling period of 

the Si-based MOSFET is far longer than that of the GaN, it is the higher voltage present at 

the output terminals that could impact the battery. A maximum sustained voltage of 12.6 

V is exceeded by 2.55 V in the Si-based design prior to the settling of the converter. In the 

GaN-based design, only a 1.65 V voltage rise is observed and placed on the battery bank 

for a shorter period of time. Although these characteristics occur under very short 

durations, exposure of lithium ion batteries to high voltage could result in quicker aging in 

HESS applications or premature failure. 

Since switching losses can be coupled into the thermal domain, these internal losses 

can now be quantified to track the internal MOSFET junction and case temperatures during 

operation. Figure 8.10 depicts the temperature trend of the GaN-based and Si-based 

switches for the first 100 ms of operation. A 63 A current results in an instant rise of the 
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junction temperatures, where the Si MOSFET junction increases by +89°C and the eGaN 

HEMT increases by +54°C during the first 2 ms of operation. Notice the eGaN HEMT rises 

only +35°C following its initial turn-on. However, it is the GaN performance once it 

reaches steady-state that is more notable. Once it reaches a steady-state, the temperature of 

the eGaN HEMT reduces to a constant level, while the Si MOSFET continues to increase. 

Figure 8.11 reveals the Si and GaN switch case temperature trends over the same period. 

The Si MOSFET temperature rise is 28% steeper than that of the eGaN HEMT. Continued 

operation in these conditions would quickly reach the maximum operating junction 

temperature of +150°C. This point suggests the Si-based synchronous converter would 

require a significant heat sink, assuming it is capable to handle this operating scenario. 

 
Figure 8.11. GaN-based and Si-Based Synchronous Buck Converter Switch Case 

Temperatures. 
 

Insight into the thermal domain reveals there is a notable difference in the efficiency of 

each converter that was not captured in the previous SimPowerSystems simulation. The 

real-time input-output conversion efficiencies of the Si versus GaN-based converters are 

shown in Figure 8.12. By inspection, the inclusion of new switch dynamics yields a 
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significant difference in the conversion efficiency. Following each converter reaching 

steady-state, the GaN-based converter yields nearly a 13% increase in the conversion 

efficiency, with a 63 A output charging current.  

 
Figure 8.12. GaN and Si-Based Synchronous Buck Converter Efficiency under 

SimElectronics Simulation. 
 

Since the SimElectronics model is capable of accounting for a number of new 

characteristics versus the SimPowerSystems model, the efficiency of each converter can 

now be estimated as a function of the charging current for each converter. This progression 

is shown in Figure 8.13. The charging current is shown at the bottom, while the normalized 

charging C-rate of the lithium ion battery module is shown to the top. As depicted, charging 

currents of a low magnitude result in a significant percentage of heat losses. For the Si-

based converter, a C/20 charging current is barely supported. The GaN-based converter 

offers an improvement, though the efficiency is still far lower than an acceptable value. 

As the current increases to C/2 and greater, the efficiency of the GaN-based converter 

reaches nearly 90% and maintains it until the peak current magnitude of 63 A (3C). The 

Si-based converter follows a similar trend, except with an efficiency between 12% and 

34% lower. Its performance, particularly within these types of ES interfacing applications, 
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demonstrates the potential replacement of Si MOSFETs in traditional power electronics 

devices. Although in this example the conversion efficiency was focused upon as the 

primary improvement, eGaN HEMT-based buck converters can also be produced at lower 

cost with a much greater power density and transient response than their Si counterparts 

[167]. eGaN HEMTs can also be operated comfortably at much higher switching 

frequencies. The typical 50 kHz switching frequency selected for a Si-based converter 

could be realistically increased by five to ten times. However, to achieve this, a complete 

redesign of the circuit is necessary. This not only includes adjusting the inductor and 

capacitor values, but also requires a deep understanding of the control and differences in 

how eGaN HEMT switches will behave under these operating conditions. 

 
Figure 8.13. Si and GaN-based Synchronous Converter Efficiencies versus Charging 

Current. 
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 Strengths and Limitations of Switching Models 

In the previous section, differences in the Si MOSFET and eGaN HEMT performance 

were focused upon at the circuit and application level. This was intended to present an 

important power electronics application within HESS that viewed the implementation of 

an eGaN HEMT as a drop-in replacement to Si. Similar to the selection process of an 

adequate battery equivalent circuit model as covered in previous chapters, the depth of the 

switch model must be evaluated for its form and function as well. In the case of enhancing 

power electronic converters, this places a focus on enhancing the switch model. A 

comparison between the Simulink SimElectronics and SimPowerSystems-based 

converters revealed how an inadequate model can have major implications, even at the 

application level. To acquire all of the advantages in enhancing power electronics devices 

that GaN has to offer, a focus must now be placed at the device level. 

To improve modeling the performance of the GaNSys GS66508T, it is first important 

to recognize that its philosophy of operation is far different from that of the Si MOSFET 

[168]. The active regions of each switch are grown on a substrate material and consist of 

three common terminals, namely: the source (S), where charge carriers enter the channel, 

a voltage control gate (G), and an output drain (D), where charge exits. Each terminal is 

then attached to a conductor. Figure 8.14 shows a side-by-side comparison of the switch 

construction. In the Si MOSFET shown to the left, the gate contact is separated from the 

channel by a silicon dioxide (SiO2) passivation layer. An inversion charge is established 

by the charge carriers of the conducting channel. This phenomenon reveals the significance 

of n or p-type doping, or the introduction of impurities to alter the intrinsic states of Si to 

operate the Si MOSFET. The inversion charge is caused by electrons in the case of a p-
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type substrate, and holes in the case of an n-type substrate, induced at the Si-SiO2 interface 

by the voltage applied to the gate. For the n-channel Si MOSFET utilized in the previous 

section, electrons enter and exit the channel at n+ type source and drain contacts.  

 

 
Figure 8.14. Field Effect Transistor Structure: n-channel Silicon MOSFET (Left) and 

Enhancement mode Gallium Nitride High Electron Mobility Transistor (Right). 

 

The operation of the eGaN HEMT is considerably different. Shown to the right in 

Figure 8.14, no doping is required to induce operation [167]. The operation of the eGaN 

HEMT is reliant upon an inherent property of GaN material as being piezoelectric. By 

stacking aluminum gallium nitride (AlGaN) on top of GaN, a lattice mismatch in their 

atomic structures induces a strain, which results in the formation of a layer of free electrons 

between the two materials. This collection of charge along the GaN-AlGaN interface is 

referred to as the 2-dimensional electron gas (2DEG), creating a channel between the 

source and drain of the eGaN HEMT. Theoretical limits of  in the eGaN HEMT are 

significantly better, as the mobility of electrons across the 2DEG is huge [169]. Through 

applying a voltage at the gate contact, electrons across the 2DEG can either be depleted or 

enhanced by the electric field, providing control of the channel. For the eGaN HEMT, 

applying a positive voltage to the gate will allow current to flow across the channel. 
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Figure 8.15. GaNSys GS66508T eGaN HEMT SimElectronics I-V Characterization. 

 

8.5.1 Evaluating Limitations of the GaNSys GS66508T SimElectronics Model 

Now consider the same eGaN HEMT, as was studied in the previous subsection. As a 

result of the enhanced modeling featured in SimElectronics, basic current-voltage (I-V) 

characteristic curves for the GS66508T can be generated. In this case, a variety of gate 

voltages  are introduced, while a sweep is applied to the drain-to-source voltage  to 

capture the behavior of the drain current  (output current). Through accurate modeling of 

the GS66508T I-V curves, a deeper relationship can be drawn to model the electrical 

behavior between its source, drain, and gate contacts. Modeling at this level can then be 

used to map out the dependence of the current and voltage between terminals, which can 

then be represented by an equivalent circuit model inside the simulation platform. Figure 

8.15 demonstrates a simple test circuit, in which the characteristic curves are approximated 

by inputting parameters from the datasheet.  

Using a controlled voltage source for ,  is set to five typical gate voltages, as 

specified by the datasheet. For each ,  is swept past its saturation region to 

demonstrate where a stable operating current has been reached. Figure 8.16 demonstrates 
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a comparison between the I-V characteristic curves published on the GS66508T datasheet 

and the curves generated by the SimElectronics simulation. Although the curves appear to 

be similar, there are a number of notable differences. First, the current increases in the 

saturation region for virtually all gate voltages above +2 V. This makes it difficult to predict 

its behavior at low . Next, although 6	  and 5	  result in an  similar to 

the datasheet, gate voltages below +5 V yield very different drain current profiles. Once 

the gate voltage approaches its minimum turn-on voltage 2	 , the resulting  is 

only around an average of 3 A, far below the near 10 A, which is featured on the datasheet. 

  

Figure 8.16. I-V Characteristic Curves for GaNSys GT66508T: Datasheet (Left) and 
SimElectronics Simulation Output (Right). 

 

8.5.2 Utilizing Manufacture SPICE Models for Improved I-V Performance 

There are a number of causes for the drift in the SimElectronics model, but most can 

be mapped back to the lack of depth. Since the physics of the eGaN HEMT and its operation 

differ greatly from Si, an accurate mapping of their I-V behavior requires specialized 

models from the manufacturer. Furthermore, modeling these characteristics can be difficult 
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to simulate within the SimElectronics environment. Fortunately, GaNSys provides a 

customized Simulation Program with Integrated Circuit Emphasis (SPICE) model for the 

Linear Technology SPICE (LT SPICE) software environment that is capable of closely 

modeling I-V behavior. The enhanced SPICE model for the GS66508T is shown to the left 

in Figure 8.17, while the same test circuit pictured in Figure 8.15 was replicated within LT 

SPICE to obtain I-V characteristic curves (Figure 8.17). A comparison between those 

published on the datasheet reveals a close resemblance to its expected I-V behavior. 

  
Figure 8.17. GaNSys GT66508T: LT SPICE Model (Left) and I-V Characteristic Curves 

Output (Right). 

 

The LT SPICE-based GT66508T model presents a dramatic improvement in the 

dynamics not captured by SimElectronics. This could offer yet another increase in the 

accuracy of operation at the device level, while aiding to better depict I-V responses across 

the terminals of the eGaN HEMT while in operation. These dynamics would be particularly 

useful in redesigning the synchronous buck converter to operate at higher frequencies, as 

a substantial increase in the PWM frequency would generate very different I-V dynamics 

across the switch and output. These features can range from a different gate voltage to an 

expected impact of the switch capacitance, especially at higher frequencies.  
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Figure 8.18. GaNSys GT66508T Breakdown Voltage Simulation in LT SPICE. 

 

Although these features are obtained from a closer analysis at the device level and can 

improve simulations at the application level, they are still limited in pushing the 

technological boundaries of GaN. In the I-V characterization provided by the datasheet, 

 is only swept up to 20 V. However, even in the synchronous buck circuit, a voltage of 

125 V is expected across the switch between its on and off states. Moreover, the maximum 

operating voltage  is over five times higher.  represents a critical state of 

operation, where  is increased so high, that the eGaN HEMT progresses out of its 

saturation region and breaks down. At the Breakdown Voltage (BV), where , 

the voltage increases so high that it approaches a major physical limitation of the 

semiconductor. At this point, the internal reversed-biased body drift diode breaks down 

and high current flows between the source and drain, causing a short circuit. Since the BV 

phenomenon is not typically simulated at the application level, LT SPICE also has 

difficulty in accurately predicting this point.  

A simulation beyond the BV of the GS66508T has been conducted in Figure 8.18, 

revealing a linear increase of current past the 800 V level. At an application level operating 

under normal conditions, this is sufficient. However, as the usage of GaN becomes more 
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popular in power electronic devices, an accurate prediction of precisely where the BV 

occurs is crucial. In order to obtain this information, an extension to a PBM is needed. 

Though not always necessary, finding a precise BV location has advantages in both the 

application and device sides. On the application front, an accurate depiction of where the 

BV occurs can help to safely increase the operating voltage of the power electronic 

converter, while providing a comprehensive simulation platform. This platform can also 

be used to simulate, investigate, forecast, and mitigate failures. On the device front, a PBM 

provides a direct correlation between the semiconductor physics, materials, and 

dimensioning of the device, and its operating limitations. In the following chapter, a PBM 

of the eGaN HEMT will be developed and comprehensively investigated. 

 Summary 

In this chapter, the concept of HESS was expanded upon, as it can take advantage of 

the strengths from multiple types of ES to maximize both power and energy density of the 

system. In this dissertation, efficient HESS design has been broken into two categories: the 

design of the interfacing power electronic converter and the optimal selection and control 

of ES elements. The first facet was covered in detail, where an overview of the basic buck 

and boost DC-DC converters paved the way to a specific focus upon the use of a 

synchronous buck converter, a popular power electronic interfacing device for HESS 

systems. Following a demonstration of the converter functionality and performance in a 

scenario where a flywheel ES system is used to charge a lithium ion battery module, an 

analysis was carried out to calculate the efficiency of the converter. This placed a 

significant focus upon the losses experienced through the switches. 
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Targeting replacement of the Si switches as a solution for improvement, the legacy Si 

MOSFETs were replaced with WBG eGaN HEMT switches. This revealed a significant 

improvement in the input-output conversion efficiency across the entire operating range of 

the converter when operating with identical components and the same switching frequency. 

However, in order to push the technological boundaries of eGaN HEMT and better 

understand their true voltage and current limitations, a PBM must be developed to more 

closely represent its operation. With a validated base eGaN HEMT PBM, a world of 

opportunities will open at the device level, which can be used to explore ways to increase 

its BV. In the following chapter, a PBM of the eGaN HEMT will be formulated and an 

extensive study will be carried out to evaluate breakdown mechanisms in the common 

eGaN HEMT device. 
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 Introduction 

In the previous chapter, the enhancement Gallium Nitride (eGaN) High Electron 

Mobility Transistor (HEMT) was analyzed with a side-by-side comparison to its traditional 

Silicon (Si)-based counterpart. Initially, this approach focused on advantages from an 

applications perspective. However, limitations of various models were exposed in the 

implementation of eGaN in even the most basic DC-DC power electronic converters. Three 

different Simulation Program with Integrated Circuit Emphasis (SPICE) models were 

tested, where none had the ability to forecast the Breakdown Voltage (BV) of the device. 

In order to further push the boundaries of eGaN and enable their usage in future power 

electronics applications, a bridge is required between the semiconductor physics realm and 

the power and electrical engineering sector. This is accomplished through the development 

of a physics-based model (PBM) of the eGaN HEMT. Accurately modeling its 

functionality has advantages that far surpass simply those that exist in the application front, 

but can also provide feedback to material engineers and scientists to optimize the design of 

the device. 

Since the physics of the eGaN HEMT is so different from its Si counterpart, the use of 

a common metal oxide semiconductor field effect transistor (MOSFET) model in its place 

is insufficient. Although proprietary-developed SPICE models, such as the LTSpice model 

used in the previous chapter, reveal an outstanding improvement in capturing I-V 

characteristics, they have a limited operating range. In order to further technology and push 
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the boundaries of the eGaN HEMT performance, while retaining an understanding of why 

and how they will eventually fail, a PBM is necessary. Similar to the strengths observed in 

battery PBMs, capturing subtleties of the materials, polarization, and unique physics of the 

2-dimensional electron gas (2DEG) is necessary to accurately simulate all operating 

scenarios, including the BV. With a detailed model, not only can this PBM be utilized to 

more accurately study the behavior of the switch, but it can provide details difficult or even 

impossible to obtain experimentally. In this chapter, an extensive study will be conducted 

to evaluate breakdown mechanisms in GaN HEMT. A comprehensive PBM of the common 

HEMT will provide the base comparison to conduct a number of different material and 

geometric investigations in a progression toward the optimal configuration. An electric 

field distribution across the source, gate, and drain will be analyzed for each case as well 

as their I-V curves up to the BV to establish the best case for improvement. 

 
Figure 9.1. General eGaN HEMT Structure. 

 

 The eGaN HEMT Physics Based Model 

The eGaN HEMT PBM was developed in the Silvaco Atlas Technology Computer 

Aided Design (TCAD) environment, an advanced platform for semiconductor device 
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simulation in a 2D space based on the schematic form shown in Figure 9.1. Recall from 

the previous chapter that the operation of the eGaN HEMT relies upon piezoelectric 

properties of the GaN material. A stacking of aluminum gallium nitride (AlGaN) on top of 

GaN results in the creation of the 2DEG, operating as the channel. The solid material model 

of the eGaN in the Silvaco environment is shown in Figure 9.2. First, a substrate material 

is defined to which the semiconductor is grown on. In this case, Si is shown, as it is a 

popular material in terms of performance and cost, and is the simplest to grow on.  

 
Figure 9.2. eGaN HEMT Silvaco Solid Model. 

 

Shown to the left, the thickness of the substrate is significantly larger than the thickness 

of the active region, where a majority of the switch physics occurs. In the area shown to 

the middle, locations of the source, gate, and drain conductors, as well as the active GaN 

and AlGaN material, are clearly shown. Since the AlGaN layer is typically another 

magnitude smaller than that of the GaN or electrode contacts, the location of the AlGaN 

layer separating the GaN and electrodes forming the heterojunction are shown to the right. 

It is in this region where the 2DEG channel will be generated. 

To setup an accurate, yet computationally efficient solution interface, two significant 

things are kept in mind when developing the PBM based on Finite Element Modeling 
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(FEM). First, the GaN-AlGaN junction requires fine meshing along the y-axis to accurately 

model activity in the 2DEG channel. Along the x-axis, finer meshing is also made across 

each conductor, and particularly the conductor edges. The remaining regions can tolerate 

larger FEM elements, thus using the 2DEG and conductor edges as reference points for 

fine meshing; the mesh can be scaled up gradually in other regions. 

 
Figure 9.3. eGaN HEMT Finite Element Meshing. 

 

The PBM takes into consideration the general material GaN HEMT structure and 

dimensions, as shown in Figure 9.3. Using Reference [170] as a basis, the PBM design and 

performance can be compared to a GaN HEMT grown and verified in a laboratory through 

the process of metal oxide chemical vapor deposition (MOCVD) where all required 

fabrication details are provided. Thus, a PBM can be engineered to verify the performance 

of an actual physical device. Moreover, once this verification has confirmed the correct 

deployment of the physics, this PBM can then be treated as a base model to experiment 

how altering parts of the structure, materials, and dimensions can be done to increase the 

BV [171].   

Figure 9.4 depicts a comparison between the experimental breakdown current-voltage 

(I-V) characteristic curve obtained experimentally from Reference [170], and that which is 

obtained from simulation of the PBM. Taken in the eGaN HEMT off-state, the average  
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current is well under 1 nA until  approaches 600 V, where  gradually begins to 

increase, then quickly accelerates as the  approaches 800 V. As can be shown,  

sweeps from the experimental analysis and PBM are similar in shape, as well as identifying 

an accurate location of the BV at approximately 800 V.  

 

Figure 9.4. eGaN HEMT Breakdown Characteristics: Experimental Measurements (Left) 
and Physics Based Model Output (Right). 

 

 Evaluating Ways to Increase the Breakdown Using the Physics Based Model 

One major limitation of the eGaN HEMT is a difficulty in easily scaling them to support 

higher currents and voltages, as required by electric vehicles (EV) and shipboard power 

systems (SPS). Since eGaN HEMTs are susceptible to a phenomenon known as surface 

breakdown, increasing the BV over a similar footprint is challenging. There are several BV 

mechanisms, such as: source-drain breakdown (punch-through), gate-drain breakdown 

(leakage through the Schottky diode), vertical breakdown (poor compensation of the buffer 

layer), and impact ionization (an electron-hole pair generation close to the gate) [172]. In 

impact ionization, the BV depends on the critical electric field  of the material, or the 

field strength needed to initiate impact ionization causing an avalanche breakdown [167].  
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Table 9-1. eGaN HEMT Design Parameters. 
Name Value 

Total Width 11.00 μm 
Substrate Thickness 13.98 μm 
GaNFET Thickness 16.00 μm 
Source/Drain Width 1.00 μm 

Gate Width 3.00 μm 
Active GaN Layer Thickness 1.00 μm 

AlGaN Layer Thickness 0.02 μm 
AlGaN Composition x  = 20% 

 
Table 9-2. GaNFET Cases of Study. 

Case  
of  

Study 

 
Structure 

in  
Figure 9.5

 
Passivation 

Layer 

 
Substrate

Layer 

Doping Profiles 
) 

GaN  
Acceptor

GaN  
Donor 

AlGaN  
Donor 

Original (a) SiO  Si 2 x 10 2	x	10  1 x 10
Passivation (a) SiN Si 2 x 10 2	x	10  1 x 10

GaN Substrate (a) SiN GaN 2 x 10 2	x	10  1 x 10
Light Doping (a) SiN GaN 2 x 10 2	x	10  1 x 10  
Ge Substrate (a) SiN Ge 2 x 10 2	x	10  1 x 10  
Field Plate  (b) SiN GaN 2 x 10 2	x	10  1 x 10  

 

 
Figure 9.5. New eGaN HEMT Schematic Layer Structures: a) Base and b) Field Plate. 
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Thus, there are two ways to avoid the BV: ensuring that the electric field  at 

the operating point of the eGaN HEMT, or enlarging the drift distance. However, the drift 

distance is constrained, thus the only solution available is to redistribute . Following a 

literature review, three solutions have been suggested to improve the BV: varying the 

passivation material, changing the substrate material, and the application of a field plate 

(FP) structure. 

In the following sections, different materials and geometric changes have been applied 

to the base eGaN HEMT PBM to evaluate how much the BV has increased or decreased. 

A deep analyses of the passivation material, substrate, and doping level are evaluated, as 

well as the impacts of including a FP contact on top of the HEMT structure. For each case, 

the BV progression and  distribution is discussed. Table 9-1 lists the geometry applied 

to all structures. A comparison of six different structures is presented and summarized in 

Table 9-2. The schematic layers of these cases are as shown in Figure 9.5. Table 9-2 

indicates the structure for each case of study. For the final case shown in Figure 9.5(b) 

[173], a FP is added to reshape the electric field  distribution in the channel, and reduce 

its peak at the point of interest [174]. 

 
Figure 9.6. eGaN HEMT PBM Breakdown Voltage Analysis for all Cases of Study. 
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Table 9-3. eGaN HEMT PBM Breakdown Voltage and Maximum Electric Field for all 
Cases at 4 Heights. 

 Original
Passivation

Change 
Light 

Doping
Ge 

Substrate 
GaN 

Substrate
Field 
Plate 

	 MV/cm  1.893 2.098 2.229 2.494 1.366 2.150

	 MV/cm  2.659 2.351 2.555 2.848 1.960 5.694

	 MV/cm  2.982 2.667 2.909 3.216 2.036 2.468

	 MV/cm  7.439 6.233 6.737 7.218 4.467 4.622

BV (V) 366.5 384.3 368.7 353.7 769.2 1092.1

 (V) 354.6 351.9 354.4 353.7 354.3 350.5
 

 Result Analysis of the GaN HEMT 

Results of each BV progression are conducted under the eGaN HEMT off-state at a 

gate voltage 0	V and are shown in Figure 9.6. The BV is defined as the maximum 

slope of the I-V characteristic curve. The  distribution has been plotted at four different 

y cross-sections across the structure. The locations are as indicated in Figure 9.7. In Figure 

9.7,  corresponds to a cross section through the passivation layer,  corresponds to the 

surface of the device,  corresponds to the heterojunction where source, gate, and drain 

contacts as well as the passivation layer meets the AlGaN layer, and  corresponds to the 

2DEG channel, respectively. For a fair comparison, Figure 9.8 is performed at the lowest 

BV for all structures, which occurs in the Ge substrate case (353.7 V). 

 
Figure 9.7. Locations of the Electric Field Cross-Sections. 
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Figure 9.8. eGaN HEMT PBM Electric Field Distributions along the x-axis at a) 

0.535	μm, b) 0.721	μm , c) 0.870	μm, and d) 1.020	μm. 
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Changing the passivation from silicon dioxide (SiO2) to silicon nitride (SiN) had a 

small positive effect on the BV and , viewed in Figure 9.8 and summarized in Table 

9-3. As a result of its increased performance and reduction of , SiN is kept as the 

insulator for all remaining cases. In the next stage, the Si substrate is removed by etching 

resulting in a huge increase in the BV, which was to be expected [175].  

 The fourth case is the study of a doping variation, as outlined previously in Table 9-2 

(Light doping). For this case, the typical doping profiles were reduced by 10  for all 

acceptor and donor concentrations. In this case, the variation does not yield a favorable 

result, presenting one of the smallest BV and largest . These characteristics can be 

observed in Figure 9.8, where the maximum  at each cross-section is shown in Table 9-3 

increasing at all heights as compared to the passivation change case.  

Next, another change of the substrate from Si to germanium (Ge) in the base eGaN 

HEMT was also not positive, resulting in the lowest BV and the reference value for the  

distribution sets. Finally, the addition of a FP to the current best case (Si substrate removal) 

yielded the best result. The FP result was the most interesting, as it distributed the  in a 

way that did not allow for an early breakdown of the device. 

 

 
Figure 9.9. Drain, Source and Gate currents for the Field Plate Case. 
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Figure 9.9 demonstrates that the origin of the BV for the FP case is drain-source sub-

threshold leakage [172]. The  distribution along the x-axis is presented at all heights as 

depicted in Figure 9.8. Distance  is the height where the  appears for the FP case, 

while  is where the  appears for the remaining cases. For each case, the drain 

voltage is as indicated in Table 9-3, which is approximately equal to the Ge BV. Thus, 

from Figure 9.8(b) and Table 9-3, it can be generally noted that as  decreases, the 

BV increases in most cases. This phenomenon was expected. However,  is the 

highest for the FP device, which appears to be contradictory. This can be explained by 

noticing that the  is located at x = 0.5 μm, which is at the end of the FP contact and 

separated from the 2DEG by the passivation layer (SiN insulator) with a very high 

dielectric strength of 10MV/cm. 

 Further Investigation of the Field Plate Case 

Following a comprehensive investigation of a number of geometrical, material, and 

physical changes to the original GaN HEMT, device performance following the application 

of a FP was found to be the best case. Given these findings, a deeper investigation is 

conducted into the physics behind the FP performance, where a theoretical model is 

presented. Following a presentation of a theoretical model, the PBM results from the FP 

case will be investigated in detail. 

9.5.1 Theoretical Model 

A simple model of the complex charge distribution within the AlGaN donor layer 

determining  is proposed in Reference [176]. The components of the charge distribution 

are as shown in Figure 9.10(a), including the polarization dipole charges  and  at 
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opposite faces of the donor layer, the insulator-donor layer interface charge , and the 

ionized unintentional doping change, , all per cm . Hence, the donor layer charge 

distribution is equivalent to a single positive sheet change located along the heterojunction 

(see Figure 9.10(b)). The sheet concentration  is the algebraic sum of the donor layer 

charges and is equal to . Note that  is sensitive to . A more accurate but complex 

model of the charge distribution is presented in Reference [177]. In the reference, the 

electrostatic potential of the total AlGaN layer is proposed as: 

2 															 (9-1)

where  , ,  is a strain constant defined as 

, and remaining parameters are summarized in Table 9-4 and Table 9-5. 

Figure 9.11 illustrates a cross-section of the HEMT structure with a FP, passivated with 

SiN in order to reduce the traps. The FP is deposited like a second gate electrode above the 

passivation layer. This study follows Reference [174], however, some inconsistences were 

found preventing a completion of the analytical investigation. Here, a formulation of the 

problem is established for a future resolution.  

nti

np-

2DEG

nd

np+ nf

ns

Insulator layer

AlGaN

GaN
 

Figure 9.10. Illustration of the eGaN HEMT Charge Distribution Modeling: Detailed 
picture of the charges in the AlGaN layer (Left) and a Simplified model (Right). 



 

213 

 

Table 9-4. Polarization Parameters for the Electrostatic Potential on AlGaN Devices. 
Variable Description 
0.052 0.029 C/m2 AlGaN Spontaneous Polarization 

0.029 C/m2 GaN Spontaneous Polarization 

	 3.189  Lattice Constant 

0.77 3.189  Lattice Constant 
0.11 0.49 C/m2 Piezoelectric Constant 
0.73 0.73 C/m2 Piezoelectric Constant 
5 103 GPa Elastic constant 
32 405 GPa Elastic constant 

 

 
Table 9-5. GaN HEMT with Field Plate Design Parameters for Theoretical Model. 

Name Variable Value
Width of the Source  1.00 μm

Source-to-Gate Lateral Displacement   1.70 μm
Width of the Field Plate  1.40 μm

AlGaN Thickness 0.02 μm
Width of the Gate  0.70 μm

Location where Passivation Meets Drain Contact  6.00 μm
Gate-to-Drain Lateral Displacement  6.90 μm

Effective Length of the Passivation layer  5.50 μm
Width of the Drain 1.00 μm

Thickness of the Active GaN Layer 16.00 μm
Relative Permittivity of the AlGaN Layer 8.82

Field Plate Edge Location Reference to Passivation  0.50 μm
Passivation Layer Thickness  0.30 μm

Relative Permittivity of the Passivation Layer 7.50
 

The origin of the coordinates are placed at the surface of the AlGaN (see Figure 9.11) 

with a FP length of , an insulator length of , the effective length of the insulator 

layer  , the applied drain voltage , the total thickness of the AlGaN 

material layer , and the thickness of the insulator . Assuming a linear distribution of 

the potential along the insulator, we can write: 
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0

																								 (9-2)

where  represents the potential distribution along the insulator [178]. The potential 

distribution in the semiconductor AlGaN ,  must satisfy the Poisson equation as in 

Equation (9-3): 

, ,
																								 (9-3)

 
Figure 9.11. Cross-section of the HEMT with a Field Plate (FP-HEMT). 

 

Assuming that the drain region of the structure is completely depleted at the breakdown, 

the potential function ,  can be approximated from References [174], [178], and 

[179] by an expression for the 2D distribution as a parabolic approximation. 

, 											 (9-4)
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where the coefficients ,  and  are only functions of x. These coefficients 

are determined by the boundary conditions, which are applied as follows: 

, 0
, 			

																	 (9-5)

, 																								 (9-6)

where / ,  is the potential distribution along the 2DEG channel, and 

 is the potential distribution along the AlGaN surface. 

At 0, , 0  from Figure 9.11. From Equation (9-5), this 

results in: 

																								
(9-7)

From Equation (9-6),  is obtained as: 

1
							 (9-8)

Introducing ,  and  back into Equation (9-4) and solving the Poisson 

equation results in two ordinary differential equations (ODE) to find the 2D potential 

distribution. 

 
Figure 9.12. eGaN HEMT PBM Electric Field Distribution for the Field Plate Case at its 

Individual Breakdown Voltage for all y-distances. 
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Figure 9.13. eGaN HEMT PBM 2D Electric Field Distribution for the Field Plate Case. 

 

9.5.2 Analysis of the Field Plate Case 

For the final FP PBM case, the  distribution along the x-direction at different heights 

has been calculated at its BV ( 1092.1	V) as shown in Figure 9.12. Figure 9.12 

shows the key advantage of the FP layout, as it redistributes  and relocates  along 
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the x and y plane. This keeps it below the critical value, hence increasing the BV. The same 

behavior is more clearly observed in a 2D map in Figure 9.13. It is shown that the highest 

field strength is present at the corner of the FP-SiN interface on the drain side of the gate, 

where a field of 20.7 MV/cm is experienced.      

 Summary 

In this chapter, a PBM was developed to more closely represent the operation of a GaN 

HEMT device. Using a base PBM, an exploratory section evaluated how modifying the 

geometry and materials of the eGaN HEMT structure can result in an increase in its 

maximum operating voltage. Five different modifications were tested on the GaN HEMT 

base model including passivation, an altered doping profile, an etching and modification 

of the substrate, and the addition of a FP. For each case, BV curves and an  analysis was 

conducted at four important cross-sections across the structure, revealing how each 

modification impacted the device operation. The best case was established to be a 

combination of SiN passivation, the application of a GaN substrate, and modification of 

the geometry to include a FP. This case was further investigated by the introduction of a 

theoretical model. Through the development of a GaN HEMT with these specifications, 

future converters for EVs and SPS can contain fewer stages while minimizing through the 

switches. 

In the last two chapters, efficient HESS design has focused upon the design of 

interfacing power electronic converters, beginning from a power electronics perspective 

and ending deep into the physics of implementing GaN HEMT switches in place of legacy 

Si technology. From this point forward, HESS design will progress into development and 

design with regards to ES device selection, control, and specific applications they support. 
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The design and control of a three-device HESS containing both lead acid and lithium ion 

batteries and a SC will be evaluated in the next chapter for their implementation in modern 

SPS. A lithium ion battery and SC HESS is designed in Chapter 11 for EV applications, 

implementing a new control scheme with a goal to reduce cycling on the lithium ion 

battery. Finally, in Chapter 12 a lead acid battery and flywheel HESS system is evaluated 

to reveal additional advantages a HESS can have in improving the power quality of a DC 

system.  
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 Introduction 

The challenge in installing a wide range of energy storage (ES) types on the utility grid 

is relatively simpler, as a result of reduced concerns over weight and space. Mobile 

applications, however, do not have this luxury. The localized microgrid present on a ship, 

aircraft, or electric vehicle (EV) is susceptible to major operational and logistic challenges. 

Heavy and frequent pulsed loads, which may present a minimal disturbance to a utility 

grid-connected system, can prove to be catastrophic when generation resources are limited. 

A Naval ship is composed of a complex, isolated power system, typically consisting of two 

main turbine generators (MTG) and two auxiliary turbine generators (ATG) [158]. For 

example, USS Zumwalt DDG-1000 all-electric ship contains 74.8 MW of onboard total 

shaft power. Critical loads reserve approximately 15% of the available energy, but the next 

generation of equipment introduces loads several magnitudes higher [180]. Energy and 

power requirements can vary from 100 kW to 10 GW over durations of microseconds to 

seconds [181]-[182]. Without proper selection and control, ES units may experience high 

depth of discharge (DoD), which would reduce their capability of responding quickly to 

fluctuating demands and significantly reduce their lifespans, or state of health (SoH) [183]. 

In utility grid applications, hybrid ES system (HESS) deployment and control has 

recently gained increased attention [42]. These cases have been two-fold: providing a 

method to reduce the intermittency associated with renewable energy sources, while 

offering ancillary backup services. The grid-connected system in Reference [184] 
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demonstrated a combination of the zinc bromide flow battery (FB) and supercapacitors 

(SC) to reduce the voltage and frequency instabilities as a result of the variability inherent 

to wind generation. Several vignettes were tested varying the optimal size of the parallel 

SC bank, where the SC handled short variations and the FB handled longer variations. Just 

as ES has been utilized to handle some of the intermittencies associated with generation, 

their inclusion has been equally as useful to support pulsed loads. Introduced previously in 

Chapter 3, pulsed loads are commonplace in military applications, but are present in a wide 

range of other applications and fields as well [185].  

The aforementioned grid-connected systems can reduce impacts following a major 

disturbance or a variance in generation. However, under islanded or stand-alone cases, 

system stability would rely solely on the support of ES when MTGs and ATGs reach their 

generation capacities. In Reference [4], a battery management system scheme was 

demonstrated to control the power flow in a lithium ion-based battery array. The system 

was tested under both grid-connected and islanded modes of operation. In islanded mode, 

a battery with an inverter acts as a synchronous generator, providing voltage and frequency 

support. A number of other control strategies have been demonstrated in literature, but have 

traditionally only focused on one type of ES [20],[23],[24],[186].  

A shipboard power system (SPS) presents unique challenges in terms of ES 

deployment, since the SPS is inherently an islanded system. Pulsed load management and 

mitigation is an emerging topic in the future all-electric SPS. In Reference [187], a 0.25 Hz 

36 MW pulsed load was tested on a notional SPS model, where case studies were conducted 

over the use of a dynamic reactive compensator to maintain bus voltages. However, power 

demands of multiple pulsed loads present a major challenge in terms of design and 
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implementation and are synonymous in SPS. The electromagnetic (EM) railgun and EM 

catapult were investigated in Reference [188], where short-term pulsed loads were tested 

both significantly exceeding the available energy from the MTGs when tested 

independently. ES was proposed as a solution to support both, but was not demonstrated. 

An extensive review into the impact of multiple pulsed loads on the electric SPS was 

performed in Reference [189]. EM railgun and free electron laser firing profiles were tested 

as connected pulsed loads without electrochemical ES, but employed the railgun launcher 

rotor as flywheel ES. The system proved the current SPS infrastructure could support at 

least one critical pulsed load, but not both.  

Investigations have been performed into deploying electrochemical ES devices as well 

[30]. In Reference [32], an SC was tested independently with an EM railgun to fill an 800 

kA firing pulse. The topology was capable of supplying the pulse, but required an 

enormous 500 F SC. Combinations of ES have offered more realistic solutions 

[41],[44],[45],[190]. In Reference [45], lead acid and sodium sulfide battery banks were 

simulated in parallel on an SPS to fill a single pulsed load. Each ES bank was installed on 

a different zonal bus, where it was noted that the ES units were able to respond faster than 

the MTG to deliver energy. However, HESS support has not yet been evaluated on the 

same bus or in a series configuration. A control topology for a SPS was proposed in 

Reference [191], where a parallel-configured battery and SC HESS was simulated with 

respect to both a constant and pulsed load. Four operation modes were tested to meet 

critical and pulsed load demands, but only the voltage recovery period following the pulse 

was discussed and no investigation was provided into the SC or battery performance. 

Furthermore, the battery type was not identified. 
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Typical battery and SC HESS have utilized parallel topologies; however, control of 

these systems is challenging as a result of the wide voltage operating range of the SC. 

Without a specialized interfacing converter similar to the synchronous buck introduced in 

the previous chapter, the SC terminal voltage follows that of the battery. This would leave 

a significant amount of unutilized energy due to a narrowed operating range [161]. 

Moreover, a mismatch in the equivalent series resistance (ESR) of each ES device could 

result in unequal, uncontrolled charging or induce internal circulating currents, a 

phenomena which parallel-configured lead acid and lithium ion batteries could also be 

prone to. In Reference [192], a supervisory energy management controller was developed 

to effectively split an EV load demand between a lithium ion battery and SC in a parallel-

configured HESS. A multiobjective optimization procedure accounting for both the battery 

and SC equivalent models and converter topology was solved for using dynamic 

programming. Using these results, a neural network was trained and deployed on the 

controller with objectives to preserve the battery SoH and enhance total HESS efficiency.  

Although literature has demonstrated the impacts of pulsed loads on SPS, it has been 

limited to testing of each pulsed load independently. In practicality, a robust system 

requires the capability in handling a variety of SPS equipment over the same period. In this 

chapter, several series-configured HESS combinations are proposed and tested through the 

utilization of lead acid and lithium ion batteries as well as a SC bank. The performance of 

each combination is analyzed. Following the selection of each series-connected HESS, a 

specialized dispatch control scheme is demonstrated using four Energy Storage 

Management Controllers (ESMC) to replenish some or all of the energy required to serve 

one of two pulsed loads. In this effort, an attention is also placed upon the battery SoH 
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tradeoffs that are involved in each control scheme. Coined as “rolling charging,” a 

coordination control scheme between the pulsed loads and charging is applied by the 

ESMC to the heavier pulsed load in an effort to recover part of the discharged energy and 

reduce the impact of the disturbance on the SPS electrical grid. The dynamics of each ES 

device are optimized with respect to their operational constraints, while exercising best 

practices to preserve their SoH. 

 Modeling of Multiple Energy Storage Types 

The following sections describe the selected models for the lead acid and lithium ion 

batteries as well as the SC in detail. The operational characteristics of each ES play a 

pivotal role in improving the base case, which is designated as a traditional series-

connected lead acid battery system. In order to demonstrate the limitations of each ES 

device, the performance and operational constraints of each are discussed.  

10.2.1 Lead Acid Battery Shipboard Power System Model 

In previous chapters, the depth of the battery model has increased drastically from a 

basic Randles equivalent circuit model to a comprehensive physics based model. However, 

it is important to mention these are simulation and application-specific thus for the SPS, 

the lead acid battery model is broken into two parts. The first part models the ES portion 

through the application of a very large capacitor in parallel with a self-discharge resistor. 

Figure 10.1 provides a graphic representation of the relationship between the open circuit 

voltage (OCV) V , I, SoC, T  and the State of Charge (SoC) for a lead acid battery. The 

second portion models its unique response. Figure 10.2 depicts the equivalent circuits for 

the three ES types under study, where the aforementioned energy model is represented by 

a nonlinear voltage source in Figure 10.2(a). To represent its unique dynamic response, 
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lumped parameters based on Electrochemical Impedance Spectroscopy (EIS) were used. 

For the SPS, a 1st-Order Randles equivalent circuit was adequate, as the time constants of 

both pulsed loads fall within a similar low-frequency timescale. The ohmic resistance of 

the sulfuric acid electrolyte is represented by R , while the polarization resistance and 

capacitance are denoted by R  and C , respectively. The transfer function depicting 

the lead acid battery equivalent impedance is: 

Z R
R

C R 1
																							 (10-1)

The voltage response V  at the battery terminals is: 

V V
1

C
C R I 						 (10-2)

 
Figure 10.1. Open Circuit Voltage versus State of Charge for Lead Acid & Lithium Ion 

Batteries. 
 

10.2.2 Lithium Ion Battery Shipboard Power System Model 

A two-part model was also used to differentiate the ES and equivalent circuit portions 

of the lithium ion battery. The ES portion is modeled similarly to that of the lead acid, 

except the behavior of the voltage versus its SoC is very different. Figure 10.1 depicts the 

nonlinear lithium ion OCV V , I, SoC, T  versus the SoC as compared to lead acid. The 

lithium ion equivalent circuit is shown in Figure 10.2(b), following the same 1st-Order 
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Randles circuit form. The transfer function depicting the equivalent impedance is: 

Z R
R

C R 1
																							 (10-3)

where R  represents the ohmic resistance of the lithium salt electrolyte and very different 

polarization resistance R  and capacitance C  values are used. The voltage response 

V  at the battery terminals is: 

V V
1
C

C R I 									 (10-4)

 
(a) 

 
(b) 

 
 (c) 

Figure 10.2. Shipboard Power System Equivalent Circuit Models for the (a) Lead Acid 
(Pb) Battery, (b) Lithium Ion (Li) Battery, and (c) Supercapacitor (SC). 

 

10.2.3 Supercapacitor 

A SC provides much greater charge storage versus a traditional capacitor as a result of 

its highly amplified surface area. Composed of two porous electrodes divided by a 

separator soaked in a solvent electrolyte, no electrochemical reaction takes place. This 

makes its charge acceptance and delivery much faster than a battery with a cycle life of 

over 500,000 cycles, even under heavy operation [28]. The drawback, however, is a wide 
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operating voltage range, from its maximum rated voltage to 0 V. Furthermore, its energy 

density is significantly less than that of a battery. Despite the SC operating as an 

electrochemical ES device, its equivalent circuit model does not follow the same form as 

that of the batteries.  

An extension beyond the common capacitor and ESR is based on a simplified physics-

based representation, where the SC is partitioned into resistor-capacitor (RC) segments 

associated with outside and inside the core material (Figure 10.2(c)). In Reference [141], 

four different SC equivalent models were identified from 2nd to 5th-Order, dictated by the 

operating frequency. Since the pulsed loads in this study are of low-frequency, a 2nd-Order 

model is sufficient to model the steady-state and transient voltage fluctuation, where R  

and C  represent the resistance and capacitance outside the electrode pore and R  and 

C  represent the resistance and capacitance inside. The transfer function depicting the SC 

equivalent impedance is: 

Z R
R C 1

C C R C C
													 (10-5)

The voltage response V  across the SC terminals is: 

V V
C

C C C

1
C C

R I  (10-6)

where V  is the initial terminal voltage of the SC. 
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Table 10-1. Batteries and Supercapacitor Simulation Parameters. 

Parameter Name Value 

Lead Acid Battery Initial Open Circuit Voltage V  13.17 V
Lead Acid Battery Ohmic Resistance R  90 mΩ
Lead Acid Battery Polarization Resistance R  40 mΩ
Lead Acid Battery Polarization Capacitance C  160 F 
Lithium Ion Battery Initial Open Circuit Voltage V  12.80 V
Lithium Ion Battery Ohmic Resistance R  12 mΩ 
Lithium Ion Battery Polarization Resistance R  86 mΩ
Lithium Ion Battery Polarization Capacitance C  0.015 F
Supercapacitor Initial Terminal Voltage V  16.13 V
Supercapacitor Resistance Outside Pore R  35 mΩ
Supercapacitor Capacitance Outside Pore C  42 F
Supercapacitor Resistance Inside Pore R  70 mΩ
Supercapacitor Capacitance Inside Pore C  18 F
 

 

 Equivalent Models for Hybrid Energy Storage Systems 

In this section, generalized equivalent models for HESS are obtained. Three distinct 

cases with different combinations are investigated. In order to validate the obtained HESS 

models, each equivalent circuit is constructed within the MATLAB/Simulink environment. 

The response of the derived model is then compared to that which is obtained from an 

experimental setup. In the experimental setup, an 85 W constant power and 280 W pulsed 

power load operating at 0.1 Hz is used.  

Each lead acid battery is a flooded and sealed module containing six cells in series and 

have a nominal voltage and capacity of 12 V and 21 Amp-hours (Ah), respectively [193]. 

The lithium ion battery module is composed of three individual cells connected in series, 

where the nominal voltage of each is 3.7 V, delivering a similar module voltage to the lead 

acid at 11.1 V under a matching capacity of 21 Ah [164]. The SC used is manufactured by 

Maxwell and composed of two 58 F modules in parallel. Each SC is rated at a maximum 
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voltage of 16.2 V [195]. Table 10-1 shows the equivalent circuit parameters used for each 

ES type in simulation. Parameters for both lead acid and lithium ion batteries were obtained 

experimentally and compared to typical values in References [91] and [109], while SC 

parameters were determined using the procedure outlined in Reference [141]. It is assumed 

that the SoH of batteries of the same type are close, thus their parameters are similar.  

 
Figure 10.3. Lumped Parameter Model for Case I. 

 

 
Figure 10.4. Verification of Voltage and Current under 0.1 Hz Test Pulse for Case I. 

 

10.3.1 Case I: 4 Lead Acid Batteries 

The first case presents the base case, where a traditional 100% lead acid battery stack 

connected in series is tested using four modules of matching voltage and capacity. It is 

anticipated that without the ESMC, all modules would serve the pulsed load until a pre-

specified full discharge voltage. Then, to replenish the lost energy, all modules are required 

to be decoupled and charged offline. The lumped parameter model of this system is shown 

in Figure 10.3. Since a potentially 4th-Order model is condensed to 1st-Order, similar to 
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Equation (10-1), the equivalent impedance  is: 

Z
4 R R C R R

C R 1
																			 (10-7)

The voltage response on the Case I system V  is then: 

V 4V
4

C
C R I 				 (10-8)

The voltage and current responses are shown in Figure 10.4. It can be seen that the 

experimental results validate the accuracy of the developed model. Both voltage responses 

coincide closely with one other.  

 
Figure 10.5. Lumped Parameter Model for Case II. 

 

 
Figure 10.6. Verification of Voltage and Current under 0.1 Hz Test Pulse for Case II. 

 

10.3.2 Case II: 2 Lithium Ion and 2 Lead Acid Batteries 

In Case II, 50% of the lead acid battery modules are replaced with lithium ion modules 

of matching capacity. Case II introduces a HESS array where half of the modules will now 

have less susceptibility to SoH impacts as a result of heavy cycling and discharge currents, 
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hereby improving performance. This split system introduces a medium, cost-effective 

solution to improve the array performance without the need for a total replacement of the 

lead acid batteries. Using this HESS, the system robustness to heavy pulsed loads is 

improved, while reducing the overall current contribution from each battery. Through 

utilization of the ESMC, the charging pattern can now be redistributed. The equivalent 

circuit for Case II is shown in Figure 10.5. The introduction of C  increases  to 

2nd-Order: 

Z 2R 2R

2 R R C R R C R R

C R R C R C R C 1
	 

(10-9)

The voltage response on the Case II system  is: 

V 2V 2V

2
C C

R R I 	 

(10-10)

Similarly, both the voltage and current responses are shown in Figure 10.6, which validate 

the accuracy of the developed model.  

10.3.3 Case III: 2 Lithium Ion and a Lead Acid Battery with Supercapacitor 

The final circuit model in Case III replaces one of the remaining two lead acid battery 

modules with a SC as shown in Figure 10.7. In this HESS, 25% is now served by SC ES 

that can withstand cycling in real-time without inflicting major SoH impacts. However, 

there is a tradeoff in reduced capacity and having to handle a wider operating voltage range. 

Using four ESMC devices, dynamic charging can be executed efficiently. This will be 



 

231 

 

discussed in detail in the following section. The equivalent impedance model Z  from 

the HESS system in Case III is given by: 

Z 2R R R  

1

R C C C C

2R

C R 1
	

R

C R 1
 

C R

R C C C C
 

(10-11)

The voltage response on the Case III system V  is: 

V 2V V V  

1
C C

2
C C C

		

	 

2R R R  

 

(10-12)

The voltage and current responses are shown in Figure 10.8. It is shown that discharging 

the SC reduced the overall voltage of the stack, as expected. Nonetheless, the model 

response tracks the voltage reduction introduced by replacing a lead acid battery with an 

SC.  

 
Figure 10.7. Lumped Parameter Model for Case III. 
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Figure 10.8. Verification of Voltage and Current under 0.1 Hz Test Pulse for Case III. 

 

10.3.4 Analytical Results Discussion 

In order to demonstrate the differences in responses for each HESS configuration, a 

comprehensive Simulink-based simulation platform was designed to test all three cases 

simultaneously. Shown in Figure 10.9, subsystem blocks were created for each ES device, 

where the contents of each are shown below the main schematic. Figure 10.10 depicts a 

comparison of the output power, voltage, and current for all three cases. One can see each 

HESS discharge voltage trend and pulsed load response differs greatly from case-to-case. 

Case I follows a steeper discharge voltage trend (higher slope during the pulse) than Case 

II, where the current steadily increases following each pulse to maintain a constant power 

delivery to the load. Following each pulse, the recovery voltage is highly nonlinear due to 

a high timing constant generated by the large lead acid battery capacitance C . Case II 

has a more linear voltage behavior outside of the pulse, with a voltage drop less sharp than 

that of Case I due to the reduced ohmic resistance R  of the lithium ion modules. The 

voltage in Case II ends lower as a result of a lower terminal voltage V  of the lithium ion 

modules, but the current injected under each pulse is held nearly constant.
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Figure 10.9. Comprehensive Simulink Simulation Platform to Evaluate all Cases.
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Figure 10.10. Cases I, II, & III: a) Power, (b) Voltage, and (c) Current Response. 

 

Case III features the highest initial voltage due to a high full charge terminal voltage of 

the SC V , hereby reducing the initial current required. Following each pulsed load 

(during the off-pulse), the stack voltage is nearly flat as shown by the blue line in Figure 

10.10(b), but due to the reduced storage capacity of the SC, the long term voltage trend 

declines at the steepest rate. This causes an increase in the current required from all ES 

sources to supply the remaining demand (as shown in Figure 10.10(c)). These widely 

varied characteristics add to the importance and highlight the need for developing a 

specialized control system for HESS. Without advanced control, over-charging or over-
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discharging of a single ES device within the array could occur, leading to a potential system 

failure or even permanent damage to the device.  

 Coordinated Control of Hybrid Energy Storage Systems 

To handle the diverse charging characteristics for each different ES type within the 

HESS stack, an array of ESMC devices are utilized to provide a safe interconnection to 

each. In this section, the rolling charging concept is discussed, followed by a review of the 

charging constraints for each ES device. To implement these features as well as manage 

the discharge limitations of each ES, a number of upgrades were applied to the original 

National Instruments (NI) LabVIEW interface that was developed previously in Chapter 

2. These features are illustrated and described in detail. 

10.4.1 Rolling Charging Operation 

A new concept of “rolling charging” is developed with a goal to extend the operation 

time of certain HESS to aid in supplying heavy pulsed loads. This concept utilizes the 

unique capabilities of the ESMC in extracting a weak or discharged ES module from the 

HESS array and placing it on charge, while maintaining system operation. As an example, 

in actual SPS, the EM railgun pulsed power requirement would present a challenge in terms 

of available energy on the HESS and may quickly drop the SoC of an ES module to 

severely low levels. If the firing frequency and number of shots of the railgun were known, 

one could anticipate when the energy requirement was needed. Using this information, an 

ES module could then be extracted to charge when the pulse is off and reconnected again 

only when the pulse is active. Through advanced control and timing, this could be 

synchronized with the pulsed load. To balance the impact on all ES modules while also 

providing each applicable module the opportunity to charge, each is dispatched for a period 
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of time and then “rolled” to the next module with the lowest SoC. This tactic can allow the 

system to sustain itself for extended operation periods, while at the same time, permit the 

maintenance of some ES units when the stack is still under operation. This could be very 

beneficial for critical SPS loads. 

10.4.2 Charging Constraints 

Charging currents and voltage levels vary based on each type of ES device. Since the 

ESMC topology employs two isolated busses, namely a DC Bus and Charging Bus, another 

major advantage is that it is capable of handling different charging constraints for different 

types of ES. Consequently, the voltage and current limits of the Charging Bus can be 

adjusted dynamically based on the type of ES connected. In more complicated or larger 

systems, multiple busses could be provided with the aid of an ESMC connected to each 

device. Moreover, the ESMC can set the current limitations to pre-specified values to 

maintain a safe charging current. This would not only reduce fire hazards, but would also 

limit the rate of SoH degradation on the batteries.  

For the lead acid battery employed in this experiment, particular care has been taken to 

regulate its charging current to prolong its SoH. The manufacturer established an absolute 

maximum charging current at the 4-hour Coulombic (C)-rate (C/4), but to limit 

thermodynamic and material stress, this has been reduced to a conservative C/6 current 

with a maximum charging bus voltage of 14.8 V. The lithium ion batteries, however, have 

much less susceptibility to higher charging currents as long as charging voltage levels are 

carefully controlled. For the lithium ion cells deployed in this experiment, a voltage 

tolerance of 4.20 0.03	V/cell or 12.60 0.09	V	 is regulated for the 3-cell series 

module, where the maximum charging current is increased to C/2 [164]. The SC module 
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is an exception, as the charging current is not referenced to its storage capacity. 

Theoretically, charging to its full voltage level V  is only limited by its ESR , but 

the International Electrotechnical Commission (IEC) has established a safety limit I  

for practical applications based on 2.6% of this current [28].  

I 0.026
V

																							 (10-13)

For the SC modules employed in this study, ≅ 19	A. 

10.4.3 Control System and Graphical User Interface Upgrades 

Previously in Chapter 2, a control interface was developed to manage an array of four 

ESMC devices. A number of upgrades were applied to support not only the new required 

control demands, but to also provide a platform that has an understanding of the operating 

limitations for each ES device. Shown in Figure 10.11, this Graphical User Interface (GUI) 

is once again broken into two portions: the Main Load and System Control and Individual 

ESMC Control Interfaces. The Main Load and System Control is shown to the left, where 

a Load Control Center has been added. Tabs are provided to toggle between engaging the 

constant load and the two pulsed loads.  

For each pulsed load, in addition to setting a basic pulse frequency and duty cycle, a 

section entitled “Pulse Synchronization Dispatch Service” has been included to provide a 

means to synchronize the pulsed load with individual or multiple ESMC devices. In this 

case, the user can select to engage or disengage one or more ESMC devices with the pulsed 

load, where checkboxes grey-out in the event that the ESMC device has already been 

dispatched with another pulsed load. In the example shown in Figure 10.11, Pulsed Load 

2 has been selected to engage ESMC 1 when the pulse is on (“On with Pulse”). Since 
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ESMC 1 is already assigned to Pulsed Load 2, ESMC 1 is greyed-out for dispatch by Pulsed 

Load 1.  

Although the dispatch service provides a powerful new feature and enables the 

capability of rolling charging, multiple new timed loops are required on the LabVIEW 

control platform to support it. This results in the propagation of some delay between 

engaging the load and switching modes on each ESMC device; thus, some background 

timers are provided to verify the duration of the pulse matches the user’s setting. Moreover, 

in this experimental setup, all loads are connected via solid state relays (SSR), while all 

switching actions on each ESMC is accomplished by much slower electromechanical 

relays. Since the SSRs will engage far quicker than the electromechanical relays, even if 

the switching signal were received at the same time, a delay is present. This further 

increases the total delay between the load and ESMC devices. To manage this issue, each 

pulsed load has a phase shift setting where a delay can be tuned to match this delay period. 

The “Signal Charts” tab provides live switching waveforms for each pulsed load as 

compared to the ESMC. By toggling the phase shift between the output signal to the pulsed 

load and ESMC dispatch, the user can converge on an optimal phase delay to match the 

load and ESMC dispatch. 

Updates to the Individual ESMC Control Interfaces are shown to the right in Figure 

10.11. New configuration tabs separate an automated ES Device Setup and a Charging 

Setup. For each ESMC, the ES type can be selected as well as its associated number of 

series cells, capacity, and charging preferences. Using this information, the Full Charge 

Voltage, Charging Voltage, Discharge Voltage Cut-off, and Full Charge Current Cut-off 

operating ranges are calculated using those previously defined in Chapter 5 (Table 5-2). 
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Figure 10.11. Upgraded ESMC Control Platform to Support Hybrid Energy Storage and Shipboard Power System Loads.
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In addition, the SC operating ranges have been added, as well. Operating ranges are 

then displayed to the user, where if necessary, can be modified. Upgraded SoC 

measurements have also been included following developments from Chapter 5. For the 

lead acid and lithium ion batteries, an initial voltage-based estimation gives way to current 

integration when in operation. For the SC, initial and operating SoC measurements are 

directly proportional to its terminal voltage. Finally, the Charging Setup tab houses controls 

developed in the initial version to toggle between constant and pulsed charging modes, 

where if pulsed charging is activated, its frequency and duty cycle can be set. 

 Hardware Implementation 

To investigate the feasibility of the proposed control technique, a hardware setup has 

been established as depicted in Figure 10.12 and Figure 10.13. The lead acid and lithium 

ion batteries as well as the SC are the same types as summarized previously in Table 10-1. 

The voltage of the DC Bus is 48 V, while the voltage of the charging bus is controlled 

based on the ES charging requirements. A programmable Magna-Power XR375-15.9 DC 

power supply was used for the Charging Bus [157]. 

 
Figure 10.12. Experimental Setup of the ESMC, Converter, Supercapacitors, Lead Acid 

Battery, and Lithium ion Batteries. 
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Figure 10.13. Configuration of ESMC Controllers in Series. 

 

 
Figure 10.14. USS Zumwalt DDG-1000 and Modeled Shipboard Loads. 

 
Specifications of the loads were selected based on the information gathered from the 

DDG-1000 [158],[158]. A constant, also referred to as the hotel load, has been selected 

with an average power demand of 11.22 MW. The parameters of all loads were then 

translated to the per-unit scale, where the hotel load is designated as the base with the 

pulsed loads referenced to it as shown in Table 10-2. 
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Table 10-2. Shipboard Power System Load Profiles. 
Load Type Equipment Frequency

(Hz) 
Duty 
Cycle
(%) 

Actual 
Power 
(MW) 

Per 
Unit 
(pu) 

Scaled 
Power 
(W) 

Test 
Resistance

(Ω) 
Constant Load Hotel Load - - 11.22 1.000 105.0 32.0 
Pulsed Load 1 AN/SPY Radar 0.50 50 6.00 0.587 60.7 55.4 
Pulsed Load 2 EM Railgun 0.05 25 38.00 3.661 384.4 8.7 

 

 Pulsed Load 1 is modeled after the AN/SPY-1 radar system, originally developed by 

Lockheed Martin in 1973 [159]. The AN/SPY has gone through a series of variants and 

versions to reach the current SPY-3 platform installed aboard the DDG-1000. The SPY-3 

provides superior medium to high altitude performance over other radar bands and is the 

primary radar used for missile engagements. Since the SPY-3 specifications represent 

sensitive information, the AN/SPY-1 was modeled representing the lighter of two 

considerable pulsed loads installed on the SPS. Operating with a power demand of 0.587 

pu, Pulsed Load 1 has a scanning frequency of 0.5 Hz under a 50% duty cycle. 

Pulsed Load 2 represents a next generation naval gun that is still in testing, but under 

serious consideration for future deployment aboard the DDG-1000 [160]. The EM railgun 

represents the most significant challenge in terms of power and energy demand for future 

naval electrical design. The railgun utilizes an enormous EM force is used to launch a high 

velocity projectile accelerated along a pair of conductive rails up to 2.1 km/s. Although no 

set timeline for installation aboard the DDG-1000 has been set, demonstrations continue to 

push the boundaries of performance. At the same time, a significant on-going challenge 

has been faced in designing the electrical architecture needed to support them. As 

summarized in Table 10-2, the power demand for an EM railgun shot is nearly 3.5x that of 

the hotel load. Pulsed Load 2 is modeled with a 5 s active duration and a duty cycle of 25%. 
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(a) 

 
(b) 

Figure 10.15. Test I: Individual Energy Storage Modules (a) Currents and (b) Voltages. 
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 Experimental Results 

Five test scenarios are carried out to test the support of the SPS with a variety of 

different series-configured HESS. In Tests I and II, a balanced 50% lithium ion and 50% 

lead acid battery HESS is evaluated under all SPS loads. An initial dynamic charging test 

is demonstrated under a short period, then an endurance test operates the hotel load and a 

single heavy pulsed load until the HESS reaches its full discharge cutoff. In Tests III and 

IV, a lithium ion and lead acid battery HESS containing the SC is evaluated with all loads 

connected and without applying the SC to rolling charging. Finally, Test V evaluates the 

same load profile applying rolling charging to all available ES in the system. 

10.6.1 Test I: 2 Lithium Ion and 2 Lead Acid Batteries 

In this test, the HESS was composed of two lithium ion batteries connected to ESMC 

1 & ESMC 2, and two lead acid batteries connected to ESMC 3 and ESMC 4. The test 

results are shown in Figure 10.15 to Figure 10.17, where the test duration was around 20 

min (0.33 h), divided into five intervals. The current and voltage profiles during the test 

are depicted in Figure 10.15, where it can be seen that in interval 1, all four batteries served 

the load. Although all batteries contributed equally to the current, their operating voltages 

differed, even amongst battery modules of the same chemistry. This highlights potential 

differences in their SoH or a lack of precise cell balancing.  

In the second interval, lithium ion battery 1 (ESMC 1) was extracted during the light 

loading periods (when the large pulsed load was off) and connected to the Charging Bus. 

This can be further illustrated by looking at a zoom in Figure 10.16, where a close-up of a 

72 s (0.02 h) period is shown. The effect of the fast pulsed load (of lower amplitude) is 

clear, and both pulsed loads overlap over some periods.  
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Figure 10.16. Test I: 72-second Close-up of Currents of Individual Energy Storage 

Modules. 

 

 
Figure 10.17. Test I: Energy Output from Currents of Individual Energy Storage 

Modules. 
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It should be noted that the negative current indicates discharging the battery, while 

positive current indicates charging. In the third interval, the second lithium ion battery 

(ESMC 2) is extracted to be charged, resulting in an identical charging current, but with a 

lower charging voltage than Lithium Ion 1. This is due to the increased energy loss that 

occurred in interval 4 as depicted in Figure 10.17. Lithium Ion 1 had to increase its current 

contribution during interval 2 to compensate for the loss of Lithium Ion 2. 

In the fourth and fifth intervals, the lithium ion batteries return to serve the load, while 

the lead acid batteries take turns in charging. The signature dynamics of the lead acid are 

visible in Figure 10.15(b), depicting a slow saturation of their terminal voltages due to the 

high equivalent capacitance of the lead acid battery. Similarly to what was observed with 

the lithium ion batteries, the charging voltage of Lead Acid 1 is higher than Lead Acid 2 

when the same charging current is applied. The lower charging voltage is once again caused 

by Lead Acid 2 having to expend more energy by the time it reaches interval 5 as illustrated 

in Figure 10.17. 

10.6.2 Test II: Endurance Test 

To investigate the effectiveness of the proposed rolling charging technique in extending 

the “in operation” time of the HESS, an endurance test was performed utilizing the full 

potential of the ES modules with a 52 W hotel load and a single heavy 320 W pulsed load. 

The HESS configuration is the same as in Test I. In Figure 10.18, the voltage and current 

off the HESS is shown without the ESMC. Without the control provided by an ESMC 

connected to each ES, discharge voltage progressions of the lead acid and lithium ion 

followed close to what was expected. Figure 10.18(a) reveals the voltage progressions for 

batteries of each chemistry are similar, and Figure 10.18(b) confirms the current 
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contribution under a single pulse was equivalent for each battery type. It can be seen from 

Figure 10.18 that the HESS with ESMC support was discharged, reaching its full voltage 

discharge cutoff after 164 min (2.73 h).  

 

 
(a) 

 
(b) 

Figure 10.18. Test II without Rolling Charging: Individual Energy Storage Modules (a) 
Voltages and (b) Currents. 
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(a) 

 
(b) 

 
Figure 10.19. Test II with Rolling Charging: Individual Energy Storage Modules (a) 

Voltages and (b) Currents. 
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Figure 10.19 depicts the voltage and current progressions of the HESS with an ESMC 

connected to each battery. The sequence begins by rolling charging one battery at a time. 

The lead acid batteries are rolling charged first, followed by each of the lithium ion 

batteries. Unfortunately, a heavier contribution by the lead acid batteries (a weaker source) 

while the lithium ion are rolling charged resulted in a low stack voltage. Since the system 

must shut down when any one ES device reaches its full discharge cutoff voltage, rolling 

charging is later replaced by constant charging for both lead acid batteries. During this 

period, the current contribution of the lithium ion batteries doubles, resulting in a quick 

degradation of their voltages. The energy output from the lithium ion and injection into the 

lead acid batteries is more clearly demonstrated in Figure 10.20. The heavy loading current 

resulted in only a 16 Ah discharge output from the lithium ion modules and approximately 

14 Ah from the lead acid modules. This was expected as a result of heavier activation losses 

through the lead acid chemistry as was analyzed in previous chapters. After approximately 

15 min, the lead acid batteries are brought back into service, while both lithium ion batteries 

are placed in rolling charging. It is during this phase where the full discharge cutoff is 

reached after 207 min (3.45 h).  

The comparison depicted in Test II reveals the deployment of the ESMC can achieve a 

26% increase in HESS service time through replenishing some of the lost energy online 

(while the stack was operating). This was not possible in the legacy system and could be 

of a significant importance for SPS in critical operating scenarios where it is not possible 

to shed vital loads [197]. Furthermore, the second scenario highlights the deployment of 

the ESMC is not limited to simply one charging mode or one device, but can utilize a 

compilation of charging and rolling charging measures to maintain system stability. 
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Figure 10.20. Test II with Rolling Charging: Energy Output from Individual Energy 

Storage Modules. 

 

10.6.3 Test III: 2 Lithium Ion Batteries, Lead Acid Battery, and a Supercapacitor 

without Rolling Charging 

In Test III, one of the remaining lead acid batteries was replaced with a SC presenting 

new challenges. To have an accurate comparison, this test is used as the base for the Case 

III HESS combination, since no rolling charging was applied. It can be seen from Figure 

10.21 that the test was limited to less than 9 min. Figure 10.21(a) shows that the SC voltage 

decayed at a much higher rate than that of the batteries, reaching near 0 V. This is explained 

by the vast difference in energy densities between the SC and the batteries, a comparison 

better illustrated by the SoC progressions in Figure 10.21(b). Since the SoC of the SC 

reached its full discharge cutoff after only 8 min 40 s, the HESS had to be disconnected.  
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(a) 

 
(b) 

 
(c) 

 
Figure 10.21. Test III: Individual Energy Storage Modules (a) Voltages, (b) State of 

Charges, and (c) Currents. 
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Over the same period, the SoC of the lead acid dropped by just 4.5% and the lithium 

ion batteries by only 3%. The lead acid SoC reduction rate is higher for the same reason as 

mentioned in the previous test, where heavy loading resulted in higher activation losses. 

Figure 10.21(c) shows that the power absorbed from the SC gradually decreased, which 

had to be compensated by an increase in the power injected by the batteries. If the HESS 

were to continue to operate past this point, all ES devices would require a 33% increase in 

their current contributions. This would result in a reduced runtime and would impact the 

long term SoH of the batteries, particularly the lead acid. 

10.6.4 Test IV: 2 Lithium Ion Batteries, Lead Acid Battery, and a Supercapacitor 

with Supercapacitor in Rolling Charging 

Due to SCs having a significantly lower energy density, they represent the weakest link 

in the Case III HESS. Thus, in Test IV they have been elected to be rolling charged, while 

a conservative approach is taken to maximize the SoH of the batteries by only dynamically 

charging the SC. Shown in Figure 10.22, the total test duration was 195 min (3.26 h), where 

it can be seen that, as the voltage of the capacitor decayed to a pre-specified cutoff, it was 

decoupled from the stack, charged, and placed back in after achieving another full charge. 

The SC voltage cutoff was preset to 8 V (50% SoC) in this scenario to avoid a major 

drop in the HESS array voltage. This process was repeated until one of the remaining 

batteries reached its full discharge voltage cutoff. The switching operation performed 

seamlessly without any noticeable impacts on the DC Bus. Figure 10.23 shows a 

comparison between the variable ESMC input array voltage and the resulting output DC 

Bus voltage. A zoom is provided revealing a maximum variation of the DC Bus of ±1.205 

V and an average variation after the converter settles of only ±0.358 V.  
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Figure 10.22. Test IV: Voltage from Individual Energy Storage Modules. 

 

  
Figure 10.23. Test IV: Voltages from the ESMC Input Array and DC Bus. 
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(a) 

 
(b) 

 

Figure 10.24. Test IV: 30 min Zoom from Individual Energy Storage Modules (a) 
Voltages and (b) Currents. 
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Figure 10.24(a) shows a close-up of the SC voltage, depicting its wide variation as well 

as how it saturates when approaching a full charge. The impact of the saturation is more 

clearly demonstrated in Figure 10.24(b), where the absorbed SC current starts to decrease. 

An alternative solution to the energy mismatch problem is to increase the size of the SC; 

however, this would add weight and require more real estate. Since these are two factors 

which are tightly constrained in the modern SPS, the ESMC provides an effective solution.  

10.6.5 Test V: 2 Lithium Ion Batteries, a Lead Acid Battery, and a Supercapacitor 

all in Rolling Charging 

In the final test, the same configuration was utilized, except now rolling charging is 

applied to all four ES devices to achieve a maximum runtime and SoC balance amongst 

ES modules. The test duration was 25 min (0.42 h), divided into seven intervals 

representing one single sequence that executes rolling charging once on all modules. This 

sequence could be repeated until the full discharge cutoff of the HESS has been reached. 

The seven intervals are as follows: 1) no charging of any ES module, 2) charging the SC, 

3) charging the first lithium ion module, 4) charging the SC again, 5) charging the second 

lithium ion module, 6) charging the SC again, and finally, 7) charging the lead acid battery.  

It can be seen from Figure 10.25(a) that the varying charging characteristics for all 

three ES types are met and the HESS operation is stable. Figure 10.25(b) illustrates the 

energy output from each ES module over the test. The energy output from the batteries 

following 25 min is approximately 2 Ah. Using the total energy output observed in the 

endurance test as a reference, this suggests this sequence could be repeated seven to eight 

times to cover a full discharge cycle. It is worthy to mention that arrows at the bottom of 

the figure indicate a current envelope, better realized by Figure 10.25(c) and Figure 10.26.  
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(a) 

 
(b) 

 
(c) 

 
Figure 10.25. Test V: Individual Energy Storage Modules (a) Currents, (b) Voltages, and 

(c) Energy. 
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Figure 10.26. Test V: Voltages from the ESMC Input Array and DC Bus. 

 

 
Figure 10.27. Test V: Power Output to the DC Bus. 
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When charging the SC, its voltage quickly increases, which was hereby reflected back 

on the voltage of the entire stack. Since constant power loads were used, increasing the 

stack voltage resulted in decreased required current injection from each ES module. This 

is confirmed in Figure 10.27, where the constant and multiple pulsed load outputs to the 

DC Bus operated as expected.  

The voltage of each individual ES module was shown in Figure 10.25(c). Over the 

course of the entire test, the SC voltage varied between 16.2 V and 8.0 V. Test V further 

highlights the importance of individual monitoring and control of each ES module in a 

HESS. Figure 10.26 depicts a comparison of the array voltage from the primary side of the 

boost converter and the output DC Bus voltage. The array voltage experiences wide 

fluctuations due to coupling and decoupling of ES modules, however, these are not 

reflected back to the DC Bus due to the converter. Only minor voltage fluctuations are 

detected on the DC Bus and fall well within standard limits [65]. It should be noted that 

during all the performed tests, a basic boost converter similar to the architecture in the 

previous chapter was used.  

 Summary 

In this chapter, the modeling and management of an advanced HESS was evaluated. 

The equivalent models for three different HESS containing combinations of lead acid and 

lithium ion batteries as well as SC ES were derived and verified experimentally. A 

coordinated control technique was introduced to handle the charging of different ES types, 

with a goal to extend the operating duration of the HESS array when exposed to one or 

more pulsed loads, common in modern SPS. Using an ESMC connected to each ES device, 

a single module is capable of being extracted from the array and connected to a charging 
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bus to restore some of its lost energy during heavy loading periods. This system provided 

an effective solution to manage multiple ES types to serve multiple pulsed loads on a SPS 

platform.  

Following the utilization, retrofitting, and upgrading of the initial ESMC control 

software, three novelties were explored in this chapter. First, the modeling and evaluation 

of multiple new series-configured HESS architectures were designed, tested, and 

evaluated. Second, multiple Naval SPS pulsed loads with varying frequencies and 

magnitudes were evaluated and normalized in a per-unit system to conduct scaled 

laboratory testing. Third, a specialized dispatch control scheme, coined as rolling charging, 

was designed to coordinate the charging and discharging of individual ES devices while 

the system was in operation to extend runtime and make tradeoffs in SoH impacts for the 

battery ES. The effectiveness and seamless operation of the system was verified 

extensively through hardware testing. In the next chapter, another HESS is introduced 

composed of a lithium ion battery and SC HESS and investigated for its usage in EV 

applications. A new control scheme is engineered with objectives to reduce the rate of SoH 

degradation of the lithium ion battery module, while improving the efficiency of charging 

by regenerative braking technology. Once again, ESMC devices are deployed to control 

the HESS and upgraded to support a parallel-configured system. 
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 Introduction 

The electric vehicle (EV) and transportation electrification has become a major topic 

of interest in this dissertation. Many of the metrics, hardware, and algorithms that have 

been developed and tested in previous chapters have placed a focus upon supporting their 

challenging loading profiles. From a systems and markets point-of-view, the goal has 

steered toward achieving an all-electric powertrain. This has also sparred interest in 

designing new electric motors and drivetrains to operate more efficiently, while accepting 

the challenge of reducing their size and weight, and still meeting safety regulations [198]. 

Directly in-line with the powertrain is a heightened interest into the batteries, or energy 

storage (ES) needed to deliver the adequate power and energy densities to meet or exceed 

that of the internal combustion engine [199]. In order to accomplish this feat, the market 

has broken these vehicles into three distinct categories: hybrid electric vehicles (HEVs), 

plug-in hybrid vehicles (PHEVs), and battery electric vehicles (BEVs) [200]. In each 

category, the importance of the battery bank increases until a full electric drivetrain is 

reached. 

 The HEV is primarily powered by a conventional internal combustion engine, but 

features two complimentary drive systems containing an electric motor connected to a 

battery bank as well. The battery bank can only receive energy through two methods: the 

combustion engine directly or regenerative braking. The PHEV operates primarily on the 

electric motor and battery bank, but is equipped with an internal combustion engine as well 
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to take the place of the electric motor when the state of charge (SoC) of the battery bank is 

low. The battery bank on the PHEV is primarily charged through a grid connection, but 

like the HEV, can also be recharged using the combustion engine or regenerative braking. 

Finally, the BEV presents a fully electric drive train that relies solely on the battery bank. 

Without the presence of a combustion engine, there are only two methods to recharge the 

BEV: a grid charging connection or regenerative braking.  

With both PHEVs and BEVs placing a heavy reliance on the battery bank, the 

installation of EV charging stations has been on a rise [201],[202]. Companies like NRG 

Energy have helped support the extension of charging stations by taking on the excessive 

investment costs for businesses and simply charging monthly rental fees in exchange for 

installation [203]. Other EV companies, such as Tesla, have deployed their own high-speed 

supercharging stations, with over 3,000 free to use by Tesla owners [204]. More than 1 

million stations were already deployed in 2014 and it is forecasted to be well beyond 10 

million by 2020 [205].   

While high-speed charging of the battery bank will become crucial in the success of 

the BEV and PHEV, a focus has steered toward engineering of the ES system (ESS). 

Legacy systems, particularly HEVs, employed the usage of nickel metal hydride (NiMH) 

battery arrays [199]. This has since shifted to utilize primarily lithium ion compounds as a 

result of their high energy density and cycle life, though it is still limited to less than 5,000 

cycles, even when the battery is managed conservatively [206]. A limited deep cycling life, 

combined with such a wide variance in the battery lifespan, or State of Health (SoH), has 

opened the floor for research into alternative hybrid energy storage systems (HESS). In 

many cases, a single energy storage (ES) or battery solution is insufficient. As explored in 
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previous chapters, HESS can help to reduce the burden upon the battery while possessing 

new characteristics that can further improve the performance over a single battery array. 

However, keen management and control are required to extend and preserve battery 

lifespans [190],[207]. In EV onboard applications, where size and weight are at a premium, 

a combination of a lithium ion battery bank with a supercapacitor (SC) bank presents one 

of the most practical choices.  

In Reference [43], the challenges faced in integrating a HESS composed of a lithium 

ion battery and SC were discussed, where ineffective control resulted in extensive system 

losses. A rule-based algorithm was introduced to manage the power split between the 

battery and SC during a drive cycle, but the long-term impacts of battery cycling were not 

taken into consideration. Reference [208] looked at replacing the NiMH battery with a SC 

in a lead acid and NiMH battery HESS for an HEV. In this scenario, the vehicle would be 

capable of shutting off the combustion engine when it is stopped, and charge the SC using 

regenerative braking. However, the SoH consequences in cycling the battery were not 

investigated. In this chapter, a new management scheme for an EV lithium ion battery and 

SC HESS is developed and tested experimentally. Using the Department of Energy (DOE) 

PHEV Hybrid Pulsed Power Characterization (HPPC) test profile, standardized discharge 

drive and regenerative braking pulse tests are periodically applied to the HESS to evaluate 

its performance [209]. Using the HPPC profile, a legacy lithium ion battery and SC HESS 

is assessed for its energy harvesting efficiency and the cycling impacts on the battery.  

 Mathematical Models 

In order to demonstrate differences in lithium ion battery and SC behavior and 

performance, an extensive analysis is first made into the lifetime performance of the 
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common lithium ion cell. This analysis reveals how cycling contributes to the development 

of a solid electrolyte interface (SEI) layer, leading to capacity loss. Next, equivalent circuit 

models and cycling curves are depicted for both a common 4-cell lithium ion battery and 

58 F SC module.  

 

Table 11-1. Cycle Life until 30% Capacity Loss (70% SoH) as a Function of Depth of 
Discharge. 

Energy Storage Type Depth of Discharge Discharge Cycles 
Supercapacitor 100 % 500,000 – 1,000,000 

Lithium Ion Battery 100 % 300 - 500 
Lithium Ion Battery 50 % 1,200- 1,500 
Lithium Ion Battery 25 % 2,000 – 2,500 
Lithium Ion Battery 10 % 3,750 – 4,700 

 

 

11.2.1 Lithium Ion Battery Cycle Life Analysis 

Lithium ion batteries have become commonplace for usage in PHEVs and BEVs as a 

result of severe SoH risks in the utilization of lead acid batteries under deep depth of 

discharge (DoD). As mentioned previously, the SoH of the lithium ion battery is dependent 

upon the operational current and the DoD. High operational currents generate excessive 

heat, which result in micofracturing of active materials inside the battery cell. Through 

active thermal control, these impacts can be reduced. However, its dependence on the DoD 

is fixed. Table 11-1 depicts the lithium ion battery cycle life as a function of the DoD, as 

compared to the SC [26],[28],[210]. In general practice, estimations define the battery 

cycling life as the point where the usable battery capacity drops by 30% from its nameplate 

(70% remaining capacity) [210]. For the purpose of this study, a cycle is defined as anytime 

a battery has three sequential changes in the direction of current (i.e. oxidation, reduction, 
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and oxidation). In an EV application, 100% DoD and 10% DoD are not practical, thus the 

battery lifetime is expected to be between 1,500 and 2,500 cycles. 

Unfortunately, a precise figure of battery cycle life is not practical, as it would require 

a comprehensive history consisting of many variables. These variables not only include 

operational characteristics, but intricate manufacturing differences in the battery cell and 

quality of its materials. As previously mentioned, battery SoH has not yet been assigned a 

formal definition. In this dissertation, it has been viewed as a percentage of the remaining 

usable capacity versus the nameplate, thus a battery cycle life is designated to end when 

the SoH drops below 70%.  

A deeper investigation has been completed through an addition to the physics-based 

model (PBM) developed previously, which places a primary cause of capacity loss upon 

the development of electrochemical side reactions. As the battery is placed under numerous 

heavy charging and discharging cycles, an SEI layer develops, increasing the resistivity in 

lithium ion flow to and from the negative electrode [211],[212]. From a power engineering 

perspective, this can be viewed upon as an additional component within the 

electrochemical pseudo-2D (P2D) model acting solely as a parasitic layer. This layer, 

composed of degraded materials, grows slowly with every charging and discharging cycle. 

The current the SEI layer consumes results in an increased voltage drop during each cycle 

when the same load is applied.  

 
Figure 11.1. Modified Lithium Ion Battery Psuedo-2D Model Including Solid Electrolyte 

Interface. 
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To demonstrate the effect of the SEI layer growth and resulting capacity loss 

experienced cycle-to-cycle, a modification has been made to the previous P2D battery cell 

cross-sectional model from Chapter 5, as shown in Figure 11.1. From a modeling 

perspective, growth of the SEI layer can be viewed as an additional electrochemical 

reaction, simultaneously occurring with the intercalation of lithium ions to inhibit 

operation. An additional parasitic lithium solvent reaction models the solvent S and product 

P formed during the reaction, demonstrated by the following chemical balance: 

S 2 2 → P 																					 (11-1)

Through accounting for the side reaction in Equation (11-1), the PBM can now include 

performance impacts caused by the expansion of graphite particles due to lithium 

intercalation. This process inherently exposes the graphite surface to the electrolyte, which 

hereby results in an increase in resistance across the SEI layer. The kinetics of the parasitic 

reaction are described by: 

,
,

																					 (11-2)

where  is the lithium ion concentration in the electrolyte, ,  is the reference 

concentration, R is the universal gas constant (8.314 J/mol·K), F is Faradays constant 

(96,485 Coulombs/mol), T is the absolute temperature, and η is the activation overpotential. 

Growth of the SEI layer thickness  next to the negative graphite electrode is modeled 

by: 

,

2
																					 (11-3)

where  is the molar weight (0.1 kg/mol) and  (2100 kg/m³) is the density of P formed 

by the reaction. The resistance of the SEI layer forming on the negative electrode is then 
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calculated by the traditional form: 

																					 (11-4)

where  is the conductivity of the SEI layer, obtained experimentally from Reference  [211] 

to be 0.379 μS/m. 

  

 
Figure 11.2. Voltage (top) and Current (bottom) Profiles for the Lithium Ion Battery 

Degradation Model in the First and Last Cycle. 
 

The enhanced PBM is then exposed to 302 battery cycles down to 100% DoD per cycle 

before reaching 70% SoH. Each cycle consists of a 1-hour Coulombic (1C) rate charge and 

discharge. The charging profile includes both constant current (CC) and constant voltage 

(CV) stages, starting at an initial current of 1C with a CV transition at 4.2 V until reaching 

a full charge current (0.1 A/m²). Each charge and discharge stage is followed by a 

relaxation period at open circuit voltage (OCV) until each total cycle equals 3 h. 
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Figure 11.3. Cycle Comparison of Voltage Drop across the SEI Layer after 100 s into 1C 

Discharge Cycle. 

 
Figure 11.4. Discharge Voltage Profile Comparison and Capacity Retention. 
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Figure 11.2 compares the battery cycle profile during the 1st and 302nd (last) cycle. One 

can notice a significant reduction in the discharge period in the 302nd cycle, as the energy 

output has now been reduced by 30%. This reduction is a result of an increased voltage 

drop across the SEI layer under load. This is better demonstrated in Figure 11.3, where the 

overpotential across the SEI layer is depicted at each position across the cell 100 s into the 

1C discharge cycle. A closer look at the terminal voltage profile during dischages for every 

50 cycles until reaching the 302nd cycle is shown in Figure 11.4, revealing how the SEI 

growth results in a reduction of both the runtime and usable energy.  

 
Figure 11.5. Open Circuit Voltage versus State of Charge for a 4-cell Lithium Ion Battery 

and 58 F (16.2 V) Supercapacitor. 
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features changes in the seconds-range, thus a 1st-Order Randles equivalent circuit model is 

sufficient. However, unlike the SPS, in this case the equivalent circuit is broken into two 

parts to differentiate the dynamics of the battery in both charging and discharging modes. 

Figure 11.6 depicts an enhanced equivalent circuit for the lithium ion battery, where 

resistance parameters change based on charging  or discharging , respectively. Ideal 

diodes are present to enforce that charging and discharging cannot occur simultaneously. 

 and  represent a varying ohmic resistance parameter during charging and 

discharging,  represents the polarization capacitance, and  and  represent a 

varying polarization resistance also observed during charging and discharging. The transfer 

function depicting the equivalent impedance is: 

Z
R

R
R C s 1

charging			

R
R

R C s 1
							discharging

																 (11-5)

 

Figure 11.6. Lithium Ion Battery Equivalent Circuit Model Utilized for the Electric 
Vehicle. 

 
11.2.3 Supercapacitor Electric Vehicle Model 

In the previous chapter, the SC was introduced as a revolutionary improvement to the 

common capacitor as a result of its highly amplified surface area [28]. The SC has a 

significant advantage over a traditional electrochemical battery in terms of its power 
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density, which is generally 100 times greater, but its energy density is reduced by nearly 

the same factor, making it infeasible for a direct replacement. Although the SC is an 

electrochemical ES device, no reaction takes place. This results in a lifespan magnitudes 

longer than a battery with little to no dependence upon its DoD [26],[28]. In the case of the 

SC, the same 2nd-Order model utilized in the SPS is sufficient. Depicted in Figure 11.7, a 

2nd-Order model is suitable for the seconds-range load and charging timescale. As with the 

SPS, resistor-capacitor (RC) components are divided, modeling dynamics that stem from 

inside and outside of the core SC material [141]. The resistance and capacitance outside 

the electrode pore are denoted by R  and C , while R  and C  represent the 

resistance and capacitance inside the pore, respectively. The transfer function depicting the 

SC equivalent impedance is thus: 

R
R C s 1

C C R s C C s
													 (11-6)

Figure 11.5 revealed a direct correlation between the SoC of the SC and the voltage. A 

comparison between the OCV of a 58 F (16.2V) SC V  exposes a significantly reduced 

operating voltage range compared to that of the 4-cell lithium ion battery 4V . In this 

case, the minimum operating SoC value of the SC is around 67%, corresponding to 0% 

SoC on the lithium ion battery [195]. This further constrains the usable capacity to under 

only one-third of its theoretical value. 

 
Figure 11.7. Supercapacitor Equivalent Circuit Model Utilized for the Electric Vehicle. 
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11.2.4 Hybrid Lithium Ion – Supercapacitor System 

The hybrid lithium ion and SC system utilized in this management scheme will operate 

under multiple states. Table 11-1 compared the cycling life of both lithium ion batteries 

and the SC, where the SC outweighed the lifespan of the lithium ion battery by more than 

100 times. In terms of dynamics, the SC also has a much higher power density and can 

respond much quicker than that of a lithium ion battery. These traits reveal that a SC is a 

good fit to reduce the burden of placing additional cycles on a battery when the energy 

requirement is not as high. This would leave the lithium ion battery to source the base 

power. Under the HPPC test, three states are used: two dispatch either the lithium ion 

battery or the SC to the charge (regenerative braking) or the discharge (drive) pulses, and 

the final state features both the lithium ion battery and SC simultaneously connected.  

In the third state, although the battery is still exposed to both regenerative braking and 

discharge pulses, placing a SC in parallel reduces and smoothens the current applied to the 

battery. Thus, cycling impacts on the battery are reduced. It is important to mention, 

however, that in terms of response time, a parallel-configured HESS is governed by the 

slowest source [161]. Since this state features the lithium ion battery and a SC 

simultaneously connected, a higher-order mathematical model is introduced, as shown in 

Equation (11-7). 

R
R

R C s 1
Z s charging											

R
R

R C s 1
Z s discharging								

(11-7)
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 Hybrid Pulse Power Characterization Test 

A standardized HPPC test procedure is used to demonstrate the advantages of replacing 

a traditional lithium ion array with a controlled lithium ion and SC HESS. Although HEVs 

have been available since the turn of the century, standardization of the battery array was 

relatively minimal. However, as the PHEV and BEV emerged, a need arose for establishing 

a standard to quantify and assess ES performance. In December 2010, the DOE Vehicle 

Technologies Program released an official “Battery Test Manual” based on technical 

targets to support the performance and life characterization of developed ES arrays [209].  

The HPPC test, depicted in Figure 11.8, conducts 1-minute cycles using a normalized 

current, beginning with a 10-second discharge (drive) at full test current, followed by a 40-

second rest, and a 10-second charge (regenerative breaking) pulse set to 75% of the HPPC 

test current. The normalized HPPC current can be scaled based on a battery size factor 

(BSF) provided by the manufacturer. However, if a BSF is not provided, as in the case of 

this test, a 1C current can be used as the HPPC reference current. For this test, 6.4 Ah 

lithium ion polymer batteries were used, thus the HPPC current is 6.4 A [164]. Hence, the 

discharge and charge pulses are set at -6.4 A and +4.8 A, respectively.  

 

 
Figure 11.8. Hybrid Pulse Power Characterization Test Profile. 
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 Proposed Hybrid Energy Storage Management Scheme 

The main objective of the proposed management scheme is to reduce the cycling and 

stresses on the lithium ion battery, thus increasing its lifetime. Another objective is to 

reduce the wasted energy that cannot be absorbed by the battery when it is at a high SoC 

due to electrochemical limitations. In order to manage the lithium ion battery and SC 

HESS, invoke the proper control sequence, and simulate the HPPC profile, Energy Storage 

Management Controllers (ESMC) were utilized.  Shown in Figure 11.9, modifications were 

required in order to support a parallel-configured HESS array. The management scheme is 

broken into three different control states. However, since each ES type has a different 

discharge profile (Figure 11.5), switching between states is more complex. The states of 

the ESMC switches for each operation mode are shown in Table 11-2. The three states of 

proposed scheme are outlined as follows. 

 
Figure 11.9. Schematic Diagram for Energy Storage Modular Controllers Connected in 

Parallel for Electric Vehicle Testing. 
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Table 11-2. Switching States for Energy Storage Management Controllers in Each 
Operating Mode. 

State Mode Open switches Close switches 

1 
Discharge 

SB3, SB4, SC1, SC2 SB1, SB2, SC3, SC4 Ideal 
Charge 

2 
Discharge SB3, SB4, SC3, SC4 SB1, SB2, SC1, SC2

Ideal SB3, SB4, SC3, SC4 SB1, SB2, SC1, SC2 
Charge SB1, SB2, SC1, SC2 SB3, SB4, SC3, SC4 

 
3 

 
Discharge 

 
SB1, SB2, SC3, SC4 

 
SB3, SB4, SC1, SC2 

 

11.4.1 State 1  

In State 1, it is assumed that the lithium ion battery is fully charged and the SC is fully 

discharged. This scenario is similar to a typical case, where someone is driving to work in 

the morning and the battery is charged overnight. Since the SC has a high self-discharge 

rate, there is little justification to charging it in full or trickle charging it overnight. In this 

state, the discharge pulse is handled by the battery, while the charging pulse (regenerative 

braking) is handled by the SC. This only exposes the battery to a single cycle until the SC 

is fully charged, moving the system into State 2. 

11.4.2 State 2  

In State 2, the SC has reached a full charge. In order to continue harvesting energy from 

the regenerative breaking charge pulse, the SC and lithium ion battery are connected in 

parallel to absorb the discharging and charging pulses. In this stage, the SC helps to reduce 

battery current as it trickle charges near a full charge. However, in order to utilize the 

charging energy, the battery must be exposed to some cycling. State 2 continues until the 

lithium ion battery SoC drops below 50%, where a progression into State 3 takes place. 
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11.4.3 State 3 

By the time the system progresses into State 3, the lithium ion battery has discharged 

considerably, but the SC SoC is still near 100% as a result of trickle charging in State 2. In 

this scheme, the charging pulse is now applied only to the battery and the discharge pulse 

is handled only by the SC. However, this state is limited in duration as a result of the 

reduced energy density and SoC-to-voltage relationship. Shown previously in Figure 11.5, 

the SC can only operate until its SoC has reached ~60% SoC. Following this point, the 

output voltage through the boost converter would drop below a usable range. Once the SC 

reaches this point, the system returns to State 1 and progresses through each state again 

until the lithium ion battery bank has achieved the full discharge cut-off voltage. 

 Experimental Results 

In order to investigate the feasibility of the proposed management scheme, a hardware 

setup has been established, as depicted in Figure 11.9. Two ESMCs are connected in 

parallel, where the first ESMC is connected to four 3.7 V, 6.4 Ah series-connected lithium 

ion cells to form the battery module. The second ESMC is connected to an SC array 

comprised from three BMOD0058-E016-B02, 16.2 V modules connected in parallel [195]. 

The same unidirectional DC-DC boost converter utilized previously in the SPS study is 

now used to interface the HESS to a DC bus, where the electric motor is modeled using a 

resistive load tuned to draw a CC during the drive pulses. The system is controlled in real-

time using a slightly modified version of the LabVIEW platform introduced in the previous 

chapter, where the switching has been modified to match the states summarized in Table 

11-2. However, since the scheme is simple, it could be easily embedded on the 

commercialized version of the ESMC.  
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Figure 11.10. Individual Energy Storage Voltage Experimental Results. 

 

Figure 11.11. Individual Energy Storage State of Charges Experimental Results. 
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Figure 11.12. Individual Energy Storage Currents under Electric Vehicle Management 

Scheme. 
 

 
Figure 11.13. Individual Energy Storage Power under Electric Vehicle Management 

Scheme. 
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The DOE standard HPPC profile operated for 225 min (~3.75 h), passing through one 

complete management scheme cycle. In State 1, one can see the SC was charging from 

regenerative braking as its voltage and SoC increases. On the other hand, the battery 

voltage and SoC decreases at a high rate, since it is solely handling the load. Battery 

charging and SC discharging are indicated by positive and negative current injections, 

respectively. As opposed to the legacy design, the SC is now efficiently absorbing the 

regenerative braking energy, thus little energy is wasted. This consequently increases the 

overall efficiency of the EV drive system. Since during this state, the lithium ion battery 

bank was at a high SoC, it would be unable to enter a CC charging mode, which would 

prevent part of the regenerative breaking current from being absorbed. The overall current 

and power profiles from the lithium ion battery bank and SC are shown in Figure 11.12 

and Figure 11.13, respectively. One can observe the SC absorbing approximately a 4.8 A 

charge, while the battery discharge is close to 6.4 A. Since the SC starts fully discharged 

at 0 V, the power injection increases linearly with every HPPC charge pulse until it reaches 

near a full charge. The SC is limited to a maximum of approximately 97% SoC in order to 

more closely match the battery voltage prior to progressing into State 2. 

At the point where both voltages match, the system switches to State 2, where both ES 

devices are subjected to both charging and discharging pulses. By looking at State 2 in 

Figure 11.14 and analyzing the charging current injection for both elements, it can be seen 

that the SC injects more current than the battery at the beginning of the pulse. This is a 

result of the faster response time of the SC versus the battery. In this state, the SC is 

operating as an electric shock absorber, reducing the stresses on the battery. As expected, 

this reduced loading results in a slower voltage and lighter SoC reduction rate in the battery.  
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 Figure 11.14. Four Minute Close-up of all States: Voltage (top) and Current (bottom), 

(b) State 2: Voltage (top) and Current (bottom). 
 

Since the SoC of the SC only falls to around 80% prior to the end of State 2, its voltage 

is still relatively high, thus the SC handles the highest power variance, as shown in Figure 

11.13. However, since the two waveforms overlap, the average power from the lithium ion 

battery and SC are close. State 3 is then initiated after 200 min, as the battery SoC reached 

its 50% threshold, as depicted in Figure 11.11.  

In State 3, the battery is now assigned to charge by regenerative breaking, while the SC 

supplies the motoring power. As can be seen, the current injections from State 1 are 

reversed as the SC current is negative, while the battery current is positive. Figure 11.10 

demonstrated the drastic difference in the SC energy density with a zoom, as each motoring 

pulse results in a significant reduction in the SC voltage. This is more clearly shown in 

State 3 in Figure 11.14, where following each motoring pulse, the SC OCV drops by 
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approximately 0.4 V/pulse. Longer periods could be achieved by increasing the capacity 

of the SC, given a weight versus energy trade-off is conducted for the EV. 

Despite all the switching activities, it can be seen from Figure 11.15 that the DC bus 

voltage remained stable around the operating point (assumed to be 48 V in this test). As 

expected, the most challenging state was State 3, where a drop of the SC SoC to its 

minimum operating value of 60% resulted in a voltage sag on the HESS terminal voltage. 

However, this sag is compensated through the DC-DC converter. A zoom is provided in 

Figure 11.15 depicting the rapidly degrading ES array voltage input into the DC-DC 

converter, while the output remains relatively stable. After the SC SoC drops to 60%, the 

system is switched back to State 1 for around 10 min to demonstrate how this management 

scheme can be set up in a repeated sequence, until both ES devices are discharged to their 

minimum SoC values.  

 
Figure 11.15. DC Bus and Energy Storage Array Voltages under Electric Vehicle 

Management Scheme. 
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 Summary 

In this chapter, another example of HESS deployment is purposed for EV applications. 

This lithium ion battery and SC HESS has demonstrated how connecting different ES 

technologies in parallel with the proper control can be a feasible solution to improve the 

performance of an electrical propulsion system. Using an adequately designed HESS, the 

energy and power density, as well as the response of the system, can be improved, but must 

have adequate control. Furthermore, the combination of long duration discharge drive 

currents and short, high-powered charging currents from regenerative breaking places 

batteries under enormous stress, resulting in shorter lifetimes. An adequate management 

system utilizing ESMC devices can exploit the advantages of a HESS by understanding 

the mechanics of a lithium ion battery and SC HESS.  

Following modifications to the ESMC control platform, a multi-state control and 

management scheme was designed to reduce cycling upon the lithium ion battery, while 

improving the efficiency of current injection from regenerative breaking pulses. The 

feasibility of the developed scheme was experimentally investigated using the DOE HPPC 

standard testing profile, where the charging and discharging of the EV HESS was handled 

dynamically by ESMC devices. It is anticipated that a scheme of this nature would increase 

the lifetime of the battery and the available “in road” service period for future EVs. In the 

following chapter, the HESS topic will continue to expand, focusing upon another unique 

HESS combination of a lead acid battery and flywheel ES. However, in this case, the HESS 

will not only be evaluated for its performance in power and energy delivery, but also how 

the lead acid battery array can serve to significantly improve the power quality of flywheel 

ES. 
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 Introduction 

Flywheel energy storage systems (FESS) have attracted new research attention in a 

number of different applications, one of which is in future naval platforms where the 

presence of heavy pulsed loads present a significant challenge [34]. Although the concept 

of the flywheel can be dated back to the early 20th century, their assembly and particularly 

the applications to which they are used have changed dramatically. The flywheel has 

recently been deployed for a number of grid applications, space applications for NASA, 

and is the main component for regenerative breaking recovery in the Kinetic Energy 

Recovery System (KERS) deployed in the current Formula One racecar [213]. 

 
Figure 12.1. Formula One Kinetic Energy Recovery System Flywheel Energy Storage 

Device [213]. 

 

The FESS operates by mechanically storing kinetic energy in a rotating mass. 

Flywheels can be designed for low or high-speed operations, though low-speed 

applications have advantages of a lower cost, as they are able to be integrated using proven 

technologies [37]. Although low-speed flywheels have seen a wide range of usage, high 

speed operations have gained recent attention due to developments in relevant technology. 

Magnetic levitation, the introduction of composite materials, low-loss machinery, and 
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power electronic switches have driven this progression. Through the replacement with new 

types of magnetic or superconducting materials, theoretical energy storage (ES) capacities 

can be increased as well [214],[215]. In Reference [40], a new model for a flywheel was 

proposed, where a superconducting magnetic bearing, together with a permanent magnet, 

was introduced. The system was able to increase the rotational speed of the flywheel and 

suppress vibrational aspects of the rotor, while also reducing the cost of cooling the motor. 

While the materials to construct a flywheel are being improved, so have their power 

electronic and control integration algorithms in an aim to provide solutions to the 

intermittency associated with most renewable energy sources. In Reference [39], a FESS 

is connected to a wind farm through a solid state transformer to store excess wind power 

when generation levels are high, and provide a restoration measure during the time when 

the wind is at a deficit. Similar solutions have been proposed for usage in solar power 

applications [216]. 

Initial studies identified the flywheel to be a tool in improving land-grid power quality. 

This has since been extended to include its application on shipboard power systems (SPS) 

as well. Reference [38] focuses on voltage and power stability improvements by identifying 

a reduction in peak-to-peak transients, however the introduction of harmonics, or ripple 

frequencies as a result of operation, was not considered. Previously, in Reference [39], a 

Distribution Static Synchronous Compensator (DSSC) was coupled with a flywheel to 

provide active and reactive power assistance, as well as power factor correction and voltage 

control. Although the harmonics were addressed as a consequence of the control, the final 

system did not provide a full harmonic analysis. 
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A majority of the networks identified are hybrid power systems, containing both an AC 

and a DC connection. In addressing harmonics, the same fundamental frequency from the 

AC connection can be applied to that of the analysis when referring to DC harmonic 

components. However, this technique becomes ineffective when the system does not 

contain an AC connection. The emerging electric vehicle (EV), in many cases, presents a 

purely DC bus [36],[217]. The interconnection of FESS and inducing of ripple voltages 

and currents present a much different problem in these scenarios. In Reference [36], an 

active power filter (APF) was designed to combat some of these issues. However, the 

frequency spectra was only viewed in terms of reduction in the overall Total Harmonic 

Distortion (THD) as opposed to identifying specific common frequency multiples that 

should be targeted when applying filtering methods. The onboard battery typically 

identifies a simple solution to this issue without the need for a separate APF. However, the 

required energy from the battery versus that of the flywheel must be quantified in order to 

adequately solve this problem, while preventing a significant increase in the system cost. 

In this chapter, FESS will be reviewed for their strengths and weaknesses, as well as 

the advantages in the inclusion of a lead acid battery in parallel to design a hybrid ES 

system (HESS). A great deal of the problems present in the FESS are in terms of power 

quality, a problem that can be improved by the inclusion of a battery. Since the HESS 

operates primarily on a DC-only system, the detection and classification of power quality 

issues requires a new metric to specifically evaluate the ripple voltage frequencies 

contributing to a reduction in the power quality. As this metric is identified, the power 

quality issues associated with the HESS are evaluated. 
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Figure 12.2. Significant Factors Inducing Ripple Frequencies in the DC Machine. 

 

 Flywheel Energy Storage Systems 

The common FESS consists of a high inertia rotating mass and an electric machine, 

which can operate simultaneously as a motor during charge and generator during discharge. 

One of the disadvantages of the flywheel is its high self-discharging rate. Thus, the rotating 

parts are enclosed in a vacuum system to reduce friction losses. In the flywheel 

electromechanical system, the rotor is accelerated to high speed in order to store kinetic 

energy, a process which resembles charging. The amount of the stored energy E can then 

be defined based on the common physics equation: 

1
2

																						 (12-1)

where the moment of inertia J and square of the speed  designates the energy density. 

As the speed of the flywheel is adjusted, the shaft power is adjusted proportionally. The 

shaft power P is then: 

																						 (12-2)

It can be concluded from Equations (12-1) and (12-2) that the ES capacity is a function 

of the operation of the flywheel over a wide range of speeds. One can also recognize that 

a steady-state operating point is not typical under normal operation. In this study, the ripple 
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frequency levels in a hybrid flywheel and battery parallel combination are investigated. 

The ripple levels are determined at different levels of contribution from each ES device. 

 Investigating Power Quality Issues 

Power quality metrics for the flywheel have begun to surface on the DC system, 

designating voltage ripple limitations to be no more than 2% of the DC value [218]. Three 

significant factors are involved in the production of induced ripple frequencies on the DC 

machine: non-homogenous flux distribution across the air gap, evenly-spaced commutator 

segments, and uniform slots on the stator [219]. Non-homogenous fields in the air gap are 

of typically low order. Conversely, slot ripple frequencies are typically of high order and 

can be obtained from the number of S slots and P poles.  

Table 12-1. Hampden DYN-300X Motor Specifications. 

 

Nominal Voltage 125 V 
Nominal Power 3 hp (2.24 kW)

Slots 36
Commutators 72

Poles 4
Armature Current 19 A

Rated Speed 1400  RPM (23.33 Hz)

 

12.3.1 Machine Speed Multiple 

In most HESS, a fundamental frequency is designated to conduct harmonic analysis, 

but in a DC-only system these components can appear ambiguous. Furthermore, the 

flywheel must operate at different speeds to share a load with the battery bank. To establish 

a metric to place meaning on specific ripple frequencies, a machine speed multiple (MSM) 

value has been defined, where the fundamental is equal to the mechanical rotation speed 

of the flywheel . Using the MSM, a correlation is made between the spectral responses 
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of the machine at each speed multiple. The MSM is calculated by these three factors based 

on the number of poles P, slots S, and commutator segments C inside the machine. The 

MSM general formula is: 

2 1
1

2
1

for 0,1,2…																			 (12-3)

where k an integer. Target flywheel ripple frequencies  can then be determined by: 

																						 (12-4)

In this experiment, a Hampden DYN-300X DC machine is taking the place of the flywheel. 

Its specifications are outlined in Table 12-1. 

 

 

Figure 12.3. Flywheel - Lead Acid Battery Hybrid Energy Storage System. 
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12.3.2 Mathematical Modeling of the Hybrid Energy Storage System 

The flywheel HESS will be tested under four different levels of current contribution. 

Traditionally, the use of the flywheel under normal operating conditions would be expected 

to initially expend a great deal of energy, followed by a relatively short discharge period. 

This is investigated in the following experimental study, where a series-connected lead 

acid battery bank consisting of 10-12 V lead acid batteries with a 110 Amp-hour (Ah) 

capacity are connected in parallel to the flywheel [73]. The system under study is as shown 

in Figure 12.3, where the battery and flywheel are combined to form a HESS. A buck-boost 

DC-DC converter is placed between the flywheel and the DC bus to increase the output 

voltage from the flywheel during discharge, and reduce the DC bus voltage to the flywheel 

during charging. 

12.3.3 Power Quality Issues with Flywheel DC-DC Converter Interfacing 

The value of the DC-DC converter inductor is chosen based on the desired ripple 

current. It is usually recommended to operate the system at a ripple current equal to less 

than 20% of the average inductor current [163]. A higher input  or output 	voltage 

also increases the ripple current, as depicted in Equation (12-5), where  and  are the 

input and output voltages of the flywheel driving converter, respectively,  is the switching 

frequency (Hz), and L is the coil inductance.  

∆I
1

1 																						 (12-5)

Smaller inductance values will result in a higher output current slew rate and improve 

the load transient response of the converter, but would also result in a higher output voltage 

ripple. Conversely, larger inductance values reduce the ripple current, as well as core 



 

289 

 

magnetic hysteresis losses, but will increase the size and weight of the converter. 

Moreover, it significantly limits the amount of transferred power. 

12.3.4 Battery Model and Characteristics for Power Quality Improvement 

As an alternative solution, capacitors are standard for storage and smoothening of the 

DC output in power converters. A comprehensive electrical lead acid battery model similar 

to that which was introduced previously in Chapter 9 is shown in Figure 12.4 [220]. Since 

the application in this case is not specified, the models have been optimized to serve both 

EV and SPS applications, thus the same model from Chapter 9 was utilized. This model 

partitions the battery into two parts: an energy and lifetime model, as well as an equivalent 

circuit model that models the voltage-current characteristics.  

 

Figure 12.4. Lead Acid Battery Energy and Lifetime and Randles Circuit Models Utilized 
for Flywheel Integrated Hybrid Energy Storage Systems.  

 

The energy and lifetime model from Reference [220] reveals that the energy stored 

inside the lead acid battery (denoted by the “Pb” subscript) can be represented as a large 

capacitance C  in parallel with a large self-discharge resistor R . Once again, in this 

application, the self-discharge resistor has been neglected since all tests are of short 

duration, as the battery will not be tested under an open circuit condition. A virtual 
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capacitance C  can therefore be calculated directly through using the battery capacity 

E  (in Ah): 

C 3600V E 																							 (12-6)

where  represents the full charge voltage of the battery module. The lead acid battery 

array utilized in this system is the same 10 – 12V 110 Ah stack that was utilized initially 

in Chapter 3. In this case, all 10 batteries are connected in series, thus the expected full 

charge open circuit voltage (OCV) is 128 V, yielding an extremely large capacitance. 

The equivalent circuit model portion is represented by the familiar 1st-Order Randles 

circuit model describing the behavior of the lead acid battery under load, where once again 

R  represents the electrolytic resistance and R  and C  represent the polarization 

resistance and capacitance governing its impulse response. Although C ≫ C , both 

play a role in smoothening the ripple current and voltage. This capacitance behaves as an 

additional filter in parallel with the flywheel converter.  

 Experimental Test Setup 

To conduct the experimental testing, a National Instruments NI-9206 with 32 analog 

input channels in conjunction with the LabVIEW Development Platform was used [64]. 

An initial power quality test was conducted using a Fluke 435 Power Analyzer, as shown 

in Figure 12.5. Energy Storage Management System Controllers (ESMC) were utilized to 

interface the lead acid battery bank with the flywheel. However, in this case, no DC-DC 

converter was needed. Thus, both the battery (ESMC 1) and flywheel (ESMC 4) were 

connected directly to a 120 V DC bus. An alternative control interface was designed, as 

dynamic switching was not required. This saved unnecessary computational overhead in 
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order to construct a real-time Fast Fourier Transform (FFT) of the voltage and current 

signals, as shown in Figure 12.6.  

 
Figure 12.5. Initial Testing and Power Quality Analysis of the Flywheel. 

 

 
Figure 12.6. Custom LabVIEW Flywheel and Battery Data Acquisition Interface. 

 

As shown previously in Figure 12.3, both the flywheel and lead acid battery are 

supplying a resistive load tuned to draw approximately 3 A at 120 V. The ripple levels are 

then determined at 5%, 25%, and 50% current contribution from the battery. The remaining 

load current is supplied by the flywheel. During this test, the inertia coupled to the machine 

was large enough to supply the load over the entire test period (which is short), thus the 

flywheel does not require charging during the test.  
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Voltage and current were measured through the use of two LEM Hall Effect sensors 

[62],[63]. In order to ensure high precision, a noise bias test was conducted first. To ensure 

the highest fidelity in frequency measurements, the NI-9206 frequency and sampling rate 

are set to their maximum at 10 kHz and 10 kS/s, respectively. Under the Nyquist criterion, 

the configuration provides an accurate Discrete Fourier Transform (DFT) of the signal to 

5 kHz and 5 kS/s [222]. Assuming f(v) to be the continuous voltage signal under 5000 

samples, the DFT or F[n] is: 

V where 0 1																 (12-7)

where v[k] is the discrete voltage sequence,  is the sample window of 5,000 samples, and 

n is the sampling frequency.  

 Experimental Testing 

The HESS is then tested under four different levels of contribution. Traditionally, the 

use of the flywheel in an EV or SPS application with a pulsed load would be expected to 

initially expend a great deal of energy, followed by a relatively short discharge period. This 

is comprehensively investigated in the following experimental study, where a series-

connected lead acid battery bank of 10 batteries at 120 V are connected in parallel with a 

flywheel. The hardware investigation of this study is one of its most important 

contributions, since most of the machine models in commercially available software (such 

as MATLAB) neglect the effect of the internal construction of the machine. The DC output 

of a machine is represented as a clean, pure DC source, which is impractical. The following 

demonstrates battery support at 5%, 25%, and 50% of the total energy delivered to the load.  
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Figure 12.7. Voltage and Current of Flywheel Energy Storage Only. 

12.5.1 Flywheel System Only 

An initial test is conducted where the DC motor is connected directly to the load. The 

bus voltage is regulated near the terminal voltage of the battery bank, or approximately 116 

V. The machine speed in this case was 773 RPM (12.88 Hz). Shown in Figure 12.7, both 

the voltage and current waveforms reveal a high level of noise, however, a closer inspection 

reveals detectable periodic contents. A close-up of the voltage and current in Figure 12.7 

reveals a quasi-periodic square wave. This is a major feature, as it a direct relationship to 

the number of commutator segments in the machine. Figure 12.8 depicts the DFT of both 

the voltage and current waveforms shown under a dB-scale. A close correlation is 

identified between the two waveforms, which is to be expected under a linear load. The 

major difference is a shift in their biases. The current ripple frequencies are 30 dB lower 

than that of the voltage, which places them below the 2%, or -17 dB noise threshold. For 

this reason, as the HESS system is connected, only the voltage frequency spectra will be 

analyzed. A frequency spectra of the voltage in linear scale is shown in Figure 12.8, where 

17 ripple frequencies exceed the 2% threshold.  
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To profile ripple frequencies, the MSM is used and is shown in a linear scale in Figure 

12.9. Table 12-2 provides a summary of all results for each case, where each frequency is 

identified with respect to a classification “ID”. The ID column classifies the MSM into one 

of three categories discussed in Section 11.2, which are a result of DC machine power 

quality factors. IDs are correlated to their MSM and related to: a slot ripple frequency (S), 

non-homogenous flux across the air gap (A), or a result of the commutator (C).  

The highest ripple frequency is present at the commutator multiple, or 72, producing 

240% of the DC component. This is shown on the top plot in Figure 12.9, where the 

remaining ripple frequency magnitudes are significantly lower than that of the commutator. 

This scale is reduced below in Figure 12.9 to highlight the remaining components. In Table 

12-2, each MSM investigated is shown in terms of each flywheel-battery combination. As 

the flywheel speed varies, the frequency shifts in a linear fashion across the chart, 

confirming the geometric correlation associated with each of the causal IDs. 

 
Figure 12.8. Discrete Fourier Transform of the Voltage and Current of the Flywheel 

Energy Storage. 
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Figure 12.9. Voltage Ripple Distortion versus Percentage of the DC Component. 

 

12.5.2 5% Battery / 95% Flywheel Current Contribution 

The first test quantifies ripple frequency reductions under a minimum battery injection 

current. In this case, the flywheel is sourcing 95% of the load (2.65 A), while the battery 

bank contributes a mere 5% (139 mA). The machine speed is held close to that of the 

flywheel-only case at 772 RPM (12.86 Hz). This already reveals a huge impact in reducing 

the magnitude of the ripple frequencies under a similar speed. Figure 12.10 depicts the 

original spectra to 5 kHz in black, and the new HESS spectra in red.  Figure 12.11 depicts 

the ripple voltage frequencies on the linear MSM scale, where the 2% threshold is 

identified. One can observe a 10 dB decrease in the overall ripple frequency noise bias. In 

Table 12-2, a column depicted the associated MSM frequencies, as well as the new voltage 

percentages at each multiple with respect to the fundamental value. A drastic reduction is 

observed in the commutator MSM, where its percentage is reduced from 87% to 7%. Figure 

12.12 highlights the ripple voltage percentage versus the DC component, as compared to 

the 2% threshold. A close-up depicts all frequencies that have fallen below this reference.
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Table 12-2. Power Quality Analysis of the Voltage at the Load. 

MSM ID 

Flywheel 
Only 

773 RPM (12.88Hz) 

95% Flywheel 
5% Battery 

772 RPM (12.86 Hz) 

75% Flywheel 
25% Battery 

751 RPM (12.52 Hz) 

50% Flywheel 
50% Battery 

729 RPM (12.15 Hz) 
f %  f %  Δ%  f %  Δ%  f %  Δ%  

8 A 103 87.9910 103 7.1228 -80.868 100 1.0808 -86.910 97 0.2579 -87.733
20 S 257 4.3640 258 0.2716 -4.092 251 0.0820 -4.282 243 0.0075 -4.356
38 S 489 6.1330 490 0.5282 -5.604 477 0.0421 -6.090 462 0.0122 -6.120
52 S 669 5.6630 671 0.2309 -5.432 652 0.0579 -5.605 632 0.0054 -5.657
64 A 824 53.4310 825 1.0518 -52.379 803 0.4834 -52.947 778 0.1049 -53.326
72 C 927 240.5100 929 3.4926 -237.017 903 1.2199 -239.290 875 0.5039 -240.006
80 A 1030 142.2700 1032 2.1355 -140.134 1004 0.5905 -141.679 973 0.1183 -142.151
92 S 1184 17.3290 1186 0.0816 -17.247 1154 0.0375 -17.291 1119 0.0093 -17.319

106 S 1364 14.1000 1367 0.3774 -13.722 1330 0.0353 -14.064 1289 0.0080 -14.092
126 S 1622 2.1500 1625 0.0435 -2.106 1581 0.0033 -2.146 1532 0.0052 -2.144
144 C 1854 29.9800 1857 0.1632 -29.816 1807 0.0249 -29.955 1751 0.0046 -29.975
162 S 2085 6.4480 2089 0.0049 -6.443 2032 0.0038 -6.444 1970 0.0032 -6.444
178 S 2291 7.3700 2296 0.0691 -7.300 2233 0.0039 -7.366 2164 0.0039 -7.366
196 S 2523 3.6320 2528 0.0197 -3.612 2459 0.0038 -3.628 2383 0.0014 -3.630
216 C 2780 9.2500 2786 0.1811 -9.068 2710 0.0579 -9.192 2626 0.0113 -9.238
268 S 3450 2.5890 3456 0.0067 -2.582 3363 0.0021 -2.586 3259 0.0006 -2.588
288 C 3707 8.4010 3714 0.0329 -8.368 3613 0.0030 -8.398 3502 0.0026 -8.398

 

*CODES FOR DESCRIBING RIPPLE FREQUENCY CAUSAL ID: 

A (Non-homogeneous Flux across air gap), S (Slot), C (Commutator)* 
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Figure 12.10. Discrete Fourier Transform of Load Voltage with 5% Battery Current 

Contribution. 
 

 
Figure 12.11. Voltage Percentage versus DC Component under 5% Battery Current 

Contribution. 

 
Figure 12.12. Departure of Ripple Voltage at each MSM from 2% Compliance under 5% 

Battery Current Contribution. 

 

12.5.3 25% Battery / 75% Flywheel Current Contribution 

In this case, the flywheel speed is reduced to allow for the battery bank current to begin 

injecting 25% of the load current. The flywheel current is reduced to 2.10 A (75%), while 

the battery bank increases its loading to 660 mA (25%). This results in a reduction of the 

machine speed to around 751 RPM (12.52 Hz). Figure 12.13 and Figure 12.14 once again 



 

298 

 

depict the original spectra to 5 kHz in black, and the new HESS spectra under 25% battery 

current contribution in red. Figure 12.13 features the magnitude reduction of each ripple 

voltage frequency in log scale, where Figure 12.14 displays the ripple voltage percentage 

versus the DC component over the new linear MSM scale. The 2% threshold marker is 

once again shown in blue. 

Under a relatively small level of current, the overall spectral comparison reveals a 20 

dB magnitude decrease in the overall ripple bias. Table 12-2 confirms that all ripple voltage 

percentages have been further reduced to meet the 2% threshold, as depicted in these 

figures. Figure 12.15 highlights the ripple voltage percentage versus the DC component, 

as compared to the 2% threshold. A close-up highlights that all frequencies have been 

reduced by >0.5% from the threshold. 

 
Figure 12.13. Discrete Fourier Transform of Load Voltage with 25% Battery Current 

Contribution. 
 

 
Figure 12.14. Voltage Percentage versus DC Component under 25% Battery Current 

Contribution. 
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Figure 12.15. Departure from 2% Compliance under 25% Battery Contribution. 

 

12.5.4 50% Battery / 50% Flywheel Current Contribution 

The final case provides an equally-shared HESS energy supply case, where both the 

flywheel and battery are supporting 1.35 A (50%), respectively. The machine speed is 

further reduced to 729 RPM (12.15 Hz) to maintain the energy output required. Figure 

12.16 and Figure 12.17 depict the original spectra to 5 kHz in black, and the new HESS 

spectra under 50% battery current contribution in red. The overall spectral bias is shown in 

Figure 12.16, revealing a 30 dB reduction from the case with the flywheel only. Figure 

12.17 displays the ripple voltage percentage versus the DC component over a linear MSM 

scale. Since no frequencies approach 2%, a threshold marker is not shown in this figure. 

Although a 30 dB reduction is observed from the base flywheel case, when viewing 

this in the linear MSM scale in Figure 12.17, one can observe that this reduction does not 

provide a notable advantage except for in highly sensitive applications. This could be 

particularly of interest in some SPS, as some navy equipment and navigation electronics 

can be highly harmonic-sensitive [223]. From Table 12-2, one can see that all ripple 

frequencies have once again been reduced below 1%, but only the 8th and 72nd MSM 

magnitudes have a noticeable decrease. 
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Figure 12.16. Discrete Fourier Transform of Load Voltage with 50% Battery Current 

Contribution. 
 

 
Figure 12.17. Voltage Percentage versus DC Component under 50% Battery Current 

Contribution. 
 

 
Figure 12.18. Departure from 2% Compliance under 50% Battery Current Contribution. 

 

Shown in Figure 12.17, only four spectral frequencies (other than the DC component) 

are easily identified with the remaining components below 0.1%. Figure 12.18 highlights 

the ripple voltage percentage versus the DC component, as compared to the 2% threshold, 

where the peak ripple voltage magnitude falls 1.5% below the threshold. This case proves 

that extracting more than 25% energy from the battery bank is unnecessary to significantly 
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improve the power quality of the HESS unless sensitive applications are at stake. A 

correlation of these results to the ripple voltage requirement of the load can help to better 

balance the current contribution when operating a flywheel and battery HESS.  

 Summary 

This chapter introduced the concept of FESS, as well as the advantages in the 

integration of a lead acid battery in parallel to form a HESS. In this chapter, the purpose of 

integrating a HESS took on a new approach, highlighting the advantage in integrating a 

battery to assist in improving the power quality. Voltage and current ripple frequencies 

induced while connected to a 3 A load were investigated. Common geometric and 

electromagnetic causes in generating these frequencies were discussed, while multiples of 

the flywheel rotation speed were interpreted by a new metric called the Machine Speed 

Multiple to explain the presence, location, and reduction of voltage ripple. Voltage ripple 

spectra from a flywheel-only system was compared to three different current contribution 

cases, including a battery bank connected in parallel. The ripple frequency reduction was 

identified at different MSMs, discovering that only a small contribution from a battery bank 

could result in a significant improvement in the power quality delivered to the load. Using 

the MSM as a frequency profiler, additional features could be added to an advanced 

controller such as the ESMC to correlate the target voltage ripple frequencies to the 

required design specification. In light of this study, a best combination and control scheme 

could be determined to reduce the overall voltage ripple frequencies for the HESS. 
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 Conclusions 

The contributions of this dissertation are present in a wide range of areas related to 

modeling and control of energy storage (ES) and hybrid ES systems (HESS). With the 

advent of the Energy Storage Management Controller (ESMC), a number of avenues were 

opened in not only improving models of ES devices, but also the optimal selection and 

management of ES devices in HESS. The ESMC circuit topology along with many 

software solutions were developed and tested to manage individual ES devices, while 

providing total isolation by means of a bypass circuit. Meanwhile, the extracted ES can be 

connected to a dedicated charging circuit or fully extracted to conduct maintenance. A 

comprehensive analysis of the ESMC prototype, its components, and control were then 

assessed for their implementation into a comprehensive commercialized platform. 

Development of the ESMC established a unique hardware and software platform that 

was vital in test and evaluation of not only sole ES devices, but particularly in complex 

HESS. In the first test scenario, testing was conducted upon lead acid batteries, where its 

features were demonstrated as well as what can be accomplished by providing individual 

ES charging terminals. Using unique capabilities of ESMC charging controller, a pulsed 

charging process was demonstrated to improve the SoH of a lead acid battery module. 

Without individual charging terminals and the capability to isolate and control individual 

modules, this process would not have been possible in an application that was also able to 

maintain system operation with remaining ES modules in the network. 
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In the following chapters, a focus was placed upon how the software of the ESMC 

could be enhanced to provide better measures to estimate the State of Health (SoH) and 

State of Charge (SoC) of ES devices. An introduction to the direct method of acquiring a 

real-time equivalent circuit through the use of electrochemical impedance spectroscopy 

(EIS) was explored, providing an overview of the challenges involved in its effective 

implementation on a real-time controller. A potential solution and circuit topology was 

proposed for its future implementation with the EMSC. Next, an alternative and low-cost 

equivalent circuit acquisition solution was proposed and tested using a pulsed load. There 

is an imperative need to provide a bridge between the depth of the electrochemical physics 

of the battery and the power engineering sector, a feat which was accomplished over the 

course of this work. Derived and verified through the utilization of pseudo 2D (P2D) 

physics-based models (PBM) of both lead acid and lithium ion batteries, a comprehensive 

hardware and software platform generated a tool to acquire a dynamic 1st order equivalent 

circuit model that could also autonomously determine the battery chemistry. This battery 

management system was not limited to simply chemistry and equivalent circuit acquisition, 

but introduced a comprehensive operating platform that assessed SoH in two ways: through 

tracking of the equivalent circuit model cycle-to-cycle and tracking the latest usable 

energy. SoC metrics for both lead acid and lithium ion batteries were enhanced as well, 

with a particular focus upon improving the initial voltage-based SoC estimation. 

Utilization and experimental fitting of the P2D PBM for each battery provided the basis 

to extend the lithium ion model into a comprehensive 3D PBM. In this work, the 

computational investment, accuracy, and unique capabilities provided by the 3D model 

were evaluated side-by-side with the P2D PBM. The 3D PBM provided a mechanism to 
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study an aspect of battery ageing, or a reduction of the SoH, by visualizing and quantifying 

the generation of undesired gradient currents across the lithium ion cell surface when 

operating at high levels of normalized cell current, or Columbic rates (C-rates). High C-

rates are common in shipboard power system (SPS) and electric vehicle (EV) applications, 

thus it is imperative to further understand the impacts from these operational scenarios. 

The development of gradient currents contribute to uneven thermodynamic and material 

stress, which can have long-term health impacts on a battery cell. 

Next, many of the lessons learned from not only experimentation with EIS but also 

deployment of a pulsed load to extract equivalent circuit parameters, a dynamic 2nd order 

equivalent circuit model was developed for a 51.8V 21 Amp-hour (Ah) lithium ion battery 

module. This 2nd order dynamic model was able to capture a “fingerprint” of the battery so 

accurate simulations could be conducted for a wide range of applications, demonstrated 

particularly on an EV. The all-inclusive model does not carry with it a great deal of 

computational overhead and was implemented within the MATLAB/Simulink 

environment as a drop-in replacement for the SimPowerSystems battery block. 

The dissertation then began to shift toward the development and implementation of 

HESS. This first studied basic interfacing power electronic converters between single ES 

devices, eventually honing in upon how the eventual replacement of legacy silicon-based 

switches with Gallium Nitride High Electron Mobility Transistors (GaN HEMT) could 

improve the system efficiency and performance. A PBM was developed and utilized to 

study how material and geometric adjustments to the switch structure could result in these 

devices handling higher voltage levels, which would lead to the application of GaN HEMT 

in many future applications. Next, three HESS applications were evaluated in detail 
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utilizing features of the ESMC, which was tested and validated with the addition of lithium 

ion batteries, SC, and FESS.  First, a major contribution integrated, modeled, tested, and 

evaluated three unique series-configured HESS to handle SPS loads using lead acid 

batteries, lithium ion batteries, and SC. The uniqueness in this work was in the development 

of specialized software that was able to apply a new control scheme called “rolling 

charging” to coordinate charging and discharging of individual ES units while in operation 

to extend the runtime while acknowledging SoH trade-offs.  

SoH trade-offs remained a common theme in the following work, which studied the 

implementation of the lithium ion battery and SC HESS for EV applications. A particular 

focus was placed upon reducing the cycling of the lithium ion battery under traction 

applications involving both drive and regenerative braking (charge) currents. Once again, 

the ESMC was utilized, this time in a parallel-configured system, with specialized software 

to employ the Hybrid Pulsed Power Characterization (HPPC) test sequence representing 

an industry standard for EV ES and HESS performance evaluation. In addition to 

improving the SoH of the lithium ion battery, the control metric resulted in an increased 

energy harvesting efficiency from regenerative braking as well. 

In the final work, a HESS consisting of a FESS and lead acid battery was tested and 

evaluated for its capability to improve the power quality over simply a FESS-only system. 

A metric was established to quantify and track ripple voltage frequencies on a primary DC 

network and use it to target and reduce electrical noise from the FESS. The ESMC software 

was once again extended to include a Fast Fourier Transform to conduct a live frequency 

analysis, where a linear load was utilized as reference to balance the current contribution 

between the battery and FESS. The lead acid battery contribution was tested at multiple 
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levels of current concluding that even modest assistance to serve a load from the lead acid 

battery can result in a dramatic improvement of the power quality, particularly in harmonic-

sensitive applications. 

 Future Work 

In this section, the doctoral work outlined in this dissertation is evaluated for both 

specific future research goals as well as large research areas that could continue work in 

this important field of study. With respect to large areas, a greater variety of HESS need to 

be tested and evaluated for their strengths and weaknesses beyond their basic 

characteristics as outlined in Chapter 1. The FESS, in particular, has not been exposed to a 

unique loading profile or comprehensively modeled in the simulation domain. In addition, 

there is always a desire to continuously increase the power and energy capacity of ES 

devices and HESS to exceed the typical laboratory-scale environment. As more realistic 

voltage and current levels can be achieved, a deeper and more accurate analysis of the 

system performance can be conducted. Furthermore, in much larger systems with 

thousands of battery cells or SC modules, not only would the behavior change, but this 

setup could expose new challenges that will need to be solved in future applications. 

Lithium Ion Battery Performance and Degradation over its Full Lifespan: The evaluation 

of a full lithium ion battery lifespan can be accomplished in many ways, but in this case 

two approaches in particular can be taken. First, and the most simple, is applying 

accelerated ageing to the lithium ion battery through a high speed charging and discharging 

system. In this case, standard charging and discharging cycles could progress to more 

typical loading and charging scenarios. However, it is important to mention that even 

accelerated ageing does not capture the full story. Unfortunately, the most accurate 
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procedure is to operate a battery from the beginning of its lifespan until its end with data 

recording. In this way, the most realistic loading and charging profiles, representative of 

real operating and environmental conditions, can give insight into how capacity fluctuation 

and impulse response of the battery voltage will change over time. This is already in 

progress, where a Samsung Galaxy S7 phone has been recording voltage and current data 

since it was first purchased in May 2017. A comprehensive performance evaluation and 

comparison of its charging and discharging cycles can be compared at the end of its life. 

Further Enhancements of the ESMC Device: This general category opens the avenue to 

many new research areas. First, the comprehensive autonomous battery management 

system platform from Chapter 5 could be implemented on the ESMC in conjunction with 

support for other ES devices. Second, a continued focus upon improving SoH estimation 

could include an extension socket or alternative version that includes on-board EIS 

measurements for either a full 1st order equivalent circuit or at a minimum, the internal 

resistance of the ES device using the methods established in Chapter 4. Third, the ESMC 

has yet to be tested for other battery chemistries such as nickel-metal hydride, nickel-

cadmium, sodium sulfur, or emerging types of Lithium ion chemistries. Furthermore, 

integration with a unidirectional fuel cell could be evaluated as well. Finally, testing and 

development of the commercialized ESMC can be accomplished. Using the 

commercialized system with onboard microcontrollers, an extension can then be made into 

zonal platforms, where ES devices are located in multiple remote regions across a SPS 

platform or utility system.  

Long-term SoH correlation to Lithium Ion Batteries: In Chapter 6, a 3D PBM visualized 

and quantified the generation of gradient currents on the lithium ion battery, which 
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becomes apparent when the cell is operating at high C-rates. The long term impacts of 

gradient currents need to be evaluated as the battery ages, including how the magnitude 

and origin of these currents change, how operating voltage levels change, and how 

thermodynamic cycling will impact the active materials. A correlation between the 

thermodynamic cycling and material degradation models could enable a way to capture the 

thermodynamic expansion of each material inside the battery. This analysis, conducted 

over time, can help to estimate how active materials of the battery crack and eventually 

degrade. This would not only allow engineers to view how each material cracks and its 

thermodynamic stress independently, but also pinpoint how operating conditions (such as 

gradient currents) will contribute to nonlinear fracturing. In this way, one could forecast 

which materials would fail first.  

Further Testing and Utilization of Experimentally Acquired Battery Models: In Chapter 7, 

a comprehensive 2nd order dynamic battery equivalent circuit was acquired for a 51.8 V 21 

Ah lithium ion battery module. The long-term degradation of this module should be 

evaluated to provide a mechanism to capture the long-term impacts and include them in 

the final battery model. For EVs, the end of life is usually designated as a 30% loss of 

capacity [210]. A function could enhance this model to include a capacity loss trend 

equation, which provides a “fingerprint” for how this specific module will age. In this same 

analysis, the thermal impacts and its correlation to the 2nd order dynamic equivalent circuit 

should be evaluated as well as how these would also impact the degradation model. Using 

the same hybrid procedure, hardware, and data acquisition platform to obtain the lithium 

ion cobalt module dynamic equivalent circuit, models for different types of lithium ion 

batteries (e.g. lithium ion phosphate) of similar voltage and capacity can be made in order 
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to provide a performance evaluation between the two. This could also increase the number 

of lithium ion battery options for future utility grid, EV, and SPS applications. Moreover, 

there may also be a need to perform the same modeling for alternative chemistries as well. 

Extended Analysis of the Lithium Ion Battery and SC HESS: On the health front, an 

extension to the lithium ion battery and SC HESS work in Chapter 11 would apply the 

Hybrid Pulsed Power Characterization (HPPC) EV ES and HESS performance evaluation 

profile to the enhanced PBM. This research left off using a basic full charge and discharge 

cycling profile on the lithium ion battery as a basic metric to evaluate its cycling life. By 

including the additional physics element to model the degradation of the battery over time 

through the increase of thickness in the solid electrolyte interface (SEI) layer, the cycle life 

for the common lithium ion cobalt battery was depicted. This was initially used to 

demonstrate capacity loss over time. In a future work, the lithium ion battery can be 

coupled to the HPPC profile over time to evaluate how many cycles the battery can 

withstand under the charging and discharging HPPC profile over time. In the next step, the 

HESS can be tested under the same profile by either developing a PBM of the SC or 

through the extraction of the current profile placed on the battery as acquired by behavior 

acquired from previous experimentation.  

Stronger Correlation between Gallium Nitride PBMs and Physical Switches: Future work 

needs to provide a better correlation between the GaN HEMT PBM and its power 

electronics Simulation Program with Integrated Circuit Emphasis (SPICE) models. This 

would begin with a particular study upon correlating the GaNSys GS66508T device to an 

accurate PBM. As mentioned in Chapter 9, this is challenging because specific 

dimensioning and material structures would need to be provided from the manufacturer. 
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Work of this nature would require either working directly with the GaNSys fabrication 

team, or working with another company or agency that can provide these. In this way, a 

direct relationship could be made between the design and fabrication of the device and the 

PBM. Furthermore, an exchange could be accomplished between the PBM, as various other 

combinational structures could be simulated, similar to the process in Chapter 9, and 

returned to the same agency as a recommendation over how to fabricate the next device. 

Finally, with a strong correlation between the experimental and PBM, a version of the PBM 

could be used to replace legacy SPICE models in future power system simulations. 

Enhancing HESS Design and Analysis for SPS Applications: HESS SPS models can be 

extended to not only evaluate series-configured systems, but also parallel-configured. In 

addition, other ES devices can be tested as well including not only various types of other 

battery chemistries, but also FESS. Furthermore, with such a drastic difference in the 

energy density between the FESS and SC, an optimal sizing method could be established 

to better pair these devices with traditional batteries. The load side should be analyzed as 

well, looking at not only more types of pulsed loads that include more realistic loading 

profiles and sequences for naval equipment, but a more realistic representation of the hotel 

load as well and how minor variations in the profile can have impacts on the overall SPS. 

Since another aspect of this research provided an option that performed “rolling charging” 

only on the SC to protect the life of the battery ES devices, physics-based degradation 

models for both the lithium ion and lead acid could further quantify these impacts. This 

may also provide insight into the optimal rolling charging sequence. All of these different 

aspects could contribute to a variety of new test cases.  
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