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ABSTRACT 

DC LINE-INTERACTIVE UNINTERRUPTIBLE POWER SUPPLY (UPS) WITH 
LOAD LEVELING FOR CONSTANT POWER AND PULSE LOADS 

 
 

by 
 

Seyed Ahmad Hamidi 
 

The University of Wisconsin-Milwaukee, 2017 
Under the Supervision of Professor Dr. Adel Nasiri 

 

Uninterruptable Power Supply (UPS) systems are usually considered as a backup power 

for electrical systems, providing emergency power when the main power source fails. UPS 

systems ensure an uninterruptible, reliable and high quality electrical power for systems 

with critical loads in which a continuous and reliable power supply is a vital requirement.  

A novel UPS system topology, DC line-interactive UPS, has been introduced. The new 

proposed UPS system is based on the DC concept where the power flow in the system has 

DC characteristic. The new DC UPS system has several advantageous with respect to the 

on-line 3-phase UPS which is extensively used in industry, such as lower size, cost and 

weight due to replacing the three-phase dual converter in the on-line UPS system with a 

single stage single phase DC/DC converter and thus higher efficiency is expected.   

The proposed system will also provide load leveling feature for the main AC/DC rectifier 

which has not been offered by conventional AC UPS systems. It applies load power 

smoothing to reduce the rating of the incoming AC line and consequently reduce the 

installation cost and time. Moreover, the new UPS technology improves the medical 
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imaging system up-time, reliability, efficiency, and cost, and is applicable to several 

imaging modalities such as CT, MR and X-ray as well.  

A comprehensive investigation on different energy storage systems was conducted and 

couple of most promising Li-ion cell chemistries, LFP and NCA types, were chosen for 

further aggressive tests. A battery pack based on the LFP cells with monitoring system was 

developed to be used with the DC UPS testbed.  

The performance of the DC UPS has also been investigated. The mathematical models of 

the system are extracted while loaded with constant power load (CPL) and constant voltage 

load (CVL) during all four modes of operation. Transfer functions of required outputs 

versus inputs were extracted and their related stability region based on the Routh-Hurwitz 

stability criteria were found.  

The AC/DC rectifier was controlled independently due to the system configuration. Two 

different control techniques were proposed to control the DC/DC converter. A linear dual-

loop control (DLC) scheme and a nonlinear robust control, a constant frequency sliding 

mode control (CFSMC) were investigated.  

The DLC performance was convincing, however the controller has a limited stability 

region due to the linearization process and negative incremental impedance characteristics 

of the CPL which challenges the stability of the system.  

A constant switching frequency SMC was also developed based on the DC UPS system 

and the performance of the system were presented during different operational modes. 

Transients during mode transfers were simulated and results were depicted. The controller 
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performances met the control goals of the system. The voltage drop during mode 

transitions, was less than 2% of the rated output voltage. 

Finally, the experimental results were presented. The high current discharge tests on each 

selected Li-ion cell were performed and results presented. A testbed was developed to 

verify the DC UPS system concept. The test results were presented and verified the 

proposed concept.   

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 v

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright by Seyed Ahmad Hamidi, 2017 
All Rights Reserved 



 vi

TABLE OF CONTENTS 

Chapter Page 

ABSTRACT ........................................................................................................................ ii 

TABLE OF CONTENTS ................................................................................................... vi 

LIST OF FIGURES ......................................................................................................... viii 

LIST OF TABLES .......................................................................................................... xvii 

ACKNOWLEDGMENTS ............................................................................................. xviii 

CHAPTER I: Introduction .................................................................................................. 1 

1.1 Background ............................................................................................................... 1 

1.2 UPS Classifications ................................................................................................... 1 

1.3 Novel UPS Configuration ......................................................................................... 8 

1.4 Thesis Objectives .................................................................................................... 11 

1.5 Thesis Organization ................................................................................................ 11 
 
CHAPTER II: Description of the System Architecture .................................................... 12 

2.1 DC Line-Interactive UPS with Load Leveling ....................................................... 12 

2.2 AC/DC Rectifier ..................................................................................................... 15 

2.3 DC/DC Bidirectional Converter ............................................................................. 16 

2.4 Modes of Operation ................................................................................................ 17 

2.4.1 Mode I: Load Leveling Mode .......................................................................... 17 

2.4.2 Mode II: Standby Mode ................................................................................... 19 

2.4.3 Mode III: Online Mode .................................................................................... 20 

2.4.4 Mode IV: Islanded Mode ................................................................................. 21 

2.5 The Load Profile ..................................................................................................... 22 

2.6 Battery Energy Storage System (BESS) ................................................................. 23 
 
CHAPTER III: Energy Storage Systems and Battery Chemistry Selection ..................... 25 

3.1 Introduction ............................................................................................................. 25 

3.2 Battery Energy Storage System (BESS): Types, Characteristics and Modeling .... 30 

3.2.1 Lead Acid ......................................................................................................... 30 

3.2.2 Lithium-Ion ...................................................................................................... 31 

3.2.3 Sodium Sulfur (NaS)........................................................................................ 32 

3.2.4 Other Types of Batteries and Energy Storage Systems ................................... 32 

3.2.5 Battery Energy Storage Modeling and Test Setups ......................................... 34 

3.3 Ultracapacitors Energy Storage: Types, Characteristics and Modeling ................. 44 

3.3.1 Ultracapacitor Types and Characteristics ........................................................ 44 

3.3.2 Ultracapacitor Modeling .................................................................................. 46 

3.4 Energy Storage Management Systems (ESMSs) .................................................... 48 

3.4.1 Main Concepts ................................................................................................. 48 



 vii

3.4.2 State of Charge ................................................................................................. 50 

3.4.3 State of Health (SOH) ...................................................................................... 52 

3.4.4 State of Life (SOL) .......................................................................................... 53 

3.4.5 Cell Balancing Systems ................................................................................... 53 

3.5 Battery Chemistry Selection ................................................................................... 54 
 
CHAPTER IV: System Modeling ..................................................................................... 58 

4.1 Introduction ............................................................................................................. 58 

4.2 AC/DC Converter Modeling ................................................................................... 58 

4.3 DC/DC Bidirectional Converter Modeling ............................................................. 63 

4.4 Battery Energy Storage System Modeling .............................................................. 66 

4.5 CPL Modeling ......................................................................................................... 66 

4.6 DC UPS System Modeling ..................................................................................... 69 

4.6.1 Mode I: Load Leveling Mode .......................................................................... 72 

4.6.2 Mode II: Standby Mode ................................................................................... 73 

4.6.3 Mode III: Online Mode .................................................................................... 74 

4.6.4 Mode IV: Islanded/UPS Mode......................................................................... 76 
 
Chapter V: System Analysis and Control ......................................................................... 78 

5.1 Introduction ............................................................................................................. 78 

5.2 Stability Analysis of the System During Mode I .................................................... 79 

5.3 Stability Analysis of the System During Mode II ................................................... 90 

5.4 Stability Analysis of the System During Mode III ................................................. 99 

5.5 Stability Analysis of the System During Mode IV ............................................... 101 

5.6 Control Strategy .................................................................................................... 103 

5.6.1 AC/DC Rectifier Control Scheme ................................................................. 104 

5.6.2 DC/DC Power Converter Controller .............................................................. 108 

5.6.3 Constant Frequency Sliding Mode Control (CFSMC) .................................. 130 
 
CHAPTER VI: Experimental Results ............................................................................. 151 

6.1 Introduction ........................................................................................................... 151 

6.2 Battery Energy Storage System (BESS) ............................................................... 151 

6.2.1 Cell Performance Tests .................................................................................. 153 

6.2.2 Li-ion Battery Pack ........................................................................................ 165 

6.2.3 Battery Management System (BMS) ............................................................. 168 

6.3 The Power Interface .............................................................................................. 173 

6.3.1 The Battery Energy Storage System Power Interface.................................... 174 

6.3.2 AC/DC Grid Tied Rectifier ............................................................................ 176 

6.3.3 The DC/AC Grid Tied Inverter: The Constant Power Load .......................... 177 

6.4 Results for Different Modes of Operation ............................................................ 178 
 
Chapter VII: Conclusion ................................................................................................. 187 

REFERENCES ............................................................................................................... 191 

CURRICULUM VITAE ................................................................................................. 200 



 viii

LIST OF FIGURES 

Figure Page 

Figure 1.1: Block diagram of the off-line UPS system. ...................................................... 2 

Figure 1.2: Block diagram of the on-line UPS system. ...................................................... 3 

Figure 1.3: Block diagram of the line-interactive UPS topology ....................................... 4 

Figure 1.4: Block diagram of the series-parallel line-interactive UPS topology ................ 5 

Figure 1.5: Block diagram of a typical rotary UPS system topology. ................................ 6 

Figure 1.6: Block diagram of a typical hybrid UPS system. .............................................. 7 

Figure 1.7: Block diagram of the proposed DC line-interactive UPS system. ................. 10 

Figure 2.1: Schematic of the conventional CT scan system with on-line UPS. The load 

represents the CT machine. ............................................................................................... 12 

Figure 2.2: Configuration of the DC UPS system proposed for the CT machine. ........... 13 

Figure 2.3: The Load Profile consists of a CPL (140 kW for 2 s and 0 kW for 200 s) and a         

CVL (10 kW). The BESS provides peak pulsed power for 2 s and then charges with 10 

kW from grid..................................................................................................................... 14 

Figure 2.4: Block diagrams of the proposed DC UPS system. ......................................... 15 

Figure 2.5: The power flow of the proposed DC UPS during load leveling mode. .......... 18 

Figure 2.6: The power flow of the proposed DC UPS during standby mode. .................. 19 

Figure 2.7: Block diagram of the DC UPS system during mode III, the BESS is fully 

charged and does not have any power exchange with the DC link. ................................. 21 

Figure 2.8: Block diagram of the DC UPS system during islanded mode; the DC/DC 

converter provides entire load power from the BESS. ..................................................... 22 

 



 ix

Figure 2.9: The load and the BESS power profiles during different modes of the DC UPS.

........................................................................................................................................... 23 

Figure 3.1: Different types of energy storage systems. .................................................... 27 

Figure 3.2: Ragone plot for energy and power density for ultracapacitors (UCap), 

flywheel energy storage (FES), and batteries of the: nickel-metal hydride (NiMH), zinc-

bromine (Zn-Br); lead-acid (LAB), lithium-ion (Li-ion); sodium sulfur (NaS) types. .... 29 

Figure 3.3: Zinc-Bromide (ZnBr) flow battery used in the University of Wisconsin-

Milwaukee (UWM) Lab for experimentally demonstrating the mitigation of power 

variability from renewable energy sources. The battery is rated at 50 kW, 675 Ah and 

when fully charged. ........................................................................................................... 33 

Figure 3.4: Combined detailed equivalent circuit models for batteries, ........................... 36 

(a) battery lifetime model and (b) V-I characteristics model [21]. ................................... 36 

Figure 3.5: Open-circuit voltage (Voc) versus state of charge (SOC) for ........................ 37 

an example Lithium-ion battery of 2.6 Ah. ....................................................................... 38 

Figure 3.6: Test bed system of the battery (left) and LabVIEW interface model (right) . 38 

Figure 3.7: Pulse discharging voltage and current with 1 A (sampling frequency is 100 

Hz)..................................................................................................................................... 39 

Figure 3.8: Open-circuit voltage (Voc) as a function of state of charge (SOC) ............... 40 

Figure 3.9: Series resistance as a function of soc for various discharging rate (for 0.52, 1, 

2, 2.6  A discharging current). .......................................................................................... 40 

Figure 3.10: Transient resistances as functions of SOC ................................................... 41 

Figure 3.11: Transient capacitances as functions of SOC ................................................ 41 

Figure 3.12: Block diagram of the battery model ............................................................. 42 



 x

Figure 3.13: Terminal voltage of the battery Simulink model and experimental data ..... 43 

Figure 3.14: Classification of ultracapacitors based on the electrode design. .................. 45 

Figure 3.15: Examples of Li-ion ultracapacitors of 2200F, 2300F and 3300F................. 45 

Figure 3.16: Ultracapacitor bank in the UWM Lab. The approximate overall dimensions 

are 1.03x0.93x1.17 m. Rated at 720V and 0.5Ah. ............................................................ 46 

Figure 3.17: Electric equivalent circuit model for an ultracapacitor [29]. ........................ 46 

Figure 3.18: Experimental data and simulation results for the Li-ion Ultracapacitor, 10 A 

pulsed charging DC test at 25°C [29]. .............................................................................. 48 

Figure 3.19: A modular battery management system (BMS) topology: several slave 

boards collect cells data and send it to the master board. ................................................. 49 

Figure 3.20: A distributed Battery Management System (BMS): each cell sends the data 

to the main controller. ....................................................................................................... 50 

Figure 3.21: Block diagram of a typical BMS [39]. ......................................................... 50 

Figure 3.22: Open Circuit Voltage (OCV) versus Depth Of Discharge ........................... 52 

(DOD)  for NCA and LFP types of Li-ion batteries. ........................................................ 52 

Figure 3.23: The required load profile. The candidate battery should be capable of 

providing a peak power rating as high as 400 A discharging for 2 second periods. ........ 55 

Figure 4.1: Block diagram of the DC UPS system, including AC/DC and DC/DC 

converters .......................................................................................................................... 58 

Figure 4.2: Schematic diagram of the DC UPS system. ................................................... 59 

Figure 4.3: Representation of space vector of rectifier voltage in stationary �� frame and 

dq rotating frame. .............................................................................................................. 61 



 xi

Figure 4.4: A two-phase interleaved bidirectional DC/DC converter is used to connect the 

BESS to the DC link. ........................................................................................................ 64 

Figure 4.5 Simplified model of the DC/DC converter, idc  represents the power from the 

grid. ................................................................................................................................... 65 

Figure 4.6 V-I characteristic of a CPL and the negative incremental impedance 

characteristic of the CPL. .................................................................................................. 67 

Figure 4.7 Illustration of a power converter feeding a constant power load, CPL, and a 

constant voltage load, CVL............................................................................................... 68 

Figure 4.8: Schematic of the DC UPS. ............................................................................. 70 

Figure 4.9: The simplified model of the DC UPS system in mode I. idcrepresents the grid 

and rectifier. ...................................................................................................................... 73 

Figure 4.10: Electrical equivalent circuit of the DC UPS system in mode II. .................. 74 

Figure 4.11: Schematic of the DC UPS during mode III, the Online mode. .................... 75 

Figure 4.12: Schematic of the DC UPS model during islanded mode. ............................. 76 

Figure 5.1: The DC link voltage affected by battery voltage, duty ratio of the DC/DC 

converter and grid current. ................................................................................................ 83 

Figure 5.2: Stability region of the open loop system while DC link voltage (vdc) varies. 87 

Figure 5.3: Stability region of the open loop system while constant voltage load (CVL) 

varies. ................................................................................................................................ 88 

Figure 5.4: Stability region of the open loop system while equivalent resistant (���) 

varies. ................................................................................................................................ 89 

Figure 5.5: Stability region of the open loop system while duty ratio of the DC/DC 

converter (D) varies. ......................................................................................................... 90 



 xii

Figure 5.6: Block diagram of the grid tied AC/DC rectifier and controller scheme. Direct 

Power Control method is used to control the rectifier. ................................................... 106 

Figure 5.7: DC UPS system used to illustrate the Direct Power Control (DPC) scheme 

performance while load varies. ....................................................................................... 107 

Figure 5.8: The of the DC UPS simulation. The AC/DC rectifier is controlled by direct 

power control (DPC) method to deliver constant power while the load varies. ............. 108 

Figure 5.9: Block diagram of the DC UPS system. ........................................................ 109 

Figure 5.10: Bode diagram of the current open loop gain .............................................. 112 

Figure 5 11: Bode diagrams of the PI controller, Gciand the current open loop gain, Hi 114 

Figure 5.12: The gray area illustrates the current inner loop, Ti ..................................... 114 

Figure 5.13: Bode diagrams of the voltage open loop plant, Gvd. ................................... 116 

Figure 5.14: Bode diagrams of the voltage compensator, Gcv, and the open loop gain, Hv

......................................................................................................................................... 117 

Figure 5.15: The bode diagrams of the closed loop system ............................................ 118 

Figure 5.16: The root locus diagram of the closed loop system ..................................... 119 

Figure 5.17: By increasing the kp and ki, the proportional and integral gains, the complex 

poles move toward right hand side and the pole close to origin move away from origin 

toward left hand side. ...................................................................................................... 120 

Figure 5.18: kp = 1, and increasing kiup to 17000, further than its stability zone. ......... 121 

Figure 5.19 Step response of the closed loop system ..................................................... 122 

Figure 5.20: By increasing kp from 1 to 13, and ki from 1 to 6000, the step response 

becomes faster with more oscillation. ............................................................................. 123 



 xiii

Figure 5.21: By increasing the DC link capacitance, the poles move toward imaginary 

axis. ................................................................................................................................. 124 

Figure 5.22: Simulation model of the DC UPS and the Dual-Loop Controller (DLC) .. 125 

Figure 5.23: Performance of the system while working on the rated value, battery current 

and DC link voltage. ....................................................................................................... 126 

Figure 5.24: Performance of the DLC against the CPL variation. The CPL step changes 

are 0, 10, 50, 100 and 140 kW. ....................................................................................... 127 

Figure 5.25: Performance of the proposed DLC controller during different operating 

modes. ............................................................................................................................. 129 

Figure 5.26: Schematic of the DC UPS system used for performing Sliding Mode Control 

(SMC) ............................................................................................................................. 134 

Figure 5.27: Block diagram of the proposed constant frequency sliding mode controller

......................................................................................................................................... 140 

Figure 5.28: DC UPS system modeled in MATLAB/Simulink. The proposed constant 

frequency sliding mode controller (CFSMC) is managed the system. ........................... 145 

Figure 5.29: DC UPS system output results. Battery energy storage discharging current 

and the DC link voltage. ................................................................................................. 146 

Figure 5.30: Performance of the DC UPS system with CFSMC while CPL load varies.

......................................................................................................................................... 148 

Figure 5.31: Performance of the proposed CFSMC controller during different operating 

modes. ............................................................................................................................. 150 

Figure 6.1: Characteristic comparison between several types of batteries. .................... 152 



 xiv

Figure 6.2: Three candidate Li-ion cells, LFP (40 Ah, CALB), NCA (42 Ah, JCI) and 

LFP (30 Ah, SAFT) ........................................................................................................ 153 

Figure 6.3: The terminal voltage (top) and current (bottom) of a 40 Ah LFP type battery 

from CALB at 1C discharging at room temperature. ..................................................... 155 

Figure 6.4: Open circuit voltage versus depth of discharge (DOD) curve extracted from 

40 Ah CALB cell ............................................................................................................ 156 

Figure 6.5: Voltages and current curves for high rate pulsed dischargetest at 200 A (left 

side) and 240 A (right side) for the 40 Ah CALB cell. ................................................... 157 

Figure 6.6: The terminal voltage (top) and current (bottom) of a 42 Ah NCA type battery 

from JCI at 1C discharging at room temperature............................................................ 158 

Figure 6.7: The open circuit voltage vs depth of discharge for 42 Ah NCA type Li-ion 

cell ................................................................................................................................... 159 

Figure 6.8: Terminal voltage and current curves for high rate test performed at 200 A and 

240 A discharging. .......................................................................................................... 160 

Figure 6.9: The terminal voltage (top) and current (bottom) of a 30 Ah LFP type battery 

from SAFT at 1C discharging (30 A) at room temperature. ........................................... 161 

Figure 6.10: Open circuit voltage versus depth of discharge (DOD) curve extracted from 

30 Ah LFP type SAFT cell. ............................................................................................ 161 

Figure 6.11: Terminal voltage and current of a LFP type SAFT cell, high rate pulsed 

discharging at 200 A and 240 A. .................................................................................... 162 

Figure 6.12: Schematic of the Li-ion battery pack. ........................................................ 166 

Figure 6.13: Li-ion battery pack contains 54 LFP type Li-ion cells. .............................. 167 



 xv

Figure 6.14: Block diagram of the battery management system (BMS) utilized for the Li-

ion battery pack. The BMS can monitor up to 12 Li-ion cells. ...................................... 168 

Figure 6.15: Block diagram of the 5 BMS boards monitor 54 cells in the battery pack. SPI 

communication is used to transfer information between the boards and laptop. ............ 170 

Figure 6.16: 5 BMS boards monitor the Li-ion battery pack voltage and temperature. . 171 

Figure 6.17: Screenshot of the BMS graphical user interface (GUI)used to read the date 

collected by the BMS boards. ......................................................................................... 172 

Figure 6.18: The battery energy storage system consists of Li-ion battery pack, BMS 

boards and the GUI. ........................................................................................................ 173 

Figure 6.19: Block diagram of the DC UPS testbed ....................................................... 174 

Figure 6.20: Implementation of dual-loop controller with DSP Builder Blocksets. ...... 175 

Figure 6.21: Results of the DC/DC controller implemented with DSP Builder Blocksets.

......................................................................................................................................... 176 

Figure 6.22: Implementation of the Inverter (CPL) controller with DSP Builder 

Blocksets. ........................................................................................................................ 177 

Figure 6.23: Results of the inverter model implemented with DSP Builder Blocksets. . 178 

Figure 6.24: The DC UPS testbed, Li-ion battery pack and the BMS ............................ 179 

Figure 6.25: Block diagram of the DC UPS testbed in mode I ....................................... 180 

Figure 6.26: Power exchange between the battery, grid and load in the DC UPS during 

mode I. ............................................................................................................................ 180 

Figure 6.27: Waveforms of the DC UPS testbed operating between modes I and II. .... 181 

Figure 6.28: Block diagram of the DC UPS system during grid disconnection. ............ 182 



 xvi

Figure 6.29: Power exchange between the DC UPS system during the grid disturbance. 

The battery state changes from being charge with low rate to discharge low rate to 

compensate the disturbance from grid. ........................................................................... 182 

Figure 6.30: Performance of the DC UPS testbed during mode II, when grid is 

disconnected and connected again (grid disturbance). The battery current changes from 

negative value (charging) to positive value (discharging) in order to respond to the 

disturbance. ..................................................................................................................... 183 

Figure 6.31: Block diagram of the DC UPS testbed and power flow during the mode IV, 

the UPS mode. ................................................................................................................ 184 

Figure 6.32: Power exchange between the battery and load in the DC UPS during mode 

IV, UPS mode; battery provides whole power ............................................................... 185 

Figure 6.33: Waveforms of the DC UPS testbed operating on mode IV, the UPS mode, 

when the gird is out. ........................................................................................................ 186 

 

 

 

 

 

 

 

 

 

 



 xvii

LIST OF TABLES 

Table Page 

Table 3.1: Worldwide installed electrical energy storage capacity [1] ............................. 28 

Table 3.2: Characteristics of common energy storage systems. ....................................... 29 

Table 3.3: Characteristic comparison between batteries of Li-ion family chemistry, lead-

acid and ultracapacitor. The highest figure of merit, which is associated with best 

performance, is equal to 6. ................................................................................................ 32 

Table 3.4: Correction rate factors for various temperatures ............................................. 42 

Table 3.5: Correction rate factors for various discharging currents ................................. 42 

Table 3.6: Correction rate factors for various charging currents ...................................... 42 

Table 5.1: DC UPS specifications for the model implemented in the Simulink. ........... 107 

Table 5.2: DC UPS specifications for the model implemented in the Simulink. ........... 146 

Table 6.1: The performance test result for the CALB battery cell. ................................ 157 

Table 6.2: The performance test result for the JCI battery cell. ..................................... 160 

Table 6.3: The performance test result for the SAFT battery cell. ................................. 163 

Table 6.4: Internal resistance of the three Li-ion battery cells AT HIGH RATES ........ 163 

Table 6.5: Comparison of measured values for the three Li-ion batteries cells/packs (108 

series-connected cells) .................................................................................................... 164 

 

 

 

 

 



 xviii

ACKNOWLEDGMENTS 

I would like to express my deepest appreciation to my advisor professor Adel Nasiri, 

director of the Center for Sustainable Electrical Energy System (SEES), for his continuous 

support, patience and guidance throughout my PhD program. I want to thank him for all of 

the opportunities I was given to conduct my research and thesis. I’m also grateful for the 

members of my committee for their valuable comments. I want to thank Mr. Jason Katcha 

for his excellent collaboration and guidance to build the testbed and generously sharing his 

valuable experiences with me. I thank Mr. Ezana Mekonnen for his help.  

I would also like to offer my sincere gratitude to my beloved parents for their endless love 

and support. I would like to thank to my lovely wife, Mehrnaz, for her patience, love and 

support. 

Finally, I would like to express my gratitude to all the staff of UWM for providing such a 

friendly environment for students.  

 

 



 1 

CHAPTER I: Introduction 

1.1 Background 

Uninterruptable Power Supply (UPS) systems are usually considered as a backup power 

for electrical systems, providing emergency power when the main power source fails. UPS 

systems ensure an uninterruptible, reliable and high quality electrical power for systems 

with critical loads in which a continuous and reliable power supply is a vital requirement. 

Examples of such systems include healthcare systems, medical facilities and data centers. 

Technically, UPS systems protect these critical systems against any electrical power 

disturbances coming from the main source.  

UPS systems ideally should be able to provide uninterruptable power immediately when it 

requires. Due to advancements in power electronics and energy storage industries, different 

types of UPS with different configuration have been offered and UPS systems can 

participate in the main system by serving as power factor correction, decreasing total 

harmonic distortions (THD), boosting immunity against electromagnetic interference 

(EMI) and providing isolation between inputs and outputs of the system. Also, some 

topologies offering cost reductions by decreasing number/value of active (switches like 

IGBT) or passive (such as inductor and capacitor) elements used in the system [1-4]. 

1.2 UPS Classifications 

UPS systems can be sorted in three main categories: static, rotary and hybrid which is 

combination of static and rotary UPS [1]. The static types are the conventional and most 

known type which are used for low and medium power applications. The static UPS 

systems involve off-line, online, line-interactive and series-parallel line-interactive 
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configurations. High efficiency and high reliability with low THD are the main advantages 

of the static UPS systems while their poor performances with nonlinear loads besides the 

expensive cost for achieving the advantages are the drawbacks of the static UPS systems 

[1-4].  

Block diagram of a typical off-line UPS is presented in figure 1.1. The off-line UPS is also 

known as standby topology, includes three main blocks: an AC/DC rectifier, a battery pack 

and a DC/AC inverter. There is a static switch which control the direct line between the 

load and main AC line. The battery pack is charged through the rectifier and discharged 

the saved energy through the inverter to provide required power to the load in case of any 

emergency events such as main power line disconnection due to some disturbance. Adding 

a filter to the output of the UPS or at the output of the inverter can improve the output 

power quality in this configuration. 

The standby topology has the advantages of simple design, low cost, small size and passive 

line conditioning [1,5]. However, long switching time and poor performance with 

nonlinear loads and no output voltage regulation are the disadvantages of this type of UPS 

[1].  

AC 
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Figure 1.1: Block diagram of a typical off-line UPS system. 
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The online UPS configuration is the most used and known due to the capability of this 

topology to offer power quality and load protection [1]. The block diagram of the on-line 

UPS is illustrated in the figure 1.2. The UPS involves the same blocks as the off-line 

topology, an AC/DC rectifier, a battery pack and a DC/AC inverter but in on-line topology. 

The on-line UPS converters, the rectifier and the inverter, are required to be design at the 

full load rate and the back to back conversion is operating all the time, during normal 

operation and when the main AC line is not available, which leads to a lower efficiency 

due to double conversion system. The battery pack is charged during normal operation and 

discharged when the main AC line is out. The rectifier usually regulates the DC link voltage 

and the inverter oversees the output power quality and load protection. The main advantage 

of the online UPS system is the fact that there is no transition time between the normal 

mode and backup mode of operation This topology provides superiority in performance, 

power conditioning and load protection while suffers from lower efficiency due to its 

double stages power conversion [6-12]. To provide isolation for the load protection, an 

isolating transformer may be used between the inverter and load.    
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Figure 1.2: Block diagram of a typical on-line UPS system. 

 

The next topology is the line-interactive UPS topology. The block diagram of the line-

interactive UPS configuration is shown in the figure 1.3. This UPS type consists of a series 

inductor, a bidirectional AC/DC converter and a battery pack. Technically, line-interactive 
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UPS is a combination of off-line and on-line UPS, where the UPS is not in-line with the 

main AC line as series topology and provides output power compensation as on-line 

configuration, thus the system can operate on either modes, series or online configuration, 

however in the series mode of operation the series inductor is not necessary. The 

bidirectional AC/DC converter provide charging power for the battery and can also 

improve the power factor of the load and regulate the output voltage for the load. The 

bidirectional converter can provide reactive power to keep the load power factor close to 

unity or regulate the output voltage [13-15]. 
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Figure 1.3: Block diagram of a typical line-interactive UPS topology 

 

The main advantage of this topology is its low cost, simple design and highly reliable 

performance when compared with on-line UPS. The fact that there is single stage power 

conversion, explains that the higher efficiency compared to on-line UPS topology with 

double power conversion. 

The line-interactive UPS has some disadvantages as well. The main disadvantage is the 

lack of effective isolation between the load and main AC power. Adding an isolation 

transformer can provide the isolation but in cost of adding to the price, size, and weight of 
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the UPS system. In addition, there is no output voltage conditioning during normal mode 

because the inverter is not connected in series with the load. Furthermore, there is no 

possibility for regulation of the output frequency during normal mode of operation [1,13].  
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Figure 1.4: Block diagram of a typical series-parallel line-interactive UPS topology 
 

Figure 1.4 depicts block diagrams of the series-parallel line-interactive UPS system 

topology which is also called universal or delta-conversion UPS. The configuration of the 

delta-conversion includes two bidirectional converters connected to a battery pack, a static 

switch and a series transformer. The AC main line is connected to the battery via the series 

transformer and the series bidirectional converter. The series bidirectional converter is 

rated for 20% of the rated output power of the UPS. The second converter is a bidirectional 

converter as the one used in the line-interactive UPS configurations. The parallel 

bidirectional converter is parallel with the load and rated at full output power of the UPS. 

The parallel converter regulates the output voltage while the series converter compensates 

for any mismatches between input and output voltages. The series converter also improves 

the input power factor to be close to unity and monitors the charging of the battery pack 

[1, 16-18].  
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During normal operation, most of the output power demand is provided by the main AC 

line. A small portion of the total power, usually up to 15%, is passed through the series and 

parallel converters to compensate for difference between input and output voltages and also 

to maintain unity power factor at input. Since the most of the required power is directly 

provided from input AC source to the load without any power conversion, the efficiency is 

expected to be high. The series–parallel line-interactive UPS can simultaneously achieve 

both unity power factor and precise regulation of the output voltage, which is not possible 

with a conventional line-interactive UPS. Basically, the advantages of online and line-

interactive characteristics are combined in the series-parallel line-interactive UPS 

topology. This topology, presents regulated output voltage, high efficiency with line 

conditioning characteristics [1]. 
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Figure 1.5: Block diagram of a typical rotary UPS system topology. 
 

The static UPS systems are only included static parts such as active and passive 

components and power converters. However, the rotary UPS configuration consists of 

several rotary parts such as motor and generator. Block diagram of a rotary UPS topology 

is illustrated in the figure 1.5. The system consists of an AC motor, a DC machine, an AC 

generator, which all are mechanically coupled in a common shaft, and a battery pack. 

During the normal operation, the main AC power source supplies the AC motor which 
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rotates the coupled shaft and that drives the DC machine. The DC machine then drives the 

AC generator and the generator supplies the load. During the backup power mode, the 

battery pack drives the DC machine which drives the AC generator and supplies the load 

[19-20].  

This type of UPS topologies are designed for supporting high power applications. The 

system typically has a large size and weight with high installation and capital cost. 

Furthermore, more maintenance is required compared to the static UPS topology. 

However, they provide a more reliable output performance. Also, the transient overload 

capability of the rotary UPS systems is much higher than static UPS systems. Furthermore, 

the rotary UPS systems have a low input current THD with a low EMI [1, 19-20].  

Combination of the static configuration and rotary systems results in the hybrid category 

of UPS system topology. Figure 1.6 shows block diagram of a typical hybrid UPS system. 

The hybrid UPS topology consists of rotary and static parts. A mechanically coupled AC 

motor and AC generator are the rotary part and a static switch and a bidirectional AC/DC 

converter with a battery pack are the static parts.  
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Figure 1.6: Block diagram of a typical hybrid UPS system. 
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During the normal mode of operation, the main AC line powers the AC motor which turns 

the AC generator main shaft and the AC power generated at the output terminals of the AC 

generator supplies the load. The bidirectional power converter rectifies the main AC source 

and charges the battery pack. During backup mode of operation, the bidirectional converter 

inverts the battery power to an appropriate AC power and drives the AC motor to rotate 

the AC generator main shaft. The AC generator, then supplies the load. The static switch 

provides direct connection from the main AC source to the load in case that the UPS system 

does not operates properly [1, 19, 20].  

Because of the large inertia of the AC generator, the transfer from the AC line to the 

inverter takes place very smooth and without transfer time due to the fact that the inverter 

is on all the time. Furthermore, the hybrid UPS systems gathers main features of the static 

and rotary UPS configurations. They have low output impedance, high reliability, excellent 

frequency stability, and low maintenance cost [19, 20]. Like rotary UPS systems, this type 

of UPS is also designed for high power applications.  

 

1.3 Novel UPS Configuration 

All the UPS configurations systems, including static, rotary and hybrid UPS systems, are 

AC based UPS systems as the most UPS systems currently are available in the industry. In 

these systems, the AC main source directly or through several power conversions are 

connected to the load and the power exchanged between different parts of the system has 

an AC format, except for the battery. Working with the AC system means that the UPS 

system should be able to provide a low THD, a good filter for EMI immunity and close to 

unity power factor for the input current. Several power conversions also lead to a lower 
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efficiency as the on-line UPS opposes the lower efficiency among other static UPS due to 

the dual power conversion.  

The novel UPS configuration system is proposed a cost effective and compact DC line-

interactive UPS system. The novel UPS configuration is proposed to replace with a three-

phase on-line UPS system which is utilized for medical imaging machines. The proposed 

system is a DC based system where the power exchange between different parts have DC 

format. The new designed system, shared a DC link bus and all other components in the 

system connect to this bus. The DC link is also integrated with a battery pack through a 

DC/DC bidirectional power converter.   

Figure 1.7 illustrates the concept of the new UPS system. The figure shoes block diagram 

of the DC UPS system. The DC UPS consists of an AC/DC rectifier, a DC/DC bidirectional 

converter and the battery pack. The DC/Dc converter regulates the DC link voltage and 

control the charging and discharging of the battery. The AC/DC rectifier operates in such 

a way to provide unity power factor. The rectifier is designed to provide 20 % of the total 

rated power and provides required power to charge the battery pack. The DC/DC converter 

is designed for full power. The proposed system has a higher efficiency compared with the 

on-line UPS configuration in which a dual conversion reduces the efficiency. Furthermore, 

the new designed system compared to the old three-phase on-line UPS system has several 

advantages including lower cost, size and weight since the three-phase back to back 

conversion replaced with a single stage single phase power converter, and consequently 

the efficiency is also higher.  
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The proposed system will also provide load leveling feature for the main AC/DC rectifier 

which has not been offered by conventional AC UPS systems. It applies load power 

smoothing to reduce the rating of the incoming AC line and consequently reduce the 

installation cost and time. Moreover, the new UPS technology improves the medical 

imaging system up-time, reliability, efficiency, and cost, and is applicable to several 

imaging modalities such as CT, MR and X-ray as well.  
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Figure 1.7: Block diagram of the proposed DC line-interactive UPS system.  

 

The proposed DC UPS, as shown in figure 1.7, is integrated with safe and high power 

density battery, which links to the DC link through a bidirectional DC/DC converter. In 

case of utility power disruptions, the proposed system provides power from the battery to 

directly energize the DC section and ensure continue and reliable operation. 

The proposed system operates in four different modes which are defined based on the load 

profile, battery pack status and connection of the main AC source. These modes include 

high rate discharging mode, so called load leveling mode, the standby mode, online mode 

and UPS or islanded mode. The fist mode is the high rate discharging mode in which the 

load requires a pulsed peak power provided by the battery though DC/DC converter, 

following by a rest time in which battery is charged from the grid power. The third mode 

begins when the battery is fully charged during second mode. Finally, the fourth mode is 
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when the AC main source is not available and the entire power provided by the battery 

pack.   

 

1.4 Thesis Objectives 

The main goal for this thesis is to present the novel UPS configuration, the DC UPS, and 

supports the concept of the novel design with theoretical, simulation and practical analysis. 

To that regard, the proposed system performances during all four modes has been analyzed 

and simulation model of the system has been developed to investigate different aspects of 

the system. Furthermore, since the new system needs to change the modes of operation 

while operating, high voltage/current transients are expected to happen if the transitions 

between the modes do not control and manage properly and smoothly. Thus, developing 

an appropriate control scheme which can ensure a reliable, continuous and constant output 

in the face of disturbances is a vital requirement and objective for the new system.  

 

1.5 Thesis Organization 

This thesis is arranged in the following chapters. Description of the proposed system 

architecture is explained in the next chapter. The energy storage systems and battery 

chemistry selection are discussed in chapter three. Chapter four explains the DC UPS 

system modeling and chapter five investigates the stability analysis of the system and 

explains the proposed control schemes. Chapter six presents the setup prepared for 

verifying the new concept and discusses the experimental results of the DC UPS testbed. 

Finally, chapter six provides the conclusion of the thesis.  
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CHAPTER II: Description of the System Architecture  

2.1 DC Line-Interactive UPS with Load Leveling 

Conventional medical imaging systems typically use a full-scale UPS for the machine to 

continue operation in case of electric power disturbances or outage. This UPS is generally 

large and expensive since it is designed for the peak power rating of the machine. In 

addition, this UPS is typically online type with double power conversion from AC to DC 

and back to line to the machine and UPS is rated at the peak power rating of the machine, 

which is much larger than the average power rating. For instance, the peak power of the 

CT system is nearly 150 kW while the average power is less than 10 kW. Design at peak 

rating means higher total cost and required space for the bulky power supply section of the 

machine. 

X-Ray Tube
High

 Voltage 
Generator

Axial Drive 

and Motor
Rotating 

CT Gantry

Other 

System 

Electronics

AC/DC 

Rectifier

3-Phase

DC/AC 

Inverter

3-Phase

Lead-Acid 

Battery
PDU

On-Line UPS150 kVA 

Line

150 kVA 150 kVA

CPL

CVL

 
Figure 2.1: Schematic of the conventional CT scan system with on-line UPS. The load 

represents the CT machine. 
 

Figure 2.1 shows configuration of a conventional CT scan machine in which an on-line 

UPS configuration is utilized and figure 2.2 illustrates configuration of the proposed system 

with the DC UPS topology. The conventional CT scan system includes a 150kVA input 
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line, three-phase online UPS rated at 150 kW, 60 Hz Power Distribution Unit (PDU), and 

load. The on-line UPS is typically large and expensive for 150 kW power rating. It mainly 

uses lead acid battery as energy storage. A 60 Hz transformer creates electrical isolation 

required for the medical device and powers the PDU and auxiliary loads. The PDU is an 

AC/DC PWM rectifier that creates 700 VDC for the high voltage generator. 
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Figure 2.2: Configuration of the DC UPS system proposed for the CT machine. 

 

The load consists of a high voltage generator, which is a constant power load (CPL), and 

auxiliary loads, which are considered as a constant voltage load (CVL). The high voltage 

generator has pulsed load profile as shown in figure 2.3. The load, CPL, is nearly 140 kW 

for two seconds and it is zero for another 200 seconds. The average load of the machine 

considering the auxiliary loads, CVL, is under 10 kW. Overall, the load comprises of a 

high peak power of 150 kW for a period of two seconds, when both CPL and CVL are on, 

and a 10 kW for 200 seconds, when only CVL is on.  
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Figure 2.2 illustrates the block diagram of the proposed system. The 60Hz PDU is replaced 

with a high frequency resonant PDU (HFPDU) which offers much smaller size and higher 

efficiency. The UPS configuration is changed from an on-line UPS to a line interactive DC 

UPS. A bi-directional DC/DC converter is utilized to charge and discharge the battery. 

Double conversion of electric power is removed, which increases the overall efficiency. 

However, improving efficiency is the least improvement made here. The system size is 

drastically reduced due to reduction from a three-phase double conversion to single-phase 

single stage DC/DC conversion. The lead-acid batteries are also replaced by safe, reliable, 

and more compact Li-ion batteries. In case of any input power disruption, the converter 

provides the required power from batteries to the 700VDC bus. Since the input and output 

voltages are DC, the transients are minimized. The stability concerns are largely mitigated 

and there is no synchronization delay or transients. 
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Figure 2.3: The Load Profile consists of a CPL (140 kW for 2 s and 0 kW for 200 s) and a 

CVL (10 kW). The BESS provides peak pulsed power for 2 s and then charges 
with 10 kW from grid. 

 

Another significant improvement comes from load power smoothing (known as load 

leveling). As described by figure 2.3, the peak load of the machine is very high and is near 

150kW (140kW for the high voltage generator, the CPL, and 10kW for the auxiliary loads, 
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the CVL). The proposed DC UPS will support the main line by providing the pulsed 

demand of the load. Roughly, when the high voltage generator needs 140kW of power for 

two seconds, 130kW will be provided by the DC UPS and 20kW will be provided by the 

main line. When the pulsed load, the CPL, is reduced to zero, the converter uses 10 kW out 

of 20 kW power from the main line to charge the battery back to initial state in the rest 

time.  

The main blocks of the proposed DC UPS are, as illustrated in figure 2.4, including AC/DC 

rectifier, DC/DC bidirectional converter, battery energy storage system (BESS). The 

description of each block is provided as follow. 
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Figure 2.4: Block diagrams of the proposed DC UPS system. 
 

2.2 AC/DC Rectifier 

The main line is connected to the DC link through an AC/DC rectifier to provide a portion 

of the load power that is less than 20 %, from the grid. Based on the proposed DC UPS, 

the rectifier delivers 20 kW constant power to the DC link at unity power factor. This 

rectifier is almost eight time smaller than the AC/DC rectifier used in the conventional CT 

machine with on-line UPS configuration system which is rated for full rated power at 150 

kVA. 
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The 20 kW power provided by this converter is used as a small portion of the 2 s peak 

pulsed power demand of the load and also a charging source for the battery modules during 

the rest periods.    

2.3 DC/DC Bidirectional Converter 

In the proposed system, the battery energy storage system (BESS) is connected to the DC 

link via a DC/DC converter. The high power DC/DC converter has a critical role in the 

proposed topology since the BESS is providing most the load power and this converter 

regulates the DC link voltage while BESS is not fully charged and is in the circuit.  

The converter should have bidirectional capability to manage power flow in both directions 

as BESS is charged and discharged. Moreover, in the proposed topology, the DC/DC 

converter is a high power converter, therefore an efficient topology which is capable of 

handling high current with low current ripple should be considered. High current ripple 

affects the life span of the energy storage devices and decreases the capacity and life time 

of the BESS [21-24]. Several topologies for such DC/DC converters used to interface 

energy storage systems with their advantages and disadvantages, are discussed and 

reviewed in the literature [25-29]. The multi-phase interleaved technique is widely used to 

reduce the current/voltage ripple and increase the power capacity of the DC/DC converters. 

Using this technique not only reduce the current ripple, but also minimize the size and 

weight of the key elements in the power converters. The number of phases is designed 

based on the system requirements and can be defined per the minimum current ripple for a 

specific duty ration of the converter. 
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A bidirectional 2-phase interleaved DC/DC converter is proposed to connect the BESS to 

the DC link. The merit of interleaving technique depresses the ripple of the battery current 

which is induced by switching and this could minimize deterioration of the BESS.   

2.4 Modes of Operation 

Four operational modes have been defined for the proposed DC UPS system in order to 

study the dynamics of the system during different conditions of the system. These modes 

are defined   based on the load profile, BESS status, connection and disconnection of the 

system from the main AC grid. These modes are load leveling mode, when the system is 

supplying the 2 second pulsed peak power for the load including CPL and CVL, standby 

mode, during 200 s rest period when the system is powering CVL and charging the BESS, 

online or grid-connected mode, when the BESS is fully charged during 200second rest 

period and UPS or islanded mode is when the grid is out and BESS is providing power for 

the system. At each mode, the goal is to provide required power for the load and maintains 

the DC link voltage constant according to the different situations associated with the 

defined modes. Description of each mode is provided in the next sections.  

2.4.1 Mode I: Load Leveling Mode 

First mode, the load leveling mode or high rate discharging mode is when the load requires 

a 2 second peak pulsed power of 150 kW including 140 kW from high voltage generator 

pulsed load profile, the CPL, and 10 kW for auxiliary loads, the CVL. 

The main line in this mode provides 20 kW power and the BESS supports the main line by 

delivering the rest of the required power, which is 130 kW to the DC link. This is the load 

leveling feature of the proposed DC UPS. Since the BESS is providing majority of the 
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power, the DC/DC power converter regulates the DC link. Therefore, the DC/DC converter 

operates in voltage mode, to keep the DC bus voltage constant at the rated value. The BESS 

provides the requested pulsed power by high rate discharging (up to 15 C). The released 

BESS energy in this 2 second is less than 1 % state of charge (SOC) of the BESS and the 

associated energy management system ensures that the BESS has at least 50 % SOC when 

providing this amount of power. The rectifier supplies 20 kW power by performing in 

current mode. Figure 2.5 illustrates power flow during the load leveling mode. 
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Figure 2.5: The power flow of the proposed DC UPS during load leveling mode. 
 

The amount of energy released by discharging the BESS during this mode, ��, earned as: 

 �� = 130 � × 2 � 3600⁄ =  72.2 �ℎ [2.1] 

and if the BESS consists of 108 Li-ion cells connected in series with each cell terminal 

voltage of 3.2V-3.3V, then the BESS terminal voltage, Vb, can be around 350 V, then the 

amount of capacity, �� in Ah, released during this mode and also change of the state of 

charge, ∆����,obtained as:  

 �� = �� �� = 0.206  �ℎ⁄  [2.2] 

 ∆���� = �� �� = 0.69 %⁄  [2.3] 



 19 

Where �� is the nominal capacity of the BESS, which is 30 Ah. This means that during 

mode I, the load leveling mode, almost 0.7 % of the nominal capacity of the BESS is 

consumed to support the 2-second peak pulsed power demand for the CPL. Technically 

speaking, the depth of discharge (DOD) to support the 2-second pulsed CPL demand 

during this mode for the BESS is 0.69 %. 

2.4.2 Mode II: Standby Mode 

The standby mode begins after 2 second pulsed power of the load leveling mode. During 

this mode, the CPL is off and CVL is still on. The main line provides 20 kW power at unity 

power factor. The CVL is fed by half of the power provided from the grid and the other 

half of grid power charges the BESS to recover the energy which was released during load 

leveling mode. The 130 kW power discharged for 2 s can be recharged by 26 s charging at 

10 kW.  

The AC/DC rectifier is still working on current mode to ensures 20 kW power delivered to 

the DC link. The DC/DC power converter maintain the DC bus voltage by operating on 

voltage mode. It is assumed that in this mode the BESS is not fully charged (SOC < 99%) 

which means that it can absorb/charge extra power. Once the battery is fully charged, next 

mode begins. The schematic of the system working in this mode is illustrated in figure2.6. 
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Figure 2.6: The power flow of the proposed DC UPS during standby mode. 
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During this mode, the energy received by the BESS during 200 s, ���, with the same 

assumptions as mode I, is achieved like this: 

 ��� = 10 � × 200 � 3600⁄ =  555.6  �ℎ [2.4] 

 ��� = ��� �� = 1.59  �ℎ⁄  [2.5] 

 ∆����� = ��� �� = 5.29 %⁄  [2.6] 

Which means that during this mode, the BESS can receive 1.59 Ah which is considered as 

5.29 % of its nominal capacity leads to the SOC of the BESS raises up by 5.29%. It is 

possible that the BESS becomes fully charged by all or portion of this energy during this 

mode and avoids any further charge, then the next mode which deals with the fully charged 

BESS is started.  

2.4.3 Mode III: Online Mode 

During mode II, the BESS could become fully charged and avoids extra charge from the 

grid, then the third mode, the On-line mode starts to operate. The CVL is directly powered 

from the grid through the rectifier.  

Consequently, the DC/DC converter is at rest mode and the AC/DC rectifier will oversee 

the DC link regulation. The rectifier performs in voltage mode during this mode to maintain 

the DC link voltage constant while providing 10 kW power for the CVL. 
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Figure 2.7: Block diagram of the DC UPS system during mode III, the BESS is fully 

charged and does not have any power exchange with the DC link. 
 

The DC/DC converter will take over the control of the DC link voltage, once request for 

extra power is issued, in other words, once the CPL turns on or grid disconnects, the 

DC/DC converter manages the system to maintain the DC link voltage while providing 

peak pulsed power for the CPL. During online mode, the DC/DC converter does not have 

any power exchange with the DC link. Figure 2.7 illustrates the operation of the system 

during mode III. 

2.4.4 Mode IV: Islanded Mode 

Finally, the last mode, islanded mode, is when the system is disconnected from the main 

AC source due to power destructions, like power outage or any grid disturbances. Then the 

BESS provides entire load profile for a limited time according to its available capacity and 

system policy, till the main power returns. The DC/DC converter provides the required 

power from the BESS to the load and simultaneously regulates the DC link voltage. To 

avoid any damage to the BESS life time by deep discharging the BESS, it is required to 

consider a minimum SOC or a maximum DOD for the BESS to operate safely during this 

mode. Figure 2.8 shows the DC UPS system during the islanded mode. 
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Figure 2.8: Block diagram of the DC UPS system during islanded mode; the DC/DC 

converter provides entire load power from the BESS. 
 

The amount of energy that the BESS can potentially provide during the islanded mode, 

assuming the BESS is fully charge and will be completely discharged or 100 % DOD is 

allowed, can be achieved as�"#$$: 

 �"#$$ = 30 �ℎ × 350 � =  10.5  �ℎ [2.7] 

Considering�%&%'( is the energy required for a full load cycle by including 150 kW power 

for 2 s (CPL+ CVL) and 10 kW (CVL) power for 200 s, then�%&%'( is obtained as: 

 �%&%'( = (150 � × 2 � + 10 � × 200 �) 3600 = 638.9  �ℎ⁄  [2.8]

 -./0�� 12 3145 �673�� = �"#$$ �%&%'( = 16.4   7673��⁄  [2.9] 

2.5 The Load Profile 

The load consists of a high voltage generator, a 140 kW constant power load (CPL), and 

the auxiliary loads, 10 kW constant voltage load (CVL). The CPL only shows up in the 

mode I and IV while the CVL exists all the time. The CVL has a 10 kW constant power 

demand. The whole load profile is illustrated in figure 2.9 in which the solid black line 

represents the total load profile, CPL plus CVL, with a peak of 150 kW and a low power 

of 10 kW for the auxiliary loads when the high voltage generator is at rest period. The 
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green line also represents the power supplied by BESS and the negative part of the green 

line represents the charging period for the BESS during mode II, while in mode III there is 

not any energy exchange with the BESS since it’s fully charged (SOC > 99%). The blue 

line, in the figure 2.9, represents the power from grid which is 20 kW and during mode III 

it is reduced to 10 kW and during mode IV, the islanded mode, it reduces to zero. This 

profile could frequently repeat during a normal operation day of the medical machine.  

The high voltage generator pulsed load in mode I, has negative incremental impedance 

characteristic of the constant power loads (CPLs) in which although the instantaneous 

value of the impedance is positive but the incremental impedance is negative [30-32]. This 

characteristic mainly challenges the stability of the system when the DC/DC converter 

provides the most of the required power to the pulsed power demand. 
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Figure 2.9: The load and the BESS power profiles during different modes of the DC UPS. 
 

2.6 Battery Energy Storage System (BESS) 

The BESS provides the load leveling feature, also known as peak shaving or power 

smoothing, for the grid input power by supplying the peak pulsed power demand. In 
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addition, the BESS can serve as an urgent power supply or UPS system in case of any AC 

power outage for a limited time. The BESS consists of the Li-ion battery modules and the 

battery management system.  

A comprehensive study on different type of batteries were conducted to find the appropriate 

type which meets the DC UPS system requirements including high power and energy 

density, safe and reliable design. The Li-ion LFP and NCA cell types were down selected, 

due to their superiority in energy and power density, safety and their long life cycle. It 

should be mentioned that the new design Li-ion cells have the capability of high pulsed 

discharging up to 15C for less than 5 seconds. This capability well-matched with the 

requirements of the peak pulsed power demand for two seconds. Each LFP cell rated at 3.3 

V nominal voltage and 30 Ah (at 0.2C) nominal capacity. The cell is capable of pulsed 

discharging with high rate current up to 450 A for less than 5 seconds.  

Two Li-ion LFP based battery modules consist of 108 cells connected in series (each 

module contains 54 cells) were designed and built for the DC UPS system. The modules 

are connected in series and supply 350 V terminal voltage and 10.5 kWh energy. The 

modules can deliver a peak power of 150 kW for 2 second to the DC link. A battery 

management system (BMS) has designed and installed to monitor the cells/modules safety 

operation. Next chapter explains more in details about the BESS. 
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CHAPTER III: Energy Storage Systems and Battery Chemistry 
Selection 

3.1 Introduction 

There is a shift in the decades-old paradigm of energy generation, distribution, and 

consumption. Several technical and non-technical factors are driving this change including 

concerns on impacts of fossil-based fuels, advancement of alternative energy technologies, 

increasing penetrations of distributed generations, and demand for higher energy efficiency 

and reliability [33]. Energy Storage Systems (ESSs) are acting as enabler to support this 

paradigm shift. They have been employed in a wide range of electrical systems from 

consumer’s electronics to automotive industry and to utility level transmissions and 

generations. The higher energy density and smaller size of newer ESS technologies have 

significantly improved the mobile and portable consumer electronic devices. In the 

automotive industry, advanced ESSs have enabled efficient Hybrid Electric Vehicles 

(HEV) and Electric Vehicles (EV). Advancements in energy storage and power electronics 

technologies have also transformed industrial energy conversion systems such as 

Uninterruptible Power Supplies (UPS) and systems with pulse loads or sources.  

In the electrical power systems, the emerging paradigm includes new elements such as 

deregulations, Distributed Generations (DG), energy storage, DC systems, and power 

electronics-based systems at different power scales. With increasing concerns over energy 

reliability and security, energy cost, and environmental concerns over fossil-based sources, 

alternative energy systems have also experienced a large growth in the recent years. 

Majority of growth has been happening in renewable energy systems, especially in solar 

Photovoltaic (PV) and wind energy. When the penetration of these sources increases in the 
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grid, they are required to participate in the grid support functions. The intermittent nature 

of these sources needs support from energy storage systems to make them dispatchable and 

more predictable in the grid operation.  

Support for renewable energy systems can be realized at several time lengths from short-

term (less than 5 seconds) to long-term (several hours). Short-term support is needed during 

solar PV clouding, wind power gusting, and power ramp rate limitation. The appropriate 

energy storage for this application does not need to have high energy capability but must 

have a large power capability. Long-term support can include power shifting and spinning 

reserve function. The daytime solar PV power can be moved to early evening peak demand 

hours and energy storage can supplement when forecasted renewable energy does not 

occur. For these applications, the ESS must have appropriate energy and power 

capabilities.   

Electrical utility systems can also take advantages of ESSs at distribution, transmission and 

generation levels. ESSs can help stabilize the electric power system by providing voltage 

and frequency support, load leveling and peak power shaving, spinning reserve, and other 

ancillary services. They also count as extra energy capacity for the generation and 

transmission systems to defer the upgrade cost. Time shifting of the energy delivery is 

another major benefit of integrating ESSs into grid.  

For various applications, different types of ESSs with respective strengths and weaknesses 

have been developed. Electrical energy can be converted to several other types of energy 

and then can be stored. The energy can be released by converting back to the electrical 

form when needed. There are several types of energy storage technologies, including 
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electrochemical, mechanical and electrical/magnetic fields. Figure 3.1 shows the 

classification of electrical energy storage systems and examples for each category. 

Electrochemical energy storages are batteries in which electrical energy is stored as 

electrochemical reactions and then released by changing back to electrical energy.  

 
Figure 3.1: Different types of energy storage systems.   
 

Lead-acid (LAB), Lithium-ion (Li-ion), Nickel-Metal Hydride (NiMH), Sodium Sulfur 

(NaS) and redox flow batteries are the most common electrochemical energy storage 

systems. Electrical energy is also changed to kinetic energy and saved in mechanical 

energy storage systems such as flywheel, compressed air and pumped hydro. In capacitors, 

electrical energy is saved in the electrical field established between the capacitor plates. 
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Mechanical energy storage technologies have primarily been adapted for large-sized 

storage systems while batteries and capacitors cover a wide range of applications from 

costumer electronics to industrial and utility level applications. Table 3.1 reports an 

estimation of total electrical energy storage capacity which is currently installed 

worldwide, according to the Electric Power Research Institute (EPRI) [33].  

 

Table 3.1: Worldwide installed electrical energy storage capacity [33] 
 

 

Currently, the majority of bulk storage capacity worldwide is in the forms of pumped hydro 

and compressed air while the rest of storage technologies account for less than one percent 

of the total capacity. However, due to the geographical limitations, distance from the 

demand and initial capital cost, other storage technologies, which are accessible 

everywhere, are gaining market share. 

 

 

 

 

 

Energy Storage Technology 
Installed 
Capacity  
[MW] 

Pumped Hydro 127000 

Compressed Air Energy Storage (CAES) 440 

Sodium-Sulfur Battery (NaS) 316 

Lead-Acid Battery  35 

Nickel-Cadmium Battery 27 

Flywheels 25 

Lithium-Ion Battery 20 

Redox-Flow Battery 3 
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Table 3.2: Characteristics of common energy storage systems.   

Characteristic/ 
Energy Storage 
Type 

Specific 
Power 
[W/kg] 

Specific 
Energy 
[Wh/kg] 

Cycle Life 
[cycles] 

Self-
Discharge 
at 25°C 
[%] per 
month 

Efficiency 
[%] 

Ultracapacitor  2000-
14000 

1.5-15 105-106 Very low > 90 

Lead-acid Battery 100-200 20-40 200-2500 Medium 70-80 

Li-ion Battery 300-1500 100-300 2000-5000 Low 80-90 

NiMH Battery 220-1000 60-120 500-2000 High 50-80 

NaS Battery 150-230 150-240  2000-4500 Very low 75-90 

ZnBr Flow Battery 300-600 30–60 2000-3000 Very low 70-80 

Flywheel 1000-5000 10-50 105-107 Very high 80-90 

Pumped hydro N/A 0.3-30 > 20 years Very low 65-80 

CAES N/A 10-50 > 20 years High 50-70 

 

Batteries are receiving significant attention for industrial and grid applications, due to their 

portable characteristics, and are the most promising energy storage type of future. Various 

characteristics of the energy storage technologies, which have been extracted from [33-36] 

are summarized in figure 3.2 and Table 3.2 

 

 
Figure 3.2: Ragone plot for energy and power density for ultracapacitors (UCap), 

flywheel energy storage (FES), and batteries of the: nickel-metal hydride 
(NiMH), zinc-bromine (Zn-Br); lead-acid (LAB), lithium-ion (Li-ion); sodium 
sulfur (NaS) types.     



 30 

This chapter briefly covers energy storage topic and explains the Li-ion batteries and 

several commercially existing chemistries. The goal is to determine a battery chemistry 

and type, which ensures safe and reliable operation. In addition, battery must provide high 

power density. The initial rating for the battery pack (108 series connected cells) is 12.5 

kWh and 125 kW. The battery should be able to deliver the specific power profile and 

provides long life and proper performance. 

Based on the literature review, two Li-ion battery chemistries, Lithium Nickel Cobalt 

Aluminum oxide (also known as NCA) and Lithium Iron Phosphate (referred as LFP), have 

been met the requirement criteria and selected down to conduct the performance tests.  

3.2 Battery Energy Storage System (BESS): Types, 
Characteristics and Modeling 

3.2.1 Lead Acid 

The oldest rechargeable battery technology, which was invented some 150 years ago, is 

based on the use of lead-acid. The modern version of the technology is able to deliver 

relatively large power for relatively low cost, making such batteries strong candidates for 

applications in which a surge power support with low depth of discharge is required, 

including backup power supply like UPS, emergency power and power quality 

management. 

The short life cycle and very low energy density are two main disadvantages [37]. Deep 

cycling and high discharging rate have a serious impact on the life span of the battery. The 

latest developments, including advanced materials, resulted in lead-acid batteries in better 

performance and longer life cycle, and include low-maintenance versions, such as, GEL-
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cells and Absorbed Glass-Mat (AGM) collectively known as Valve-Regulated Lead-Acid 

(VRLA) batteries [38].  

3.2.2 Lithium-Ion 

One of the most popular types of batteries commercially available is based on Li-ion 

and provides comparatively very good performance, with high power density and 

satisfactory energy density. A long life cycle without memory effect, together with 

high columbic efficiency and low self-discharge characteristics, makes this type of 

battery the preferred energy storage choice for a wide variety of applications, 

spanning from costumer electronic devices and mobile products, all the way to the 

latest generation of plug in hybrid EV, and systems for frequency regulation at the 

utility level [39]. 

The electrode material greatly influences the battery specifications in terms of power 

and energy density, voltage characteristics, life time, and safety. A typical cathode, i.e. 

the positive active electrode, is made of a lithium metal oxide, and common materials 

such as cobalt (LiCoO2 or LCO) and manganese (LiMn2O4 or LMO). Combined 

chemistries including nickel cobalt aluminum (NCA), nickel manganese cobalt (NMC), 

and iron phosphate (LFP) are also employed for the cathode. Graphite and lithium 

titanate (Li4Ti5O12 or LTO) are the typical choices for the anode, i.e. the negative active 

electrode.  

A comparison of the battery chemistries, clearly illustrating the advantage of different 

battery types, is presented in Table 3.3.  
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Table 3.3: Characteristic comparison between batteries of Li-ion family chemistry, lead-
acid and ultracapacitor. The highest figure of merit, which is associated 
with best performance, is equal to 6. 

Energy Storage  
Type 

Power  
Density 

Energy 
Density 

Safety Cycle 
Life 

Cost 

LFP 4 4 4 4 4 

LTO 4 4 4 4 2 

NCA 5 6 2 4 3 

NMC 4 6 3 3 4 

LCO 3 3 2 2 4 

LMO 4 5 3 2 4 

Lead-acid 3 2 3 2 6 

Ultracapacitor 6 1 3 6 2 

 

 

3.2.3 Sodium Sulfur (NaS) 

Sodium sulfur (NaS) rechargeable batteries are mostly developed for large scale 

applications, as they operate at a high operating temperature of 300 ◦C - 350 ◦C. Such 

batteries are made with inexpensive materials and they are known as high power and 

energy storage devices with high columbic efficiency up to 90%, good thermal behavior, 

and they are long life cycle made. The primary applications are large scale power and 

energy support, such as load leveling, renewable energy integration, and UPS systems. The 

battery contains hazardous materials like sodium, which can burn spontaneously in contact 

with air and moisture, or sodium polysulfide that is highly corrosive [40].   

3.2.4 Other Types of Batteries and Energy Storage Systems 

Some of the other common energy storage technologies include Nickel–Metal Hydride 

(NiMH) batteries, which can be recharged, have higher energy density and shorter cycle 

life compared to Nickel Cadmium (NiCd) chemistries, but still suffers from strict 
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maintenance requirements due to the memory effect. The high rate of self-discharging is 

the main disadvantage of NiMH batteries [41]. 

Flow batteries, also known under the Redox (reduction-oxidation) name, employ for 

storage chemical compounds, dissolved in the liquid electrolyte and separated by a 

membrane. Such batteries have been developed using zinc bromine (ZnBr), sodium 

bromine (NaBr), vanadium bromine (VBr), or polysulfide bromine (PSB). A unique 

advantage of flow batteries is that their energy capacity is completely separated from their 

power, and therefore the design can be scaled with more flexibility [42]. Redox batteries 

can be matched very well for the integration of renewable energy to the grid and for 

frequency regulation [43-44].  

 
Figure 3.3: Zinc-Bromide (ZnBr) flow battery used in the University of Wisconsin-

Milwaukee (UWM) Lab for experimentally demonstrating the mitigation of 
power variability from renewable energy sources. The battery is rated at 50 
kW, 675 Ah and when fully charged. 
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A Zinc-Bromine (ZnBr) flow battery system, shown in figure 3.3, is used in the Power 

Electronics Laboratory at University of Wisconsin – Milwaukee (UWM) for demonstrating 

techniques of mitigating wind power fluctuations [44]. 

 

Energy can also be stored using electromechanical systems employing high-speed high-

inertia flywheels. The absorption and the release of electrical energy will result in an 

increase or decrease of the flywheel speed, respectively. A main advantage is represented 

by the rapid response time, recommending the technology especially for applications such 

as transportation, backup power, UPS, and power quality improvement [45].  

Other forms of energy storage suitable for large-scale grid applications employ pumped 

hydro and compressed air. In the first case, water is pumped uphill in a natural or man-

made reservoir, for example during off-peak hours, and released downhill to turn a turbine 

and produce electricity when needed, for example during peak hours. In the second case, 

the air is typically stored underground and then used as needed to generate electricity from 

a generator coupled to a turbine. High capital investment and installation costs, coupled 

with geological availability, environmental concerns and restrictions, represent challenges 

for these types of storage, and may generate opportunities for developments for electrical 

batteries. 

 

3.2.5 Battery Energy Storage Modeling and Test Setups  

In order to design, analyze, and optimize the energy storage systems, suitable battery 

models, which can address the main characteristics and the behavior for the application 
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specifics, are a vital requirement. The battery model should be able to satisfactorily predict 

the dynamics of the system with a reasonable low computational complexity. Reduced 

order models that neglect phenomena of less significance may provide a suitable tradeoff 

between accuracy and simplicity. 

Battery models may be classified in three major groups: physical or electrochemical, 

mathematical, and electrical, respectively. A physical model is based on the 

electrochemical reactions and thermodynamic phenomena that take place inside the battery 

cell. Such models involve high order differential equations, they are complex and time 

consuming, but provide, in principle, the basis for the most accurate results [46-47]. To 

reduce complexity, reduced-order simplified electrochemical models have been proposed 

[48-50]. 

Mathematical battery models, without any electrical properties, are limited to the prediction 

of system level performance indices, such as energy efficiency, run-time, and capacity. In 

this type of models, the result accuracy is highly dependent on the experimental data 

employed for model identification, the models are typically applicable only to a reduced 

range of devices and ratings, and they do not include terminal voltage and current 

characteristic, which are essential for circuit analysis and system simulation [51-52].  

The electrical models for batteries employ lumped equivalent circuit parameters with 

sources and passive elements, i.e. resistances and capacitance. Such models are the most 

familiar to electrical engineers and can be successfully employed for system simulation.  



 36 

A comprehensive model that combines the transient capability of a Thevenin-based model, 

the AC features of an impedance-based model, and the information specific to a runtime-

based model, has been proposed and validated for lead-acid, NiMH and Li-ion batteries 

[53-56]. The model, which is schematically represented in figure3.4, includes two 

equivalent circuits: figure 3.4(a) for battery lifetime, capacity, state of charge and runtime 

of the battery, and figure 3.4(b) for the voltage-current characteristics of the battery.  

 

 
                              (a)                                                            (b) 

Figure 3.4: Combined detailed equivalent circuit models for batteries,  
                   (a) battery lifetime model and (b) V-I characteristics model [53]. 
 

Battery lifetime, has been modeled through three elements, a resistance, Rself,, quantifying 

the self-discharge energy loss during storage operation, a current-dependent source for 

charging and discharging, Ibat, and a capacitance, Ccap, which provides the state of charge 

for the battery as a scaled voltage drop, Vsoc, with a per unit value between 0 to 1. The 

capacitance, Ccap, accounts for the entire charge stored in the battery and can be calculated 

as: 

   [3.1]  

where Cn is the nominal battery capacity in Ah and f1 (T), f2 (n) and f3 (i) are correction 

factors dependent of temperature, number of cycles and current, respectively.  

1 2 33600. . ( ). ( ). ( )cap nC C f T f n f i=
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The battery voltage-current characteristics are modeled through the equivalent circuit 

depicted in figure 3.4(b). In this case, all equivalent circuit elements are dependent of the 

State of Charge (SOC). Voltage-current non-linearity is incorporated through a dependent 

voltage source, Voc, and a resistor, Rs, is responsible for immediate voltage change in step 

response. Several RC parallel networks, i.e. Ri and Ci, are connected in series to provide 

multiple time-transient constants. Typically, three such time-constant RC network are 

considered satisfactory for most practical purposes. The parameters identified in figure 

3.4(b) are a function of SOC, as shown in the following equations, and they are also 

affected by other operational characteristics, such as temperature. 

The state of charge, SOC, and the terminal voltage, Vt, are calculated as: 

 ���(9) = ���: − <=>?@ A B(9). 5(9)C:  [3.2]   

 �C = �D=(���) − (�EF + �=< + �=G + �=H) [3.3]   

where VC1, VC2 and VC3 are the voltages across capacitors and VRs is the voltage drop 

across the internal resistor (RS). An open-circuit voltage, Voc, versus SOC characteristic 

is exemplified in figure 3.5.  

 

Figure 3.5: Open-circuit voltage (Voc) versus state of charge (SOC) for   
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an example Lithium-ion battery of 2.6 Ah. 
 

3.2.5.1 Test Procedure and Model Extraction 

To extract all the parameters introduced by proposed model a test bed system and 

procedure were conducted. The system includes a DC digitally programmable load, a DC 

source, current sensor, NI CompactRIO and LabVIEW software, figure 3.6 (left). The DC 

load and source were hocked up to the CompactRIO serial port to communicate with 

LabVIEW interface.  A breaker contactor is used to disconnect the DC source in 

discharging periods. Two channels of a CompactRIO analogue IO (input/output) 

differential module digitize and carry the measured current and voltage signal at each 

sampling instance to the LabVIEW interface, figure 3.6 (right). A model was developed in 

LabVIEW environment for collecting data and performing charge and discharge cycles and 

commanding appropriately to the load and source.   

  
Figure 3.6: Test bed system of the battery (left) and LabVIEW interface model (right)    

 

A new 2.6 Ah cylindrical lithium-ion battery cell grabbed from laptop battery pack, was 

used for this experiment. Several pulse current discharging cycles with different current 

rates from were performed to earn enough data for identifying model parameters. During 
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the test, cell temperature was recorded as well. However, according to the low current rate 

tests, the cell temperature was almost constant as ambient standard temperature at 25 C. 

Details on model extraction methods and procedures could be found in [53-57].  Figure 3.7 

depicts a typical pulse discharging voltage and current curves saved by LabVIEW model. 
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 Figure 3.7: Pulse discharging voltage and current with 1 A (sampling frequency is 100 
Hz) 

 

Parameters shown in the combined battery model are analyzed and found via designed 

algorithms implemented in MATLAB.  The voltage and current data are used to find the 

open-circuit voltage, series resistance and three RC transient circuit elements, which are 

non-linear functions of state of charge (SOC). For each model element, several curve fitting 

algorithms were used to find the best curve fitted on the data extracted from the V-I curves. 

Figures 3.8 through 3.11 show the results of the model extraction.  
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Figure 3.8: Open-circuit voltage (Voc) as a function of state of charge (SOC) 

 
Figure 3.9: Series resistance as a function of soc for various discharging rate (for 0.52, 1, 

2, 2.6 A discharging current). 
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Figure 3.10: Transient resistances as functions of SOC 
 
 
 

 
Figure 3.11: Transient capacitances as functions of SOC 
 

Rate factor and temperature factor were determined based on the method offered in [57]. 

Tables 3.4 through 3.6 include the measured correction values for various temperatures, 

charging and discharging currents. Since all the battery tests were conducted under the 
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standard lab temperature, for the temperature correction factor, the data grabbed form the 

battery datasheet.   

Table 3.4: Correction rate factors for various temperatures  

Current [A] -10 0 25 40 

f2 0.5 0.8 1 0.8 

 
Table 3.5: Correction rate factors for various discharging currents 

Current [A] 0.52 1 2 2.6 

f3 1 0.9826 0.9585 0.9234 

 
Table 3.6: Correction rate factors for various charging currents 

Current [A] 0.52 1 2 2.6 

f3 1 0.95 0.8252 0.7546 

 

Figure 3.12 shows the battery model implemented in the MATLAB-Simulink environment.  

 
 Figure 3.12: Block diagram of the battery model 
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3.2.5.2 Battery Electrical Model Verification 

In order to verify the accuracy of the extracted results, several tests were carried out to 

compare the simulation results with experimental ones. The same pulse current in various 

rates were injected to the battery and Simulink model and terminal voltage of the battery 

in the simulation and experimental were compared. The Simulink model results were 

comparable to the experimental results from the battery and verify the accuracy of the 

model. Figure 3.13 illustrates the simulation terminal voltage of the battery model and 

experimental data. 

The round of error of the MATLAB calculation was the main source of the error while the 

curve fitting was carried out and causes most portion of the output error. The other source 

of error was the resolution and accuracy of the measurement instruments. These two were 

the main source of error in the results. 

 
 Figure 3.13: Terminal voltage of the battery Simulink model and experimental data 
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3.3 Ultracapacitors Energy Storage: Types, Characteristics and 
Modeling  

3.3.1 Ultracapacitor Types and Characteristics  

Ultracapacitors, which are also referred to as super-capacitors, provide energy storage and 

they can fast charge/discharge and delivering high power for a very short period of time, 

in the order of fraction of seconds. The significant improvements in capacity and energy 

density over conventional capacitors, while maintaining the same high power density 

values, are possible using a much larger surface area for the electrodes and thinner 

dielectrics. In comparison with other energy storage devices, ultracapacitors have a very 

high power density while their energy density is substantially lower than that of electric 

batteries. Ultracapacitors are especially suitable for applications that require high-rate and 

short deep cycles, such as backup power supplies, Hybrid Electric Vehicles (HEV), 

automotive start-stop applications, DC link voltage support in converter and power quality 

correction in utility applications. 

Based on their electrode design, ultracapacitors may be classified into three main groups: 

Electrical Double-Layer Capacitors (EDLCs), pseudocapacitors, and hybrid capacitors (see 

figure 3.14). The double layer capacitors rely on the electrostatic field between two plates, 

while pseudocapacitors employ electrochemical reactions to store the electric charge. The 

hybrid capacitors combine the two phenomena and include the popular Li-ion 

ultracapacitors [58-60].     
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Figure 3.14: Classification of ultracapacitors based on the electrode design. 
 

 

 

Figure 3.15: Examples of Li-ion ultracapacitors of 2200F, 2300F and 3300F.  
 

Ultracapacitors are superior to batteries both in terms of life cycling, with more than 105 

cycles being possible, as well as energy efficiency. Deep cycling does not have a significant 

influence on ultracapacitors’ life span, while this is definitely not the case for the lead-acid 

or Li-ion batteries. Examples of Li-ion ultracapacitors of 2,200 F, 2,300 F and 3,300F Li-

ion ultracapacitors are shown in figure3.15. In order to reach higher voltages, currents, or 

capacities, ultracapacitors are connected in series or parallel in banks as the one shown in 

figure 3.16, which have been used in the University of Wisconsin-Milwaukee (UWM) lab 

for demonstrating grid integration methods for intermittent renewable energy generation 

[61-62].  
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Figure 3.16: Ultracapacitor bank in the UWM Lab. The approximate overall dimensions 

are 1.03x0.93x1.17 m. Rated at 720V and 0.5Ah. 
 

  
Figure 3.17: Electric equivalent circuit model for an ultracapacitor [61]. 
 

3.3.2 Ultracapacitor Modeling   

Models for ultracapacitors may be categorized into three main groups of the 

physical/electrochemical, equivalent circuit, and behavioral neural network type, 

respectively. The physical models rely on the electrochemical reactions and corresponding 
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high order differential equations, and therefore they are the most phenomenological 

relevant and, in principle also, the most accurate [63-64].  

The equivalent circuit models for ultracapacitors typically employ several passive circuit 

elements, such as resistors and capacitors [65-68]. A simplified equivalent circuit model 

for Li-ion ultracapacitors, based on the concept proposed in [61], is shown in Figure 3.17, 

where the self-discharging characteristic of ultracapacitor is modeled by Rsd, the cell and 

the junction resistance are totally quantized by series resistance Rs and the RC elements, 

Rss and Css, model the transient response of ultracapacitor. The Parameter identification 

requires multiple AC and DC tests. The equivalent incremental internal capacitance is 

calculated as: 

0

( )
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I t t
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OCV OCV

∆
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∑
      [3.4] 

where OCV is the open circuit voltage, I is the current and Q is the columbic charge for 

the data point i. It should be noted that a columbic counting technique has been employed 

to estimate the state of charge, which varies approximately linearly with OCV.  

An 1100 F li-ion ultracapacitor was charged during 16 cycles which each cycle consists of 

10 seconds charging and then rest (disconnected from the source) for 20 seconds. Figure 

3.18 verifies the accuracy of the equivalent circuit model of figure 13.9 by comparing the 

terminal voltage of the ultracapacitor and the simulation model.  
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Figure 3.18: Experimental data and simulation results for the Li-ion Ultracapacitor, 10 A 

pulsed charging DC test at 25°C [61].     
 

Some models that combine equivalent circuits and electrochemistry fundamentals have 

also been proposed [63-64]. Yet in another approach, a training data represented by the 

voltage, current, and temperature values measured during charging and discharging 

experiments have been used to train a neural network [69]. 

3.4 Energy Storage Management Systems (ESMSs)  

3.4.1 Main Concepts 

An Energy Storage Management System (ESMS) is typically employed in order to ensure 

optimal and safe operation of devices, such as batteries and ultracapacitors, A typical 

ESMS configuration includes: an effective cell balancing mechanism; cooling and 

ventilation; data acquisition and controls; communications and interfaces between 

subsystems and with the power system; protections; for example, to overvoltage and short 

circuit, condition monitoring for SOC and SOH, temperature etc.   

The management systems for both batteries and ultracapacitors share the same basic 

principles, but batteries require additional care as their life time and safe performance are 
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highly sensitive to parameters like high temperatures, Depth of Discharge (DOD), and 

current rate. Consequently, the focus in this section is on Battery Management Systems 

(BMS) and includes topics related to the State of Charge (SOC), State Of Health (SOH), 

and State Of Life (SOL).  

In terms of functionality, BMSs may be divided into three categories: centralized, modular 

or master-slave, and distributed. In a centralized BMS, parameters, such as voltage, current, 

and temperature are measured for individual cells and sent to the main BMS board. This 

topology is compact, cost efficient, and well suited for trouble shooting. In a modular BMS, 

slave cards collect the data from each cell and send it to a master card, which coordinates 

the management of the entire system (figure 3.19). This topology enables a modular 

expansion for larger size packs. In a distributed BMS, as shown in figure 3.20, each cell 

has its own individual electronic board and a main controller, which is responsible for 

communications and necessary computations [70].  

 
Figure 3.19: A modular battery management system (BMS) topology: several slave 

boards collect cells data and send it to the master board. 
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Figure 3.20: A distributed Battery Management System (BMS): each cell sends the data 

to the main controller. 

Xing et al. [71] have proposed a generic BMS structure in which various sensors are 

installed in the battery pack, gather real-time data for system safety and battery state 

calculation [71]. The data is employed for cell balancing and thermal management, 

protection, and for state determination, which in turn is used for the electrical control, as 

shown in figure 3.21. 

 

 
Figure 3.21: Block diagram of a typical BMS [71]. 

 

3.4.2 State of Charge 

The SOC is an indicator of the amount of remaining energy or charge available in a battery 

as a fraction of the nominal value, i.e. rated value of capacity. Since the SOC is not 
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measurable directly, it needs to be evaluated based on other parameters that significantly 

affect the state of charge like battery current, temperature, and number of lifetime cycles. 

It should be noted that the maximum capacity of a battery gradually and non-linearly 

degrades over time, making it very challenging to extract and estimate the exact value of 

the SOC. Extensive research has been conducted in recent years in this respect. 

The most common approach for estimating SOC is coulomb counting, in which the 

capacity of the battery is calculated by integrating the battery current over time. This 

method is well suited for Li-ion batteries, which have high columbic efficiency [39]. The 

accuracy of this method is highly dependent of the initial value of the SOC and the nominal 

capacity of the battery, which is decreasing as a battery ages. To reduce the possible initial 

SOC error, and also to compensate for the possible accumulated error due to integration, 

the SOC estimation based on the Open-Circuit Voltage (OCV) versus SOC table, a table 

in which each OCV value is associated with a SOC value, has been proposed [72]. 

Although the on-line (real-time) measurement of OCV has its own challenges, 

computationally intelligent methods, such as neural and fuzzy algorithms, have been 

developed in this respect to estimate SOC [73-74]. Because these methods are very 

sensitive to the model error and disturbance, the estimated results may fluctuate widely. 

Furthermore, the OCV versus SOC or DOD curves for some battery chemistries are almost 

flat for most of the operating range, due to their cathode chemistry (figure 3.22). Some 

types, such as LFP, also have a very long voltage relaxation time, limiting the practical 

application of this technique.  
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Figure 3.22: Open Circuit Voltage (OCV) versus Depth of Discharge  
                     (DOD) for NCA and LFP types of Li-ion batteries. 

 

Extended Kalman filter (EKF) is widely used for estimating SOC. The EKF approach is 

highly sensitive to the accuracy of the battery model and parameter values, and, therefore, 

special care should be taken to avoid significant error and divergence [75-76]. To reduce 

the sensitivity to the model parameters, an adaptive EKF was proposed in [77]. Several 

other methods, including robust IJ and sliding mode observers, and support vector 

machine techniques have been also employed to estimate the SOC of batteries [78-80].     

 

3.4.3 State of Health (SOH) 

The state of health or SOH has several definitions, such as: the maximum charge that can 

be released after the battery has been fully charged [81], or the battery’s capacity of storing 

energy and preserving charge for long periods [82-83], or the remaining battery capacity 

for the current cycle as compared to the original battery capacity [84]. The SOH can also 

be defined as a set of indicators or diagnostic flags, which reflect the health status and 

physical condition of the battery, such as loss of rated capacity [85].  
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The value of SOH is beneficial for applications like HEV and EV, where it is used as an 

indication of specified power or to estimate the driving range. Similar to the SOC problem, 

several techniques have been developed for SOH estimation including: Extended Kalman 

Filter [85], adaptive observer [79], and probabilistic neural networks [81]. Measuring the 

internal equivalent dc resistance of a cell, which increases with capacity degradation, is 

another characterization tool for SOH [84].  

3.4.4 State of Life (SOL) 

The state of life (SOL) is defined as the Remaining Useful Life (RUL) of a battery or as 

the time when battery should be replaced [71]. This indicator is considered from the design 

stage to plan the maintenance and replacement schedules, prevent failures during operation 

and increase the reliability and availability of an ESS. Several methods have been 

published for RUL estimation [86-88]. 

3.4.5 Cell Balancing Systems  

To achieve higher voltage and current, a battery pack consists of several cells, which are 

connected in series and parallel layouts, respectively. The cells in a string could have 

different SOC levels due to several internal and external sources of unbalancing, which 

may result in different capacity fading rates between cells. Internal imbalances include 

different self-discharging resistance and impedance and external causes may include 

thermal variation across the string [89-90]. During charging or discharging, imbalances in 

between cells may lead to extreme voltages and hence severe overcharging and over-

discharging that could seriously damage cells, reduce useful life time, and even cause fires 
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and explosions. Therefore, an effective battery cell balancing system, which maintains the 

SOC of the cells to the same level, is an important feature of any BMS.  

Cell balancing systems are either passive or active. According to the typical passive 

balancing methods, the extra energy of an imbalanced cell is released by increasing the cell 

body temperature, a technique that is useful especially for small battery packs with low 

voltage [91]. This technique is relatively straightforward and inexpensive to implement, 

but its applicability is mostly limited to cells that do not damage severely due to 

overcharging [92]. 

The active balancing technique utilizes an active circuit to distribute as evenly as possible 

the energy among the cells [89]. Active balancing techniques are employed in several 

different ways including shunting, and shuttling and energy converting method. From the 

energy flow point of view, the active balancing methods comprise dissipative and non-

dissipative methods [93]. The extra energy in the dissipative methods is wasted as heat 

across a resistor, while in non-dissipative techniques, the excess energy is distributed 

among the string cells, leading to a higher system efficiency. 

 

3.5 Battery Chemistry Selection 

In order to choose the best battery chemistry a comprehensive literature review has been 

performed to investigate the characteristics of different Li-ion batteries. Moreover, several 

tests have also been conducted to extract cell information like internal resistance, ability of 

high rate discharging, cycle life and temperature effect on the cell’s performance.  
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Based on the literatures review and battery datasheets provided online, candidates which 

meet the criteria, have been selected for the battery tests. The criteria which come from the 

project requirement include safety, energy and power densities, cycle life, performance and 

cost. Since the battery associated with a medical imaging machine and will be used in the 

medical centers, the battery should be among the safest chemistry available. The risk of 

having any kind of fire or explosion regarding to the chemical reaction in side of the battery 

or in case of any abuses must be as low as possible. In terms of power density, the candidate 

should be able to provide a specific load profile. The load profile has a peak power rating 

for a short period (couple of seconds) and battery needs to be discharged with high rate 

(around 10C for 2 second time periods) to support the load which also referred as load 

shedding mode. See figure 3.23. 

2 sec

400 A

200 sec

-20 A
Time [s]

Current 

[A]

 
Figure 3.23: The required load profile. The candidate battery should can provide a peak 

power rating as high as 400 A discharging for 2 second periods. 
 

Besides the power demand, the ability of battery to provide a long term support as an 

Uninterruptable Power Supply (UPS), in case of any power outage or break, needs the 

battery to have a high energy density as well. This is another reason why Li-ion batteries 

have been selected over Li-ion ultra-capacitors which could even offer a higher power 

density but just for a couple of second time scale. 
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The load profile which is basically a medical imaging machine will be repeated several 

times during a day and will work for years. Then the candidate battery faces the specific 

discharging rate for many times during its useful cycle life period, which means it has to 

have a excellent cycle life to be able to deliver the required power as many cycles as 

possible over a specific time period. It is worth to mention that each battery has a cycle life 

and a calendar (or float) life. The cycle life represents the number of discharging cycles 

with different depth of discharge (DOD) rate before it retirements and calendar life shows 

how many days/years which battery will last and normally a battery is retired when its rated 

capacity drops below a determined threshold. The threshold depends on the application in 

which battery will be used.           

The performance of the battery on different discharging rates and operating temperatures 

also matters. The candidate should present a perfect performance on the lab tests which 

will be discussed later. 

According to the limited budget, cost of the battery is another criterion. The least expensive 

batteries which satisfy the required criteria would be preferred.  

Based on the table 3.3 two Li-ion battery chemistries have been chosen to do the final 

performance tests. The finalized battery chemistry candidates are LFP and NCA. Lithium 

Iron Phosphate presents an excellent safety aspect as well as cycle life, performance and 

cost, while the NCA chemistry represents a superior power and energy density besides its 

excellent life span and performance. Three batteries, two LFP cell type from CALB and 

SAFT and one NCA chemistry based cell from Johnson Control In. A 40 Ah LFP cell from 

CALB, which is the least expensive one cost wise, lower than half of the cost of two others, 
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capable of discharging with high rate for couple of seconds, have been selected as one of 

the candidates to perform the battery performance test. Another 30 Ah LFP based cell from 

SAFT, which has been claimed to have a higher power density and life span than CALB 

with higher cost. The third candidate is a 42 Ah NCA type cell from JCI. The performance 

tests on the selected batteries are presented in the chapter 6.  
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CHAPTER IV: System Modeling 

4.1 Introduction 

In this chapter model of the DC UPS system is introduced. The state space average 

modeling technique is utilized for modeling the entire system. In order to analysis the 

system dynamics and characteristics under different situations, transfer functions are 

derived from the state-space average modeling of the system. The goal of this chapter is to 

provide required tools for the analysis of the system which is the topic of the next chapter.  

The average modeling technique is used to model two converters in the system, the AC/DC 

and DC/DC. The model of each converter is presented separately and then the model of 

entire system is discussed.  

 

AC

Line

AC/DC

Rectifier

Load

DC/DC

Converter

BESS

P

t

DC Link

 
Figure 4.1: Block diagram of the DC UPS system, including AC/DC and DC/DC 

converters 
 

4.2 AC/DC Converter Modeling  

Figure 4.2 shows the schematic diagram of the DC Line-Interactive UPS system including 

the AC/DC and the DC/DC converters and battery energy storage system (BESS). This 

section describes the mathematic model of the rectifier. The AC main input line, here 
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known as grid is connected to the DC link through an AC/DC rectifier. The rectifier is a 

three-phase two-level voltage-source converter.  
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Figure 4.2: Schematic diagram of the DC UPS system. 
 

The AC source voltages are ea, eb and ec. The grid currents are iga, igb and igc. Lg and rg are 

the grid side impedance modeled as an inductance series with resistance, respectively. The 

DC side voltage and current of the rectifier are characterized by vdc and idc, respectively. 

The DC side capacitor is Cdc. By considering the converter input voltages as va, vb and vc, 

then by using KVL law in the left side of the rectifier, these equations are achieved.  

 

KLM
LN�O = �PBPO + QP  RRC BPO + SO�� = �PBP� + QP  RRC BP� + S��% = �PBP% + QP  RRC BP% + S%

 [4.1] 



 60 

Then the mathematic model of the rectifier in the abc reference frame is  

 

KLM
LN  RRC BPO = <TU (−�PBPO + �O − SO)

 RRC BP� = <TU (−�PBP� + � � − S�)
 RRC BP% = <TU (−�PBP% + �% − S%)  [4.2] 

State vector model of the three-phase rectifier is adopted by means of using a switching 

space vector. The switching function/V(9) is defined as 

m=1

m=0

m

 

 /V(9) = W1   Xℎ�Y 9ℎ� .ZZ�� �XB97ℎ B� 731��50  Xℎ�Y 9ℎ� 31X�� �XB97ℎ B� 731��5      B = 4, 0, 7 [4.3] 

thus, the switching space vector is  

 /\(9) = GH [/O(9) + �/�(9) + �G/%(9)] [4.4] 

where � =  �_G`/H. Then by substituting the converter input voltages, the grid input 

voltages and the rectifier input currents, the associated space vectors are achieved as S̅(9), 

�̅(9) and c(̅9) respectively.  

 

KLM
LNS̅(9) = GH [SO(9) + �S�(9) + �GS%(9)]�̅(9) = GH [�O(9) + ���(9) + �G�%(9)]c(̅9) = GH [BO(9) + �B�(9) + �GB%(9)]  [4.5] 
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By using the space vectors, the input voltage of the rectifier is achieved as 

 S̅(9) = /\(9)SR%(9) [4.6] 

Then the mathematic model of the AC/DC rectifier in space vector form is obtained  

 
 RRC cP̅(9) = <TU [−�PcP̅(9) + �̅(9) − S̅(9)] [4.7] 

The model (4.7) can also be presented in the stationary and rotating frames.  

c

a

b

d

q

v

 

β 

α vα 

vβ 

vd vq <θ 

ω 

 
Figure 4.3: Representation of space vector of rectifier voltage in stationary �� frame and 

dq rotating frame. 
 

Figure 4.3 illustrates the presentation of the rectifier input voltage in stationary �� frame 

and dq rotating or synchronous frame. By using the Clarke and Park transformations, the 

projection of the rectifier voltage space vector on the �� stationary frame and synchronous 

frame are obtained. 

The �� components of the switching space vector is achieved by using Park transformation 

 d/e/fg = GH h1 −1/2 −1/20 −√3/2 √3/2j k/O/�/% l [4.8] 
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and the Clark transformation is used to find the synchronous frame components. 

 d/m/ng = GH h 71�o cos (o − 2s/3) cos (o + 2s/3)sin (o) sin (o − 2s/3) sin (o + 2s/3)j k/O/�/% l [4.9] 

where o is the phase angle between �-axis and d-axis. The dq frame rotates with the grid 

frequency or same angular speed, v = 2s2, as the grid voltage space vector. The 

transformation matrices in (4.8) and (4.9) can be used to find the direct and quadrature 

components of the grid voltages, the rectifier input currents and the rectifier input voltages. 

The mathematical model of the rectifier in the �� stationary frame is  

 w  RRC Be(9) = <TU [−�PBe(9) + �e(9) − /e(9)SR%(9)]
 RRC Bf(9) = <TU [−�PBf(9) + �f(9) − /f(9)SR%(9)] [4.10] 

and in the dq synchronous reference frame, at the angular speed v,the model represents as 

 w  RRC BR(9) = <TU [−�PBR(9) + vQPBn(9) + �R(9) − /R(9)SR%(9)]
 RRC Bn(9) = <TU [−�PB n(9) − vQPBR(9) + �n(9) − /n(9)SR%(9)] [4.11]  

where the rectifier input voltage can be rewritten as   

 xSR(9) = /R(9)SR%(9)Sn(9) = /n(9)SR%(9) [4.12] 

In the dq rotating frame, the direct and quadrature differential equations for the rectifier 

current are dependent because of the two terms with the angular speed or the cross-coupling 

terms vQPBn(9) and vQPBR(9). 



 63 

It is worth to mention that, by considering d-axis aligned on the grid voltage vector, �̅, the 

quadratic component of the grid voltage vector or the projection of the grid voltage vector 

on the q-axis of the synchronous rotating frame will be zero, �n = 0, while the direct 

component, the projection of the grid voltage vector on the d-axis of the synchronous 

rotating frame is equal to the grid voltage, �n = �̅. 

4.3 DC/DC Bidirectional Converter Modeling  

Since the terminal voltage of the BESS is almost half of the DC link voltage, it is required 

to use a DC/DC converter and to be able to handle power flow between DC link and BESS, 

the converter should be bidirectional. Furthermore, it is important to keep the current ripple 

as low as possible as the high current ripples decrease the BESS life time. Interleave 

techniques are widely used in the energy storage power electronics interfacing to address 

the concerns, reducing current ripples and simultaneously increasing the power capacity of 

the converter. Using interleaved technique allows to achieve a same current ripple by a 

smaller inductor in terms of size and weigh [23, 25-29].  

The number of legs can be appropriately chosen based on the requirement minimum current 

ripples and the converter duty ratio. Two or four legs show a minimum input current ripples 

when the duty ratio is close to 0.5 [23,24]. 

A two-phase interleaved bidirectional DC/DC converter is used to connect the BESS to the 

DC link which is highlighted in the figure 4.4. Each phase/leg has 180 degree phase 

difference. 
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Figure 4.4: A two-phase interleaved bidirectional DC/DC converter is used to connect the 

BESS to the DC link. 
 

For modeling purpose, the DC/DC converter is simplified to one-leg with equivalent 

inductance and resistance. Figure 4.5 illustrates the equivalent circuit where the req and Leq 

are defined as  

 y�(n = �� + z{GQ(n = T|G  [4.13] 

and the idc in the figure 4.5, models the grid and AC/DC converter, as the AC/DC converter 

is controlled in current mode to deliver a constant power at unity power factor to the DC 

link. 
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Figure 4.5 Simplified model of the DC/DC converter, idc  represents the power from the 

grid. 
 

To find the differential equation describing the DC/DC converter, two switching intervals 

over a switching period, T are considered. 

 wS�(9) = S%<(9) + �(nB�(9) + Q(n RRC B�(9) + SR%(9)      0 ≤ 9 < 5�S�(9) = S%<(9) + �(nB�(9) + Q(n RRC B�(9)                       5� ≤ 9 < � [4.14] 

where d and T are the duty ratio and switching period of the DC/DC converter, respectively 

and S%<is the voltage across the RC network or the capacitor C1. The first switching period 

(0 ≤ 9 < ��) is when the upper switch is closed and lower switch is opened. During this 

period, the BESS is charging and current flows through the upper switch and lower diode. 

The second switching period (�� ≤ 9 < �) is when the BESS is providing power to the 

DC link by discharging its stored energy. During this period the lower switch and upper 

diode conduct. By averaging the two equations in (4.14) over the switching period of T, 

the equivalent average model of the converter is achieved as 

 Q(n RRC B�(9) = −�(nB�(9)−S%<(9) − 5SR%(9) + S�(9) [4.15] 
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The differential equation in (4.15) represents the averaged switch model of the DC/DC 

converter.  

4.4 Battery Energy Storage System Modeling 

The comprehensive electrical model for the Li-ion battery is described in the previous 

chapter.  Figure 4.4 shows the model used for the BESS in which the open circuit voltage 

is represented by a DC voltage source, vb, a series resistance rb models the internal 

resistance of the battery and a RC network to characterize the transient behavior of the 

BESS. All the parameters of the BESS are considered constant and temperature-

independent during the modeling period.  

By applying a KCL in the RC network, this equation can be achieved. 

 B�(9) = �>�(C)E� + �< RRC S%<(9) [4.16] 

Then by rearranging the equation based on the voltage across the capacitor C1,  

 �< RRC S%<(9) = B�(9) − �>�(C)E�  [4.17] 

This equation models the transient response of the BESS. 

4.5 CPL Modeling  

Basically, loads in power electronic systems can be categorized into two groups, constant 

voltage loads or CVLs and constant power loads or CPLs. Constant voltage loads which 

include conventional loads have positive incremental impedance characteristics and 

require regulated voltage across them. The auxiliary loads in this project are considered as 
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a CVL which just need the regulated voltage across them. Constant power loads, on the 

other hands, sink constant power from their input buses and have negative incremental 

impedance characteristics which can cause instability issues for the feeding power 

converter. This effect is also known as negative impedance instability. Figure 4.6 illustrates 

the V-I characteristics of a CPL and the negative incremental impedance associated with 

the CPL [94-98]. 

P= v.i = constant

dv/di < 0

v

i

V

I
 

Figure 4.6 V-I characteristic of a CPL and the negative incremental impedance 
characteristic of the CPL. 

 

In the constant power loads, the negative incremental impedance means that although the 

instantaneous value of the impedance is positive, the incremental impedance is negative. 

On the other words, since the load power is assumed to be constant and knowing that power 

is the multiplication of voltage and current (� = SB = 71Y�94Y9), although the 

instantaneous values of voltage and current are positive, but the rate of changing for voltage 

over current is negative (
R�RV = − ��� < 0) or in better words, by increasing/decreasing 

voltage, current decreases/increases [94-95].  



 68 

Power 

Converter

CVL

CPL
P 

Constant

+
v
-

+
v
-

i

V  
Constant

 
Figure 4.7 Illustration of a power converter feeding a constant power load, CPL, and a 

constant voltage load, CVL. 
 

Figure 4.7 illustrates a power converter loaded with CVL and CPL. If the power of the CPL 

is P and v, i and rare the bus voltage, current of the CPL and the equivalent resistance of 

the CPL, respectively, then  

 � = ���� = ���E� = ����G [4.18] 

where Vo, Io and Ro are the bus voltage, CPL current and equivalent resistance of the CPL 

at operating points. By means of small signal analysis around operating points while 

considering small disturbances on the voltage, current and equivalent resistance of the 

CPL,  

 y B = �� + c̃S = �� + S�� = �� + �̃ [4.19] 

the equivalent resistance of the CPL can be expressed as   

 � = �V� = �(����̃)� = ������̃��G���̃  [4.20] 

where the second-order signal perturbations have been assumed to be zero. 
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 � ≅ �����G���̃ = �/���<�G �̃/�� [4.21] 

By using Tylor series expansion, while ignoring higher order terms, the equivalent 

resistance of the CPL is obtained as 

 � ≅ � ����<�G�̃ ��� ≅ ���� �1 − 2 c̃ ��� � = ��(1 − 2 c̃ ��� ) [4.22] 

Now by applying achieved equivalent resistance relation in the bus voltage,   

 S = �� + S� = �. B = ��(1 − 2 c̃ ��� )(�� + c̃) [4.23] 

ignoring the higher order terms of the signal perturbations in the 4.23, the bus voltage is 

obtained as  

 S = �� + S� = �. B = ���� − ��c ̃ [4.24] 

which means that the term “−��” represents the small signal model of the equivalent 

resistance of the CPL, where  �� = ����  .  

-RoCPL small signal 
model of CPL 

 

 

 

4.6 DC UPS System Modeling  

In this section the state space averaged switch modeling of the entire DC UPS system is 

discussed. Previous sections discussed how to model each part of the system separately 



 70 

while in this section all described sections of the system are considered together in a DC 

UPS system. 
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Figure 4.8: Schematic of the DC UPS. 
 

The DC UPS system consists of four main sections which should be described by 

differential equations. The AC/DC section including grid and rectifier was discussed in the 

section 4.2, and can be expressed by two grid currents in the dq synchronous rotating frame, 

id and iq. The associated equations in (4.11) can model the dynamics of the AC/DC 

subsystem. The DC/DC section is explained with equation (4.15) based on the battery 

discharging current ib, discussed in the section 4.3. Equation 4.17 can capture battery 

behavior based on the voltage across the RC branch vC1. Finally, to model the DC link 

behavior, an equation based on the voltage of the DC link capacitance vdc as the output 

voltage, is necessary. Thus, the entire DC UPS system demonstrates based on the five 

independent states. Therefore, the state vector is obtained as: 
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 �(9) = [BR(9), Bn(9), SR%(9), B�(9), S%<(9)]� [4.25] 

By rewriting the equations 4.11, 4.15 and 4.17 and adding one more equation describing 

the DC link dynamics, the differential equations describing the entire system is achieved 

as:   

KLL
LM
LLL
N  RRC BR(9) = <TU [−�PBR(9) + vQPBn(9) + �R(9) − /R(9)SR%(9)]                                    

 RRC Bn(9) = <TU [−�PB n(9) − vQPBR(9) + �n(9) − /n(9)SR%(9)]                                    
RRC SR%(9) = <=�> [BR%(9) + 5(9). B�(9) − ���>(C)E + ���>(C)�]                                               RRC B�(9) = <T�� [−�(nB�(9)−S%<(9) − 5(9). SR%(9) + S�(9)]                                           
RRC S%<(9) = <=� [B�(9) − �>�(C)E�  ]                                                                                               

[4.26] 

where the CVL is modeled as a resistive load R and the CPL is modeled by a constant 

power P, then 
��>E  and 

���> are their related currents, respectively. The idc is the current from 

AC/DC flows in the DC link and can be obtained as follow.  

Considering a lossless AC/DC rectifier, the input AC power, Pac, into the rectifier should 

be equal to the output DC power Pdc  and by using power calculation in the dq frame, it is 

achieved that: 

 

 �O%(9) =  �R%(9) [4.27] 

 
HG �BR(9)SR(9) + Bn(9)Sn(9)� =  BR%(9)SR%(9) [4.28] 

By substituting (4.12) in the right hand side of 4.28,  

 
HG �BR(9)/R(9)SR%(9) + Bn(9)/n(9)SR%(9)� =  BR%(9)SR%(9) [4.29] 
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And by canceling out the vdc from both sides of (4.29), the idc is achievable as (4.30) 

   
HG �BR(9)/R(9) + Bn(9)/n(9)� =  BR%(9)   [4.30] 

Then idc is a representative for the grid currents into the DC link. 

The set of equations 4.26 represents the entire dynamics of the DC UPS system. The 

equations are nonlinear and for further analysis it is required to linearize the system around 

an operating point. The equations mathematically model the several components in the 

system by using the average modeling technique. Since the DC UPS system operates in 

four different modes, the system model at each mode is presented as follow.  

4.6.1 Mode I: Load Leveling Mode 

In this mode, BESS supports the grid-tied rectifier by providing the peak pulsed power 

demanded by CPL for a short period while the rectifier operates on current mode to provide 

constant power to the DC link. Since the rectifier works on current mode control and keeps 

the amount of power delivered to the DC link, constant, regardless of the load power 

demand, also knowing the fact that the DC/DC converter regulates the DC link, then for 

sake of simplicity and also reducing the number of states, the grid and AC/DC rectifier can 

be modeled by a constant current source of idc. By this technique, the first two equations in 

4.26 are removed at this mode. The resulted system is illustrated in figure 4.9. The system 

presented in the figure 4.9 is explained in section 4.3.  
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Figure 4.9: The simplified model of the DC UPS system in mode I. idc represents the 

current from the grid and rectifier. 
 

Then the set of equations in 4.26 becomes a new set of three equations with three states as 

equations 4.31.  

 

KLM
LN RRC SR%(9) = <=�> dBR%(9) + 5(9). B�(9) − ���>(C)E + ���>(C)�gRRC B�(9) = <T�� [−�(nB�(9)−S%<(9) − 5(9). SR%(9) + S�(9)] 

RRC S%<(9) = <=� [B�(9) − �>�(C)E�  ]                                                     [4.31] 

The set of equations 4.31 represents the system in mode I.  

4.6.2 Mode II: Standby Mode 

During mode II still the grid provides same constant power through AC/DC rectifier, which 

operates on current mode, to feed the CVL and charge the BESS. The DC/DC converter 

regulates the DC link voltage. Again, in this mode the grid and the rectifier can be 

represented by an independent constant current supply to the DC link. Figure 4.10 

illustrates the equivalent electrical circuit for the DC UPS system in this mode.  
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Figure 4.10: Electrical equivalent circuit of the DC UPS system in mode II. 
 

The load is a CVL and modeled by a resistor with the specific power. The mathematic 

model in this mode achieved as 4.32. 

 

KLM
LN RRC SR%(9) = <=�> dBR%(9) + 5(9). B�(9) − ��>(C)E g                       RRC B�(9) = <T�� [−�(nB�(9)−S%<(9) − 5(9). SR%(9) + S�(9)] 

RRC S%<(9) = <=� [B�(9) − �>�(C)E�  ]                                                     [4.32] 

where the CVL is represented by 
��>(C)E  .  

The grid constant power is used to feed the CVL and charging the BESS. Since the BESS 

discharged during mode I, then it can the charging power. However, during the charging 

period, the BESS could be fully charged and does not accept any further power from grid. 

This is the moment that DC USP operating in the next mode which is Online mode. 

 

4.6.3 Mode III: Online Mode 

During mode II, the BESS is charging with grid constant power. It is possible that the BESS 

becomes fully charged, then third mode, which is online mode happens. During this mode, 
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the power flow between BESS and the DC link is zero and the rectifier is in charge of the 

DC link regulation. The grid power is reduced to the CVL and the AC/DC rectifier works 

on voltage mode. Figure 4.11 shows the schematic of the DC UPS during this mode.  

 
Figure 4.11: Schematic of the DC UPS during mode III, the Online mode. 

 

By using average modeling approach, the mathematic model of the system operating on 

mode III is obtained as 4.33. 

 

KLM
LN  RRC BR(9) = <TU [−�PBR(9) + vQPBn(9) + �R(9) − /R(9)SR%(9)]

 RRC Bn(9) = <TU [−�PB n(9) − vQPBR(9) + �n(9) − /n(9)SR%(9)] 
RRC SR%(9) = <=�> [BR%(9) − ��>(C)E ]                                                      [4.33] 

During this mode, the DC UPS system are only providing power for the CVL and the 

AC/DC rectifier are rated almost twice the CVL power. Technically, the DC UPS system 

during this mode, operates as a three-phase rectifier providing power for a CVL. The 
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rectifier operates on voltage mode and keeps the Dc link voltage constant. However, the 

system is waiting for a high power demand from the CPL to switch to the first mode. 

 

4.6.4 Mode IV: Islanded/UPS Mode 

The DC UPS can operate on his BESS without power from grid for specific amount of 

time. Using Li-ion batteries gives the UPS capability to works on islanded mode when the 

power from the grid is disconnected due to any power disturbance. Since the DC/DC power 

converter is rated at the full power of the CVL plus CPL, during this mode, the DC UPS 

can provide required power for supporting the CPL and CVL for several cycles based upon 

its initial State of Charge (SOC). Figure 4.12 depicts the system model during this mode. 

 

 
Figure 4.12: Schematic of the DC UPS model during islanded mode. 
 

During this mode, the DC/DC converter becomes a boost converter to boost up the BESS 

terminal voltage to the DC link voltage level. The mathematic model of the system during 

mode IV is presented in 4.34 
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KLM
LN RRC SR%(9) = <=�> d5(9). B�(9) − ���>(C)E + ���>(C)�gRRC B�(9) = <T�� �−�(nB�(9)−S%<(9) − 5(9). SR%(9) + S�(9)�

RRC S%<(9) = <=� dB�(9) − �>�(C)E� g  [4.34] 
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Chapter V: System Analysis and Control  

5.1 Introduction 

Different parts of the DC UPS have been introduced in chapter 4. The state space average 

modeling technique was used to extract the describing differential equations of the system 

in all operational modes. In this chapter, first small signal analysis of the system during 

operational modes is presented, then control schemes based on the small signal stability 

analysis are designed and discussed. 

Since the differential equations presented in the chapter 4 are nonlinear, these equations 

linearized around an operating point and then small signal analysis around the point is 

performed. By extracting transfer functions out of small signal analysis, the performance 

and stability of the system is achieved. Based on these transfer functions, the control 

algorithms are designed and simulated.  

The goal of this chapter is to find the stability region of the system during operational 

modes and design appropriate controller to ensure reliable and stable output results. 
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5.2 Stability Analysis of the System During Mode I 

State space averaging model of the system during this mode is presented at chapter 4 where 

the set of equations 4.31 mathematically characterized dynamic model of the system during 

load leveling mode.  

 

KLM
LN RRC SR%(9) = <=�> dBR%(9) + 5(9). B�(9) − ���>(C)E + ���>(C)�g    RRC B�(9) = <T�� [−�(nB�(9)−S%<(9) − 5(9). SR%(9) + S�(9)] 

RRC S%<(9) = <=� [B�(9) − �>�(C)E�  ]                                                        [4.31] 

These are nonlinear equations and need to be linearized. Considering small perturbations 

in the state variables due to small disturbances in the duty ratio and input signals. 

 

KLL
M
LLN

SR% = �R% + SR%�                               B� = �� + c��                                        S=< = �=< + S=<�                                S� = �� + S��                                    5 = � + 5�                                         BR% = �R% + cR%�                                   BT = ���> = �T + cT� = ���> − ���>� SR%�
 [5.1] 

Where the variables in capital letters are operating points or average values of 

corresponding variables. The last equation in 5.1 represents the current in the CPL branch. 

By replacing 5.1 into 4.31, the model of the system achieved as 

 

KLM
LN RRC (�R% + SR%� ) = <=�> h(�R% + cR%� ) + �� + 5��. (�� + c�� ) − ���>���>�E + ���> − ���>� SR%�  jRRC (�� + c�� ) = <T�� [−�(n(�� + c�� ) − (�=< + S=<� ) − �� + 5��. (�R% + SR%� ) + (�� + S��)] 

RRC (�=< + S=<� ) = <=� [(�� + c�� ) − �¡���¡��E�  ]                                                                                 
 [5.2] 
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The dynamic model of the system at steady state condition becomes   

 

KLM
LN �R% + �. �� − ���>E + ���>� = 0  −�(n. ��−�%< − �. �R% + �� = 0 �� − �>�E� = 0                                       [5.3] 

Substituting 5.3 into 5.2, the nonlinear equations of the system model becomes 

 

KLM
LN RRC SR%� = <=�> hcR%� + �. c�� + �� . 5� − �<E − ���>�   SR%� j                                    RRC c�� = <T�� [−�(n . c�� − S=<� − �R% . 5� − �. SR%� + S��]                                  

RRC S=<� = <=� [c�� − <E� S=<�  ]                                                                                 
 [5.4] 

Applying Laplace Transform to transfer the equations from time domain to S domain, the 

equations 5.4 in S domain become 

 

KLM
LN �SR%� = <=�> hcR%� + �. c�� + �� . 5� − �<E − ���>�   SR%� j                                    �c�� = <T�� [−�(n . c�� − S=<� − �R% . 5� − �. SR%� + S��]                                  �S=<� = <=� [c�� − <E� S=<�  ]                                                                                  

And by sorting and rearranging, the new set of equations can be written as 

 

KLM
LN�R%(� + <=�> �<E − ���>�  )SR%� = cR%� + �. c�� + �� . 5�Q(n(� + z��T��)c�� = −S=<� − �R% . 5� − �. SR%� + S��

�< �� + <E�.=�� S=<� = c��                                             
 [5.5] 

To make the equations easy to read and write, these constant variables are considered 
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KLM
LNv� = <=�> �<E − ���>�  vT = z��T��                  v" = <E�.=�                [5.6] 

Then by replacing new variables into 5.5, the set of equations become 

 w�R%(� + v�)SR%� = cR%� + �. c�� + �� . 5�                Q(n(� + vT)c�� = −S=<� − �R% . 5� − �. SR%� + S���<(� + v")S=<� = c��                                                 [5.7] 

The set of equations in 5.7characterizes the dynamic model of the DC UPS during mode I 

in the S domain. Different transfer functions can be achieved from 5.7. To analysis 

dynamics of DC link voltage and battery current, two set of equations are driven and sorted 

based on DC link voltage and battery current. The DC link voltage set of equations is  

 

KLM
LN(4H�H + 4G�G + 4<�< + 4:)SR%� =                                         ��<(� + v")S��+�Q(n�<�G + Q(n�<(v" + vT)�< + Q(n�<v"vT + 1�cR%�+(0G�G + 0<�< + 0:)5�  [5.8] 

and equations based on battery current are 

 

KLM
LN(4H�H + 4G�G + 4<�< + 4:)c�� =                                                 [�<�R%�G + �<�R%(v" + v�)�< + �R%�<v"v�]S��−[2G�G + 2<�< + 2:]5�−��<(� + v")cR%�  [5.9] 

where the coefficients are defined as 
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KLM
LN4H = Q(n�<�R%                                                                          4G = Q(n�R%�<(v" + vT + v�)                                           4< = Q(n�R%�<(v"vT + vTv� + v"v�) + �R% + �G�<4: = Q(n�R%�<v"vTv� + �R%v� + �G�<v"                    [5.10] 

and  

 w0G = ��Q(n�<                                             0< = ��Q(n�<(v" + vT) −  ��R%�<     0: = ��Q(n�<v"vT + �� − ��R%�<v"  [5.11] 

and 

 w2G = �R%�R%�<                                     2< = �R%�R%�<(v" + v�) + ����<2: = �R%�R%�<v"v� + ����<v"    [5.12] 

Equations 5.8 and 5.9 present the DC link voltage and battery current dynamics based on 

battery voltage, grid current and duty ratio of the DC-DC converter. Then transfer functions 

of DC link voltage versus each of variables will be achieved by ignoring the effect of other 

two variables. 

 Here, the goal is to find the dynamics of the DC link voltage based on the disturbances 

from duty ratio of the DC/DC converter, battery voltage and grid current, see figure 5.1, or 

to find the transfer functions, Gvd(s), Gvv(s) and Gvi(s), in the following equation.   

SR%� (�) = ¢�R(�). 5�(�) + ¢��(�). S��(�) + ¢�V(�). cR%� (�) 

The set of equations in 5.8 and 5.9 give adequate information to extract different transfer 

functions. Based on the 5.8 and 5.9, transfer functions of DC link voltage versus duty ratio, 

battery voltage and grid current can be achieved as below.  
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 ¢�R(�) = ��>�R£ | �|�¥:��>� ¥: = ��$����$���¦O§$§�O�$��O�$��O¦ [5.13] 

 ¢��(�) = ��>��|� | R£¥:��>� ¥: = ¨=�($�©ª)O§$§�O�$��O�$��O¦ [5.14] 

 ¢�V(�) = ��>���>� | R£¥:�|�¥: = T��=�$��T��=�(©ª�©{)$��T��=�©ª©{�<O§$§�O�$��O�$��O¦  [5.15] 

 

Gvd Ʃ 
ṽdc
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Gvv
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d̃  

ṽb

ĩdc

 
Figure 5.1: The DC link voltage affected by battery voltage, duty ratio of the DC/DC 

converter and grid current. 
 

The transfer functions of the battery current versus duty ratio, battery voltage and grid 

current can be achieved as below. 

 ¢VR(�) = �|�R£ | �|�¥:��>� ¥: = «�¬�$��¬�$��¬¦�O§$§�O�$��O�$��O¦ [5.16] 

 ¢V�(�) = �|��|� | R£¥:��>� ¥: = =�=�>$��=�=�>(©ª�©)$��=�>=�©ª©O§$§�O�$��O�$��O¦  [5.17] 

 ¢VV(�) = �|���>� | R£¥:�|�¥: = «¨=�($�©ª)O§$§�O�$��O�$��O¦ [5.18] 

By having the transfer function, it is possible to find the stability region of the system 

during this mode of operation. The stability analysis can be performed by applying Routh-
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Hurwitz stability criterion which gives the necessary and sufficient condition for the 

stability of a LTI system. 

To find the stability region, it’s required to find the characteristic equation, ∆(�), of the 

system which is the denominator of the transfer function, and then to establish the Routh 

table to determine if the system is stable. Based on the Routh-Hurwitz stability criterion, 

system is stabile if and only if, all the coefficients at the first column of the table is positive.  

First, the characteristic equation: 

∆(�) = 4H�H + 4G�G + 4<�< + 4: 
 
Then the Routh table: 
  

S3 a3 a1 0 

S2 a2 a0 0 

S1 det31 det32 0 

S0 det41 det42 0 

 

From 5.10,  

4H = Q(n�<�R%> 0 

 4G = Q(n�R%�<(v" + vT + v�) > 0 → v" + vT + v� > 0 

 

From 5.6, 

 
<E�.=� + z��T�� + <=�> �<E − ���>�   > 0    →    <=�> �<E − ���>�   > − <E�.=� − z��T�� 

 � < ��>�E + �R%�R%G � <E�.=� + z��T��                                                [5.19] 

 

  5�9H< = − °O§ O�O� O¦°O� = O�O�«O¦O§O� > 0  → 4<4G − 4:4H > 0 
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(v" + vT)v�G + �v"G + 2v"vT + vTG + ¨�T��=�>  v� + �v"G vT + vTGv" + ©ªT��=� + ©{T��=� +
©{¨�T��=�  > 0  [5.20]  

And  

v"G + 2v"vT + vTG + �GQ(n�R% > 0                                       43X46� Z1�B9BS� 

v"G vT + vTGv" + v"Q(n�< + vTQ(n�< + vT�GQ(n�< > 0                43X46� Z1�B9BS� 

Equation 5.20 is a second order polynomial based on v� in which all the coefficients are 

positive, then the statement in 5.20 is always positive and true. 

5�9HG = − ±4H 04G 0±4G = 0 

5�9²< = − ° 4G 4:5�9H< 5�9HG°5�9H< = 4: > 0 →   (Q(n�R%�<v"vT + �R%)v� + �G�<v" > 0 

 � < ��>�E + ¨���>�E��z�� [5.21] 

Considering non-equivalent equations in 5.19 and 5.21,  

 �³O´ = /BY x��>�E + �R%�R%G � <E�.=� + z��T��  , ��>�E + ¨���>�E��z��µ [5.22] 

This is the necessary and sufficient stability condition for the open loop system, when the 

equation in 5.22 is satisfied. This equation basically states that the open loop system is 
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stable if the power of the constant power load, represented by P, stays under than power of 

the constant voltage load, represented by the term
��>�E , plus extra terms due to the battery 

and DC/DC converter.  

On the other side, if the power of the constant power load, P, is greater than the power of 

constant voltage load, �=�T = ��>�E  and the extra term, the system is unstable and a robust 

controller is required to be designed to keep the system stable.  

Figures 5.2 to 5.5 illustrate the stability region of the open loop system against variation of 

DC link voltage (vdc), constant voltage load (R), equivalent series resistance of the DC/DC 

converter inductances plus the battery internal resistance (�(n), and the duty ratio (D), 

respectively. 
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Figure 5.2: Stability region of the open loop system while DC link voltage (vdc) varies. 
 

Figure 5.2 shows the stability region of the open loop system with variation of the DC link 

voltage. Based on the equation 5.22, there is an exponential relation between the Pmax and 

the DC link voltage, vdc. Increasing the link voltage expands the stability region. 

Figure 5.3 shows the stability zone for the open loop system while the constant voltage 

load, represented by R, varies from 20 Ohm to 200 Ohm which is equal to a variation of 

the power from 2.4 kW to 25 kW. By increasing the R, the CVL power (�=�T = ��>�E ) is 

decreased and consequently the stability region becomes smaller.   
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Figure 5.3: Stability region of the open loop system while constant voltage load (CVL) 

varies. 
 

Stability region of the open loop system is also affected by ESR of the inductances and 

internal resistance of the battery pack, totally represented by req. Figure 5.4 depicts the 

stability region by variation of the req. The curve has two sections, a linear part due to the 

z��T�� term, and a nonlinear part due to the  
<E��z�� term.  
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Figure 5.4: Stability region of the open loop system while equivalent resistant (�(n) 

varies. 
 

Variation of the DC/DC converter duty ratio on the stability region is presented in figure 

5.5. By increasing the duty ratio, the stability region is expanded up to 55%, and saturated 

afterwards, means that by increasing the duty ratio more than 55%, the Pmax stays the 

same since the first term in the equation 5.22 becomes the minimum of the statement and 

it does not affect by the duty ratio.   

 

20 40 60 80 100 120 140 160 180
0

100

200

300

400

500

600

700

req [mOhm]

P
m

a
x
 [
k
W

]

 

 

Pmax vs req



 90 

 
Figure 5.5: Stability region of the open loop system while duty ratio of the DC/DC 

converter (D) varies. 
 

5.3 Stability Analysis of the System During Mode II 

State space averaging model of the system during this mode is presented at chapter 4 where 

the set of equations 4.32 mathematically characterized dynamic model of the system during 

standby mode.  

 

KLM
LN RRC SR%(9) = <=�> dBR%(9) + 5(9). B�(9) − ��>(C)E g                        RRC B�(9) = <T�� [−�(nB�(9)−S%<(9) − 5(9). SR%(9) + S�(9)] 

RRC S%<(9) = <=� [B�(9) − �>�(C)E�  ]                                                     [4.32] 
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The 4.32 ignores the ESR of the Cdc, so by considering the Rc , the set of equations 

representing the system during mode II becomes  

 

KLL
M
LLN

RRC S%(9) = <=�> d EE�E> BR%(9) + 5(9) EE�E> B�(9) − <E�E> S%(9)g                                                                           RRC B�(9) = <T�� [(−�(n − 5(9)�% EE�E>)B�(9)−S%<(9) − 5(9) EE�E> S%(9) + S�(9) − 5(9)�% EE�E> BR%(9)] 
RRC S%<(9) = <=� dB�(9) − �>�(C)E� g                                                                                                                                 SR%(9) =  S%(9) +  �%B%(9) =  S%(9) +  �%�R% RRC S%(9)                                                                                    

   [5.23] 

Where S%(9) is voltage across the DC link capacitor, �R% and SR%(9) is the DC link voltage.  

In 5.23 since � ≫ �%  then 
EE�E> ≈ EE = 1 then 5.23 becomes  

 

KLL
M
LLN

RRC S%(9) = <=�> dBR%(9) + 5(9)B�(9) − <E�E> S%(9)g                                                                                            RRC B�(9) = <T�� [(−�(n − 5(9)�%)B�(9)−S%<(9) − 5(9)S%(9) + S�(9) − 5(9)�%BR%(9)]                           
RRC S%<(9) = <=� dB�(9) − �>�(C)E� g                                                                                                                               SR%(9) =   S%(9) +  �%�R% RRC S%(9)                                                                                                                      

  [5.24] 

 

Equations in 5.24 characterized the dynamic model of the system during mode II of 

operation. Like the previous section, these are nonlinear equations and need to be 

linearized. Considering small perturbations in the state variables due to small disturbances 

in the duty ratio and input signals. 
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KLL
M
LLN

SR% = �R% + SR%�B� = �� + c��        S=< = �=< + S=<�S� = �� + S��     5 = � + 5�          BR% = �R% + cR%�    S= = �= + S=�     
  [5.25] 

Where the variables in capital letters are operating points or average values of 

corresponding variables. By replacing 5.25 into 5.24, the small signal model of the system 

achieved as 

KLL
M
LLN

RRC (�% + S%� ) = <=�> d(�R% + cR%� ) + �� + 5��. (�� + c�� ) − �>��>�E�E> g                                                                             RRC (�� + c�� ) = <T�� [�−�(n − �� + 5�(9)� �%� (�� + c�� ) − (�=< + S=<� ) − �� + 5��. (�% + S%� ) +                   
(�� + S��) − �� + 5�(9)� �%(�R% + cR%�  )] RRC (�=< + S=<� ) = <=� [(�� + c�� ) − �¡���¡��E�  ]                                                                                                                

  [5.26] 

The dynamic model of the system at steady state condition during this mode is obtained as 

 

KLM
LN�R% + �. �� − �>E�E> = 0                                                 �−�(n − ��%���−�%< − �. �% + �� − ��%�R% = 0 �� − �>�E� = 0                                                                      [5.27] 

Substituting 5.27 into 5.26, the nonlinear equations of the system model becomes 
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KLM
LN RRC S%� = <=�> dcR%� + �c�� + ��5� − �>�E�E>g                                                                                      RRC c�� = <T�� ��−�(n − ��%�c�� − (�%�� + �% + �%�R%�5� − S=<� − �S%� + S�� − ��%cR%� ] 

RRC S=<� = <=� [c�� − <E� S=<�  ]                                                                                                             
  [5.28] 

Applying Laplace Transform to transfer the equations from time domain to S domain, 

equations 5.28 in S domain become 

KLL
ML
LN�S%� = 1�R% hcR%� + �. c�� + �� . 5� − S%�� + �%j                                                                                                              

�c�� = 1Q(n ��−�(n − ��%�c�� − (�%�� + �% + �%�R%�5� − S=<� − �S%� + S�� − ��%cR%� ]                                  
�S=<� = 1�< [c�� − 1�< S=<�  ]                                                                                                                                            

 

And by sorting and rearranging, the new set of equations can be written as 

 

KLM
LN�R% �� + <=�> <E�E>� S%� = cR%� + �c�� + ��5�                                                                  Q(n(� + z��T�� + ¨E>T�� )c�� = −(�%�� + �% + �%�R%)5� − S=<� − �S%� + S�� − ��%cR%�

�< �� + <E�.=�� S=<� = c��                                                                                                     

  [5.29] 

In order to make the equations easy to read and write, these constant variables are 

considered 

 

KLM
LN v�G = <=�> <E�E>vTG = z��T�� +  ¨E>T��v" = <E�.=�

 [5.30) 
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Then by replacing new variables into 5.29, the set of equations become 

 w�R%(� + v�G)S%� = cR%� + �c�� + ��5�                                                                         Q(n(� + vTG)c�� = −(�%�� + �% + �%�R%)5� − S=<� − �S%� + S�� − ��%cR%�        �<(� + v")S=<� = c��                                                                                                     [5.31] 

The set of equations in 5.31 characterizes the dynamic model of the DC UPS during mode 

II in the S domain. Different transfer functions can be achieved from 5.31. In order to 

analysis dynamics of DC link voltage and battery current, two set of equations are driven 

and sorted based on DC link voltage and battery current. The DC link voltage set of 

equations is  

 

KLM
LN(4HG�H + 4GG�G + 4<G�< + 4:G)S%� =                                                                                                ��<(� + v")S��+�Q(n�<�G + (Q(n�<(v" + vTG) − �G�%�<)�< + Q(n�<v"vTG + 1 − �G�%�<v"�cR%�+[(0GG�G + 0<G�< + 0:G)5�
  [5.32] 

(5.32) and equations based on battery current are 

KLM
LN(4HG�H + 4GG�G + 4<G�< + 4:G)c�� =                                                                                                 [�<�R%�G + �<�R%(v" + v�G)�< + �R%�<v"v�G]S��−[2G�G + 2<�< + 2:]5�−[��%�R%�<�G + (��%�R%�<(v" + v�G) + ��<)� + ��%�R%�<v"v�G + ��<v"]cR%�
  [5.33] 

 

(5.33) where the coefficients are defined as 
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KLM
LN4HG = Q(n�<�R%                                                                                  4GG = Q(n�R%�<(v" + vTG + v�G)                                               4<G = Q(n�R%�<(v"vTG + vTGv�G + v"v�G) + �R% + �G�<4:G = Q(n�R%�<v"vTGv�G + �R%v�G + �G�<v"                      [5.34] 

and  

 

KLM
LN0GG = ��Q(n�<                                           0<G = ��Q(n�<(v" + vTG) −  ��<    0:G = ��Q(n�<v"vTG + �� − ��<v" = �%�� + �% + �%�R%                              [5.35] 

and 

 w2G = �R%�<                                       2< = �R%�<(v" + v�G) + ����<2: = �R%�<v"v�G + ����<v"    [5.36] 

Equations 5.32 and 5.33 present the DC link voltage and battery current dynamics based 

on battery voltage, grid current and duty ratio of the DC-DC converter. Then transfer 

functions of DC link voltage versus each of variables will be achieved by ignoring the 

effect of other two variables. 

The set of equations in 5.32 and 5.33 give adequate information to extract different transfer 

functions. Based on the 5.32 and 5.33, transfer functions of DC link voltage versus duty 

ratio, battery voltage and grid current can be achieved as below.  

 ¢�R(�) = �>�R£ | �|�¥:��>� ¥: = ���$�����$���¦�O§�$§�O��$��O��$��O¦� [5.37] 

 ¢��(�) = �>��|� | R£¥:��>� ¥: = ¨=�($�©ª)O§�$§�O��$��O��$��O¦� [5.38] 
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 ¢�V(�) = �>���>� | R£¥:�|�¥: = ¨E>=�>=�$��(¨E>=�>=�(©ª�©�)�¨=�)$�¨E>=�>=�©ª©��¨=�©ªO§�$§�O��$��O��$��O¦�   

  [5.39] 

The transfer functions of the battery current versus duty ratio, battery voltage and grid 

current can be achieved as below. 

 ¢VR(�) = �|�R£ | �|�¥:��>� ¥: = − ¬�$��¬�$��¬¦O§�$§�O��$��O��$��O¦� [5.40] 

 ¢V�(�) = �|��|� | R£¥:��>� ¥: = =�=�>$��=�=�>(©ª�©�)$��=�>=�©ª©�O§�$§�O��$��O��$��O¦�  [5.41] 

 ¢VV(�) = �|���>� | R£¥:�|�¥: = − ¨E>=�>=�$��(¨E>=�>=�(©ª�©�)�¨=�)$�¨E>=�>=�©ª©��¨=�©ªO§�$§�O��$��O��$��O¦�   

  [5.42] 

In order to find the DC link voltage transfer functions, from the last equation in 5.29 

 SR%(9) =   S%(9) +  �%�R% RRC S%(9) [5.43] 

By applying small perturbation in the equation and using Laplace transform  

 SR%� + �R% = S%� + �% + �%�R%�(S%� + �%) [5.44] 

Considering the steady state condition, in which 

 �R% = �%  [5.45] 

Then by replacing 5.45 in 5.44 
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 SR%� = �%�R% �� + <E>=�>� S%� = �%�R%(� + v%)S%�  [5.46] 

Wherev% = <E>=�> . By replacing 5.32 with 5.46, the DC link voltage equation based on the 

states obtained as: 

KLM
LN(4H�H + 4G�G + 4<�< + 4:)SR%� =                                                                                                                                           ��%�R%�<(�G + (v% + v")� + v%v")S��

+ ¸ Q(n�%�R%�<�H + �%�R%(Q(n�<v% + Q(n�<(v" + vTG) − �G�%�<)�G + �%�R%(Q(n�<v"vTG +1 − �G�%�<v" + v%�Q(n�<(v" + vTG) − �G�%�<�� + �%�R%v%(Q(n�<v"vTG + 1 − �G�%�<v"¹ cR%�
+[0HH�H + 0GH�G + 0<H�< + 0:H]5�

 

  [5.47] 

where 

 º0HH = �%�R%0GG                     0GH = �%�R%(0<G + 0GGv%) 0<H = �%�R%(0:G + 0<Gv%)0:H = �%�R%0:Gv%                 [5.48] 

Equations 5.47 are the used to extract transfer functions of the DC link voltage versus duty 

ratio, battery terminal voltage and grid current. 

By having the transfer function, it is possible to find the stability region of the system 

during this mode of operation. The stability analysis can be performed by applying Routh-

Hurwitz stability criterion which gives the necessary and sufficient condition for the 

stability of a LTI system.    

In order to find the stability region, it’s required to find the characteristic equation, ∆(�), 
of the system which is the denominator of the transfer function, and then to establish the 

Routh table to determine if the system is stable. Based on the Routh-Hurwitz stability 
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criterion, system are stabile if and only if, all the coefficients at the first column of the table 

is positive.  

First, the characteristic equation: 

∆(�) = 4HG�H + 4GG�G + 4<G�< + 4:G 

Then the Routh table 

S3 a32 a12 0 

S2 a22 a02 0 

S1 det31 det32 0 

S0 det41 det42 0 

 

From 5.34,  

4HG = Q(n�<�R%> 0 4GG = Q(n�R%�<(v" + vTG + v�G) > 0 → v" + vTG + v�G > 0 →  <E�.=� + z��T�� +  ¨E>T�� + <=�>(E>�E) > 0 Always true! 4<G = Q(n�R%�<(v"vTG + vTGv�G + v"v�G) + �R% + �G�< > 0Always true! 

5�9H< = − °4HG 4<G4GG 4:G°4GG = 4<G4GG − 4:G4HG4GG > 0  → 4<G4GG − 4:G4HG > 0 → �Q(n�R%�<(v"vTG + vTGv�G + v"v�G) + �R%+ �G�<� �Q(n�R%�<(v" + vTG + v�G)�− �Q(n�R%�<v"vTGv�G + �R%v�G + �G�<v"��Q(n�<�R%� > 0 

 (v" + vTG)v�GG + �2v"vTG + ¨�T��=�> + v"G + vTGG   v�G + �v"G vTG + ©ªT��=�> + vTGG v" +
©{�T��=�> + ©{�¨�T��=�>  > 0   Always true!     [5.49] 

Equation 5.49 is a second order polynomial based on v�G in which all the coefficients are 

positive, then the statement in 5.49 is always positive and true. 

 5�9HG = − ±O§� :O�� :±O�� = 0 
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 5�9²< = − ° O� O¦R(C§� R(C§�°R(C§� = 4: > 0 →   Q(n�R%�<v"vTGv�G + �R%v�G + �G�<v" > 0 

  [5.50] 

Then since all the coefficients in the characteristics equation are positive, the system during 

this mode is stable. 

 

5.4 Stability Analysis of the System During Mode III 

Mode III is extension of modes II. During mode II when the BESS is fully charged the 

system becomes a regular grid tied AC/DC rectifier providing power for the light CVL 

load. The rectifier operates on voltage mode to regulate the DC link voltage and provides 

required active power for the CVL.  

From 5.24,  

 

KLL
M
LLN

RRC S%(9) = <=�> dBR%(9) + 5(9)B�(9) − <E�E> S%(9)gRRC B�(9) = <T�� [(−�(n − 5(9)�%)B�(9)−S%<(9) − 5(9)S%(9) + S�(9) − 5(9)�%BR%(9)]                           
RRC S%<(9) = <=� dB�(9) − �>�(C)E� gSR%(9) =   S%(9) +  �%�R% RRC S%(9)

  [5.24] 

Since during this mode, the BESS is fully charged, there will be no current flow between 

battery and DC link so the converter switches are open and the equations in 5.24 are 

adjusted accordingly.   
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KLL
M
LLN

RRC S%(9) = <=�> dBR%(9) − <E�E> S%(9)g                                                 RRC B�(9) = <T�� [−S%<(9) + S�(9)]                                                       
RRC S%<(9) = <=� d− �>�(C)E� g                                                                        SR%(9) = S%(9) + �%�R% RRC S%(9)                                                      

 [5.51] 

According to equation 4.30 from chapter 4, and the fact that the grid voltage vector is 

aligned with d axis and performing unity power factor,  

 BR%(9) = HG /RBR(9) [5.52] 

Substituting 5.52 in 5.51, the system model becomes    

 w RRC S%(9) = <=�> dHG /RBR(9) − <E�E> S%(9)gSR%(9) = S%(9) + �%�R% RRC S%(9)  [5.53] 

Then by applying small signal stability analysis on 5.53, the small signal model is achieved 

as 

 
RRC (�% + S%� ) = <=�> dHG (»R + /R� )(�R + cR� ) − �>��>�E�E> g [5.54] 

By ignoring second order items, the small signal model becomes 

 
RRC S%� = <=�> dHG (»RcR� + �R/R� ) − �>�E�E>g [5.55] 

Applying Laplace transformation, 5.55 becomes  

 �R%(� + v�G)S%� = HG »RcR� + HG �R/R�  [5.56] 
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And from 5.46, 

 SR%� = �%�R% �� + <E>=�>� S%� = �%�R%(� + v%)S%�  [5.57] 

Replacing 5.57 into 5.56, the small signal model of the system during mode III becomes  

 (� + v�G)SR%� = HG »R�=(� + v=)cR� + HG �R�=(� + v=)/R�  [5.58] 

Equation 5.58 describes the small signal dynamic model of the system during this mode 

which explains that transients in the DC link voltage causes due to disturbances from the 

modulation factor of AC/DC converter and the direct component of the grid current. All 

the poles and zeros of the equation 5.58 are placed at left hand side of the S plane, meaning 

the system is stable during this mode. 

 

5.5 Stability Analysis of the System During Mode IV  

When the grid is disconnected, the system operates on mode IV, the UPS mode. This mode 

can be considered as an extension of mode I without grid power when BESS provides entire 

pulsed peak power for the CPL load and the DC/DC converter regulates the DC link 

voltage. The grid current does not have any effect on the stability of the system in this 

mode, as it is shown in equation 5.22, below is the steps to drive the transfer function of 

the DC link voltage versus DC/DC converter’s duty ratio and battery voltage. 
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From 4.31, and removing grid current, the system model described as

 

KLM
LN RRC SR%(9) = <=�> d5(9). B�(9) − ���>(C)E + ���>(C)�g                     RRC B�(9) = <T�� [−�(nB�(9)−S%<(9) − 5(9). SR%(9) + S�(9)] 

RRC S%<(9) = <=� [B�(9) − �>�(C)E�  ]                                                     [5.59] 

By performing small signal analysis,  

 

KLM
LN RRC SR%� = <=�> h�. c�� + �� . 5� − �<E − ���>�   SR%� j                                                RRC c�� = <T�� [−�(n . c�� − S=<� − �R% . 5� − �. SR%� + S��]                                  

RRC S=<� = <=� [c�� − <E� S=<�  ]                                                                                 
[5.60] 

Applying Laplace transformer,  

 w�R%(� + v�)SR%� = �. c�� + �� . 5�                           Q(n(� + vT)c�� = −S=<� − �R% . 5� − �. SR%� + S���<(� + v")S=<� = c��                                                 [5.61] 

Finally, the small signal model of the system during this mode is achieved as  

 (4H�H + 4G�G + 4<�< + 4:)SR%� =  ��<(� + v")S�� + (0G�G + 0<�< + 0:)5�  

  [5.62] 

The stability region of the system during this mode is the same as mode I, since the grid 

current does not have any contribution in the stability condition. Then the stability zone for 

system during this mode is equal to 5.22 equation.  

�³O´ = /BY ¼�R%G� + �R%�R%G ½ 1�<. �< + �(nQ(n¾ , �R%G� + �G�R%G�< + �(n¿ 
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5.6 Control Strategy  

In the previous sections in this chapter, open loop transfer functions of the system are 

extracted and the characteristic equations of the system during each mode are achieved. It 

has been presented that the system is stable during mode II and III, however transfer 

functions and characteristic equations have been shown that the system is not stable or has 

limited stability during mode I and IV. This means that the system needs a reliable 

controller to stabilize its operation during modes two and four. In general, the controller 

should be designed in such a way that the system operates stable in all four modes. 

Moreover, the controller should be robust enough so the system not only operates at 

operating point, but also works stable in all other operating points. In addition, the 

controller should provide a continuous and stable performance for the system against 

disturbances and noises. 

General speaking, controllers can be sorted into two major groups, linear and nonlinear. 

Linear controllers such as PI, PID, lead, lag, etc. are easy to design and provide robust and 

reliable performance, however tuning the controller parameters could be a challenge. This 

type of controllers does not need transfer function of the system. Since most of practical 

systems are nonlinear, in order to use linear controllers, first the system is linearized around 

an operating points and then linear controllers are used to meet the performance 

requirements of the system. Since such systems are linearized around a specific operating 

point, the linear controllers usually provide limited stability around the operating point and 

are not able to offer a global stable performance for the system. Thus, it is necessary to 

check the stability of the system in some other points rather than the operating point to 

ensure the reliability and robustness of the controller.    
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Nonlinear controllers can deal with nonlinear systems without linearization. However, this 

type of controller requires an exact transfer function of the system and most of them are 

sensitive to the model imperfections and components mismatches. Usually to simplify the 

model of complicated nonlinear system, it is required to ignore some parts and it could 

cause instability issue for the system performance.  

The goal for the controller is to maintain stability and consistent performance of the system 

during all operational modes in the face of disturbance and modeling imperfection and keep 

the DC Bus voltage regulated at rated value during mode transitions. 

Finding a robust controller that can provide a reliable, stable and continuous performance 

is a major task in designing a controller. In this section a linear controller will be presented. 

The controller satisfies the stability conditions and regulate the output voltage.  

 

5.6.1 AC/DC Rectifier Control Scheme 

5.6.1.1 Direct Power Control of AC/DC Rectifier 

The DC UPS system is connected to the grid through an AC/DC rectifier. The rectifier 

manages the power flow from grid to the DC link. It is a unidirectional path for the power 

and current from grid to the DC link. The rectifier controller ensures a continuous and 

constant power delivered to the link regardless of the link voltage.  

The goal for the grid tied AC/DC rectifier is to deliver constant power to the DC link. In 

order to satisfy the control goal, the rectifier operates on current mode and is controlled by 

the Direct Power Control (DPC) method [99]. 
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In the direct power control scheme, the direct and quadrature components of the grid 

currents(BR 4Y5 Bn), are used to control active and reactive power independently.  

According to the fact that the grid voltage vector (À), is aligned with the d axis in the 

rotating frame, then the projection of the grid voltage on the q axiswill be zero (SnP = 0). 

Furthermore, the rectifier operates on the unity power factor, which means that the ideal 

value for the quadrature component of the grid current is zero. 

 º � =  HG �BRSRP + BnSnP� = HG BRSRP ��U VF %��FCO�CÁÂÂÂÂÂÂÂÂÂÂÃ BR∗ = �∗§���UÅ = HG �BRSnP − BnSRP� = − HG BnSRP Æ∗¥:ÁÂÂÃ Bn∗ = 0                     [5.63] 

Block diagram of the rectifier and the control scheme is illustrated in the figure 5.6. In this 

figure, grid angle,o, is extracted by PLL block and used by transformation blocks to change 

grid voltages and currents from abc stationary frame to the dq synchronous rotary frame 

and vice versa.  

The measured currents in dq frame are compared to the set values and a linear PI controller 

compensate the error. The output subtracts from summation of grid voltage and cross 

sectional term to set an ideal value for input voltage of the rectifier.  

 wSR∗ = SRP − (m + ÇÈ$ )(BR∗ − BR) + vQPBn(9)Sn∗ = SnP − �m + ÇÈ$ � �Bn∗ − Bn� − vQPBn(9) [5.64] 

The ideal values, then are fed to the PWM generation block to be compared with the 

reference waveforms. The output of this block is the gate drive pulses for the rectifier.  
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Figure 5.6: Block diagram of the grid tied AC/DC rectifier and controller scheme. Direct 

Power Control method is used to control the rectifier. 
 

5.6.1.2 Simulation Results 

A simulation model is conducted in the MATLAB/Simulink software to illustrate the DPC 

scheme and performance of the system during some disturbances from load. Figure 5.7 

shows the simulation model which is used for this part. The model includes a three-phase 

power supply connected to an AC/DC rectifier block which controlled by Direct Power 

Control (DPC) technique. The model also includes a DC/DC converter which connects a 

battery energy storage to the DC link. The DC/DC converter’s controller regulates the link 

voltage and the DPC control the AC/DC rectifier in such a way to deliver constant power 

to the link against disturbances come from load.   
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Figure 5.7: DC UPS system used to illustrate the Direct Power Control (DPC) scheme 

performance while load varies. 
 

Specification of the DC UPS system is presented in the table 5.1. 

Table 5.1: DC UPS specifications for the model implemented in the Simulink. 
Output Voltage PLoad Max L C fsw Grid Power Battery Voltage 

700 V 140 kW 0.2 mH 3 mF 20 kHz 20 kW 350 V 

 

The result is presented in figure 5.8 where the load varies from 0 to 140 kW and the DC 

link voltage is regulated by the DC/DC converter. The power from grid is 20 kW constant 

although the load requirement power is changing. The extra required power demand is 

provided by the battery energy storage system. The power from the grid is constant and 

continuous at unity power factor (the reactive power from grid is kept zero).  
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Figure 5.8: The of the DC UPS simulation. The AC/DC rectifier is controlled by direct 

power control (DPC) method to deliver constant power while the load varies. 
 

5.6.2 DC/DC Power Converter Controller 

Since the rectifier is controlled independently and delivers constant power at the DC link, 

then the grid current has a minority effect on the DC link voltage stability. Moreover, since 

Li-ion batteries have a very slow rate of voltage change over time while working on 

operating range (usually between 20% to 90% of SOC), the voltage across the battery 

terminals do not change suddenly, thus it is reasonable to assume that the battery voltage 

is constant when dealing with the transients in DC link voltage. These assumptions lead us 

to the figure 5.9, where a controller closes the loop based on the output voltage and controls 

the DC link voltage and battery current by changing the duty ratio of the DC/DC converter.  
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Figure 5.9 shows block diagram of the DC UPS system. A Dual-Loop Control (DLC) 

scheme has been chosen to stabilize the system performance. The controller consists of two 

main loops, an inner current loop and an outer voltage loop. The controller can monitor 

battery current while regulates the DC link voltage. Gvd (from equation 5.13), Gvv(from 

equation 5.14), Gvi (from equation 5.15) are the transfer functions of DC link voltage versus 

duty ratio of the DC/DC converter, battery voltage and grid current respectively. Gid (from 

equation 5.16) is the transfer function of battery current versus duty ratio of the converter. 

Gci and Gvi are the compensations which need to be designed appropriately. This figure 

shows the disturbances from grid current and battery voltage. 
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Figure 5.9: Block diagram of the DC UPS system. 
 

The proposed controller has two loops and two compensators, then it required to design 

the compensators to meet the goals. The goal for the system is to maintain stable and 

provide a constant and continuous performance in face of disturbances from grid, load and 

battery. The proposed control scheme consists of two sections, the inner current loop design 

and the outer voltage loop. 
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There are several ways to design the compensators, such as desired pole/zero placement, 

step response or frequency response. In this section, the compensators are designed and 

tuned based on the frequency response characteristics such as desired phase margin and 

crossover frequency (wwc). It is desired for the system to have a cross over frequency 5-10 

times lower than switching frequency and a phase margin of greater than 40 degree to have 

enough marginal stability.   

Based on the figure 5.9, the open loop transfer function of the inner current loop is achieved 

as 

 y IV (�) = ¢%V(�)¢VR(�)�V (�) = V|V|∗ = É>È(F)ÉÈ�(F)<�É>È(F)ÉÈ�(F) [5.63] 

Where the Hi and Ti are the current open loop and closed loop transfer functions, 

respectively. For the voltage loop transfer functions are as follow: 

 w I� (�) = É>Ê(F)É>È(F)ÉÊ�(F)<�ËÈ (F)�� (�) = ��>��>∗ = É>Ê(F)É>È(F)ÉÊ�(F)<�É>È(F)ÉÈ�(F)�É>Ê(F)É>È(F)ÉÊ�(F) [5.64] 

Where the Hv and Tv are the voltage open loop and closed loop transfer functions, 

respectively. The compensators are PI controller with transfer function in frequency 

domain such as  

 ¢%(ÌX) = m + ÇÈ_Í [5.65] 

The goal for the system is to have a phase margin not less than 40 degree and a crossover 

frequency 5 to 10 times below the converter switching frequency for the inner current loop 
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and to avoid interaction between the inner and outer loop, lower bandwidth is considered 

for the outer voltage loop to give the system enough stability margin in order to operates 

in a wide range of operating points. The proportional and integral controller gains kp and ki 

are selected accordingly.  

 

5.6.2.1 Inner Current Loop  

Figure 5.10 shows the bode plot of the current open loop gain, the inner loop gain. The 

figure shows that the open loop system does not have the desired cross over frequency and 

shows a negative gain margin.  

The current controller Gci is designed in such a way to have a cross over frequency 10 times 

below the switching frequency, which is assumed to be 20 kHz, and a gain margin above 

50 degrees. The current compensator is a PI controller with one pole and one zero. The 

controller gains can be designed based on the desired frequency response characteristics, 

i.e. phase margin and cross over frequency. The controller transfer function in frequency 

domain is obtained as: 

¢%V(ÌX) = m + VÌX 
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Figure 5.10: Bode diagram of the current open loop gain 

 

Where kp and ki are the proportional and integral gains of the compensator. The proportional 

gain determines the dynamic response of the system and the integral gain adjusts the phase 

shift between the output and reference. These gains are adjusted based on the open loop 

bode plots and desired characteristics or based on the equation presented in [29], in which  

m = cos oÎ¢m(ÌvÍ%)Î 
V = −vÍ% sin oÎ¢m(ÌvÍ%)Î 
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o = 180 + ÏR − ∠¢m(ÌvÍ%) 

Where ki and kp are controller proportional and integral gains, vÍ% is the desired cross 

over frequency, ÏR is the required phase margin and ¢m is the open loop transfer function, 

e.g. ¢VR or ¢�R. Considering a cross over frequency around 2 kHz and a phase margin of 

60 degree, figure 5.11 shows the PI controller bode diagrams and the resulted current open 

loop gain, Hi. This figure illustrates the effect of PI compensator on the current vs duty 

ratio plant model, Gid, and bode diagrams show that the open loop gain has desired 

frequency response characteristics. The current open loop gain has a cross over frequency 

of 2 kHz and a phase margin of 60 degrees. 

According to the figure 5.11, the gain margin of the Hi is 60 degrees with a cross over 

frequency at 1.26e4 rad/s (~2 kHz). Since the phase of the open loop gain never cross the 

-180 degrees, and is always above the -180 degree line, then there is no phase cross over 

frequency and hence the gain margin is infinite.  
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Figure 5 11: Bode diagrams of the PI controller, Gci and the current open loop gain, Hi 
 

5.6.2.2 Outer Voltage Loop  

According to the figure 5.9 In order to design the outer voltage controller, first it needs to 

calculate the middle section, Ti, illustrated in the figure 5.12.  
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Figure 5.12: The gray area illustrates the current inner loop, Ti 
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Ti(s) is achieved as:  

�V = 5B�∗ = ¢%V1 + ¢%V¢VR 

Now the open loop gain of the voltage becomes 

I� = ¢%��V¢�R = ¢%�¢%V¢�R1 + ¢%V¢VR 

And the voltage closed loop system becomes 

�� = SR%SR%∗ = ¢%�(�)¢%V(�)¢�R(�)1 + ¢%V(�)¢VR(�) + ¢%�(�)¢%V(�)¢�R(�) 

Figure 5.13 shows the bode diagrams of the voltage open loop plant, Gvd. The bode 

diagrams illustrate that the system has a negative gain and an undesired cross over 

frequency. The system desired to have a cross over frequency far away from the current 

loop frequency to avoid any possible interference between two loops, considering the 2 

kHz cross over frequency of the inner loop, then the voltage cross over frequency is 

designed to be around 50 Hz. Also, the voltage loop designed to have 70 degree phase 

margin at the cross over frequency.  
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Figure 5.13: Bode diagrams of the voltage open loop plant, Gvd. 
 

Transfer function for the voltage compensator is as same as current one, a PI controller 

with one pole and zero. The controller’s gains also designed based on the equation 

presented in the current section which are matched with the desired frequency response of 

the system. 

¢%�(ÌX) = m + VÌX 

Figure 5.14 shows the bode diagrams of the designed controller, Gcv and the voltage open 

loop gain, Hv . The bode diagrams show that the open loop gain of voltage has a phase 

margin of 70 at the cross over frequency of 50 Hz (314 rad/s).    
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Figure 5.14: Bode diagrams of the voltage compensator, Gcv, and the open loop gain, Hv 
 

By closing the loop on output voltage, the system closed loop transfer function, Tv is 

achieved. Figure 5.15 illustrates the bode diagrams of the closed loop system. The closed 

loop system has a bandwidth of 400 rad/s.  
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Figure 5.15: The bode diagrams of the closed loop system 
 

The root locus diagram of the closed loop system is illustrated in the figure 5.16. The 

diagram shows the stability region of the system. As it is illustrated in the figure, system 

has a limited stability due to a closed loop zero located at the right hand side plane. All the 

poles are terminated either in a zero or infinite, thus having a zero at right hand side of the 

S-plane can lead to instability and can limit the stability region of the system. To maintain 

the system stable with a continuous performance, the controller gains should be designed 

in such a way to keep the system stable.  
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Figure 5.16: The root locus diagram of the closed loop system 
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toward left hand side of the plane. Figure 5.17 illustrates the variation on the poles by 

changing the proportional gain from 1 to 16 and integral gain from 1 to 8000.  

 
Figure 5.17: By increasing the kp and ki, the proportional and integral gains, the complex 

poles move toward right hand side and the pole close to origin move away 
from origin toward left hand side. 
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Figure 5.18: kp = 1, and increasing ki up to 17000, further than its stability zone. 
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Figure 5.19 Step response of the closed loop system. 
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Figure 5.20: By increasing kp from 1 to 13, and ki from 1 to 6000, the step response 
becomes faster with more oscillation.   
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in the DC link capacitance is considered. It is assumed that the capacitor varies between 

0.5 to 2 times of its rated or nominal value. Figure 5.21illustrates this simulation. When 

the DC link capacitor changes from 0.5 to 2 times of its nominal value, the complex poles 

closed to the origin moved toward the imaginary axis, but the system still stable and all the 

poles are at the left hand side. The figure shows that by increasing the capacitance value, 

the poles moves toward the imaginary axis. 

 
Figure 5.21: By increasing the DC link capacitance, the poles move toward imaginary 

axis. 
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5.6.2.4 Simulation results of the proposed controller 

A simulation model was performed in the MATLAB/Simulink environment to model the 

DC UPS system. The system specifications are as listed in the table 5.1 and figure 5.22 

shows the simulation model.  

 
Figure 5.22: Simulation model of the DC UPS and the Dual-Loop Controller (DLC) 
 

Figure 15.23 shows the performance of the system working under rated operating values, 

700 VDC output voltage and 140 kW as the CPL value. The CVL is a 10 kW constant 

resistive load and the input power from the grid is 20 kW which is modeled as a current 

source.  
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Figure 5.23: Performance of the system while working on the rated value, battery current 

and DC link voltage. 
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mode and respond to the request by increasing the discharge rate as needed. By injecting 

more power to the link suddenly, the current will increase and consequently the voltage 

dropped as the power is constant. Then there will be some voltage sags in the DC link 

dynamics during changing the CPL load. This fact illustrates in the figure 15.24, as the 

CPL increases, the battery current increases and the voltage drops.  

 

 
Figure 5.24: Performance of the DLC against the CPL variation. The CPL step changes 

are 0, 10, 50, 100 and 140 kW. 
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power is zero, then battery is charged with 10 kW and thus battery current is negative. At 

t=0.01 s, system moved to mode I, the load leveling mode, where power form the grid stays 

the same, while the CPL power is jumped to 140 kW peak. Since the incoming power from 

the grid is constant, the BESS provides the rest of high peak power demand and battery 

current is changed from negative charging mode to a high positive discharging mode to 

take care of the power demand. The DC link voltage is dropped around 70 V (~ 10% 

voltage drop) due to the transition and recovered smoothly to the reference value. At t = 

0.03 s, the CPL power becomes zero, then the DC UPS system goes to mode II, the standby 

mode, again. The battery current is negative, charging state, during this mode. At t = 0.04 

s, the battery is fully charged and the power exchange between battery and the DC link is 

zero. The grid power is reduced to half since CVL is the only active load during this mode. 

At t = 0.05 s, the grid power is zero. This is the UPS mode which represents the power 

outage moment when the grid is not available. Then the BESS is responsible for providing 

entire required power. The BESS is responding to the pulsed peak power demand from 

CPL load by high rate discharging the saved energy. At t = 0.07 s, the grid power is 

available again and the CPL power becomes zero. These different situations are designed 

to mimic the four operating modes of the DC UPS system and validate the performance of 

the designed sliding mode controller during different transitions caused by different 

operating modes of the system. During all situations and transitions, the proposed DLC 

controller has been provided system stability and consistent performance for the DC UPS. 
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Figure 5.25: Performance of the proposed DLC controller during different operating 
modes. 
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5.6.3 Constant Frequency Sliding Mode Control (CFSMC) 

 

5.6.3.1 Introduction 

The dual-loop controller with linear compensators, presented in the previous section, has a 

limited stability region and the voltage regulation at DC link does not satisfy the desired 

rate of ±5% regulation.  

To satisfy the desired control goals such as tighter regulation, better performance during 

transitions and also expand the stability region, a nonlinear robust controller is proposed. 

Robust controllers are well-known for their stability and robustness and usually preferred 

when dealing with a nonlinear system with imprecise model. The imprecision may come 

from the actual uncertainty from the plant or from a purposeful choice of the simplified 

representation of the model’s dynamics which is the one in this case [100-101]. 

Sliding Mode Controller which is a robust controller approach, has been proposed to meet 

the desired control goals by providing stability and consistent performance in the face of 

modeling imperfections. The proposed controller can tolerate the model and parameter 

inaccuracies while tracking the goal. The control law, which is the main challenge for 

designing the controller, consists of two main parts, an equivalent control law and a 

switching law. The former part tracks the desired reference path to achieve steady state 

while the latter part deals with the switching uncertainties. This type of controller has been 

successfully applied to other fields such as electric motor control, robotics and power 

systems [102-106]. 
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The proposed sliding mode controller has a variable switching frequency which is 

unfavorable for power converter control applications. Hence, here a constant frequency 

sliding mode controller (CFSMC) is presented which makes it interesting for power 

electronics applications in which PWM based power converters utilized and constant 

switching frequency is a major requirement. Literature have been shown that by imposing 

the sliding mode, the closed-loop control system gains advantages of robustness and low 

sensitivity to parameter variations [107-115].  

 

5.6.3.2 Basics of Sliding Mode Control  
 

Considering a general form of a single input system in state space format as 

 �(�) = �Ò + Ó. [5.6] 

Where the scaler x is the output of interest (e.g. DC link voltage), the scaler u is the control 

input which is generated by a switching control law, Ò = ��, �Ô , … , �(�«<)��
is the state 

vector and A and B are parameter matrices of the system [101]. In case of a DC/DC 

converter, n=1 and the equation becomes 

 �Ô = �� + Ó. [5.67] 

Considering reference or desired output value as �R, then the state tracking error is defined 

as  

 �� = � − �R [5.68] 
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The control problem is to get the state x to track the desired value in the presence of model 

imprecision on the system parameter matrices, A and B, then controller has a commonly 

designed switching function as 

 . = <G [1 + �BÖY(�)] = W1     Xℎ�Y � > 00     Xℎ�Y � < 0 [5.69] 

Where S is the instantaneous state variable’s trajectory, a function of the state tracking 

error or sliding surface. The nth-order S function is generally defined as 

 �(�; 9) = � RR´ + Ø��«< �� [5.70] 

HereØ is a strictly positive constant [102-103]. Designing a switching control law to drive 

the plant state to the switching surface and maintain it on the surface upon interception is 

a major task. In order to ensure the desired sliding mode dynamics are attained and 

maintained, several methods are proposed in the literature [103-108]. Lyapunov approach 

is commonly used to ensure the existence of sliding mode operation. This method is usually 

used to determine the stability properties of an equilibrium point without solving the state 

equation [101-104]. 

Considering V as a positive definitive candidate for the Lyapunov function,  

 �(�) = <G �G [5.71] 

Then to ensure the controller stability and convergence of the state trajectory to the desired 

sliding surface, the switching control law should ensure that gradient of the Lyapunov 

function with respect to time, is always negative. 
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 �Ô = ��Ô < 0      21�  � ≠ 0  [5.72] 

It also known as the reachability condition. The switching control should satisfy this 

condition to guarantee the state trajectory at locations near the sliding surface will be 

always directed toward the sliding surface.   

The dynamics of the state of interest in the sliding mode can be driven by solving the 

equation of 

 �Ô = 0 [5.73] 

This equation presents the dynamics of the system while in the sliding mode and the 

obtained expression by solving the equation is called the equivalent control law, 0 < .(n <
1, which is the continuous control law that would maintains the �Ô = 0, if the plant 

dynamics are exactly known [101-104]. 

The equivalent control law is a varying frequency signal which can be used as the duty 

ratio of a converter, however this way the sliding mode control will have a variable 

switching frequency. The proposed control law consists of two parts, an equivalent control 

law, .(n, a continuous function to maintain the desired dynamics or track the desired 

output, and a switching control law, .FÍ which is a switching function used to manage 

disturbances, model imprecision and parameter mismatches. Then the control law is used 

as the control signal for PWM generator block with a constant switching frequency [101-

104].  

 . = .(n + .FÍ [5.74] 
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5.6.3.3 Constant Frequency Sliding Mode Control for DC UPS System  
 

The SMC design is started by driving the state space equations of the DC/DC converter as 

shown in the figure 5.26. 
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Figure 5.26: Schematic of the DC UPS system used for performing Sliding Mode Control 

(SMC) 
 

The state space of the converter can be achieved as  

wB% = �R% RRC SR%(9) = .Ú(9). B�(9) + BR%(9) − ���>(C)E + ���>(C)�ST = Q(n RRC B�(9) = S�(9) − .Ú(9). SR%(9)                                   

The DC link voltage is the state of desired, then the tracking error defined as  

 �� = �z(¬ − SR% [5.75] 

Where �z(¬ is the reference output voltage and �� is the tracking error. The sliding surface 

is defined based on the general form at 5.70 and considering the integral control, or defining 
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the variable of interest as integral of tracking error, which in this case a third order Sliding 

surface relative to the A ��C: 59  defines as [101] 

�(�; 9) = � 55� + Ø �«< �� 

 �(�; 9) = � RR´ + Ø�G A ��C:  59 = ��Ô + 2Ø�� + ØG A ��C: 59 [5.76] 

By replacing �� as the tracking error, the 5.76 becomes 

 � = 4<�� + 4G�Ô� + 4H A �� 59 [5.77] 

Where 4V > 0, i=1, 2 and 3, are positive coefficients [109-112]. In order to find the 

equivalent control law, as it mentioned earlier at 5.73, it needs to find the first derivative 

of the sliding surface, which is   

 �Ô = 4<�Ô� + 4G�Û� + 4H�� [5.78] 

And the first and second time derivatives of the tracking error are achieved as 

�Ô� = − B%�R% = − 1�R% Ü.Ú. B� + BR% − �SR%� + �SR% Ý 

 �Ô� = − <=�> ½.Ú A �|«��>T��
C: 59 + BR% − ���>E + ���>�¾ [5.79] 

�Û� = − 1�R% ½ 1QR% (S� − SR%).Ú + �BR% − ½1� − �SR%G ¾ B%�R%¾ 
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 �Û� =   <=�>T�> (SR% − S�).Ú − $V�>=�> +  <=�>� �<E − ���>�   B% [5.80] 

Substituting 5.79 and 5.80 into 5.78, the first time derivative of the sliding surface yields 

as 

 �Ô = 4< �− V>=�>� + 4G � <=�>T�> (SR% − S�).Ú − $V�>=�> +  <=�>� �<E − ���>�   B%  + 4H�� 

 �Ô = ½− O�=�> + O�=�>� �<E − ���>�  ¾ B% + O�T��=�> (SR% − S�).Ú − O�=�> �BR% + 4H��  

  [5.81] 

Now, by solving the equation �Ô = 0, the equivalent control law which is the necessary 

condition to maintain the dynamics of the system in the sliding surface, will be achieved.  

�Ô = 0 →   
 .Ú(n = <��>«�| T�>=�>O� Ü½ O�=�> − O�=�>� �<E − ���>�  ¾ B% + O�=�> �BR% − 4H��Ý [5.82] 

 .Ú(n = <��>«�| Ü½O�O� − <=�> �<E − ���>�  ¾ Q(nB% + Q(n�BR% − O§O� Q(n�R%��Ý 

.(n = 1 − .Ú(n = <��>«�| �(SR% − S�) − <B% + G�� − Q(n�BR%� [5.83] 

Where the coefficients define as  

 º< = ½O�O� − <=�> �<E − ���>�  ¾ Q(nG = O§O� Q(n�R%                            



 137 

This is the continuous control function which is bounded between 0 and 1. Since this signal 

is bounded, then can be directly used as a switching signal to drive a converter switches. 

However, it has a variable duration which is not favorable for constant frequency switching 

functions and designing circuit components under a variable switching frequency would 

not be easy and optimum. In order to solve this problem, according to [104], if the 

switching frequency of the converter becomes very high, then the averaged dynamics of a 

sliding mode controlled system is equivalent to the averaged dynamics of a PWM 

controlled system, which means that the equivalent control law, .(n will be equal to the 

duty ratio, d of the PWM [108-111, 113]. Thus, the control law of the sliding mode can be 

used as the duty ratio of a PWM generator of a converter with constant switching frequency 

[110-114]. 

According to the 5.74, the sliding mode control law consists of two parts, an equivalent 

control law, continuous function to maintain the controller stability and tracking the 

reference output value, and a switching control law to handle disturbances, which is defined 

as  

 .FÍ = . �BÖY(�) [5.84] 

Therefore, the control law achieved as  

 . = .(n + .FÍ = .(n + . �BÖY(�) 

  . = <��>«�| �(SR% − S�) − <B% + G�� − Q(n�BR%� + . �BÖY(�) [5.85] 

The equation presented in 5.85 is the control law for the sliding mode controller used for 

control the DC/DC converter in the DC UPS system. The controller involved the equivalent 
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and switching sections. Now, by considering this control law, the existence of the sliding 

mode or convergence of the state trajectory to the desired sliding surface should be verified.  

To verify the existence of the sliding mode controller with the designed control law, 

condition in 5.72 should be always satisfied.  

�Ô = ��Ô < 0 

Replacing 5.83 into 5.81,  

�Ô = ��Ô < 0 → 

�Ô = � kÜ− 4<�R% + 4G�R%G ½1� − ��R%G ¾Ý B% + 4GQ(n�R% (SR% − S�).Ú − 4G�R% �BR% + 4H��l = 

� kÜ− 4<�R% + 4G�R%G ½1� − ��R%G ¾Ý B% + 4GQ(n�R% (SR% − S�) �1 − �.(n + .FÍ�� − 4G�R% �BR%

+ 4H��l = 

= � ½− 4GQ(n�R% (SR% − S�). . �BÖY(�)¾ 

= − 4GQ(n�R% (SR% − S�). . |�| < 0   
By defining the switching function coefficient as  

  = |(Ê|��>«�| [5.86] 

Therefore,  
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|��|. 4GQ(n�R% . |�| > 0  
�Ô = ��Ô = − |��|. 4GQ(n�R% . |�| < 0 

Since 4G is a positive coefficient, the inequality in 5.84 is always satisfied and existence of 

the sliding mode is guaranteed by controllers in 5.84. 

The sliding mode controller is designed and the control law, the equivalent and switching 

sections, is presented at 5.85, the existence of the controller is verified. Thus, the control 

law can be applied to the PWM block with constant switching frequency as the converter’s 

duty ratio. Therefore, the duty ratio of the converter is defined as, 

 5$Þ= = . = <��>«�| �(SR% − S�) − <B% + G��z(¬ − SR%� − Q(n�BR%� + |(Ê|��>«�| . �BÖY(�) 

  [5.87] 

where, 

KLM
LN< = Ü4<4G − 1�R% ½1� − �SR%G ¾Ý Q(n

G = 4H4G Q(n�R%
 

The control law in 5.87 is adaptive to the variations of the parameters appears in the 

equation, battery voltage, DC link voltage, grid current and load power. The input control 

signal or the duty ratio for the PWM block should be between 0 and 1. Thus, to ensure that 
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the output value of the controller does not saturate the PWM block, the sliding mode control 

law designed as [111-114] 

 5 = y 1                   5$Þ= ≥ 15$Þ=          0 < 5$Þ= < 10                    5$Þ= ≤ 1  [5.88] 

The control low presented in 5.88 is the desired duty ratio applied to the PWM block with 

constant frequency. The PWM output is the control pulses for the converter’s switches. 

The combined sliding mode controller and the PWM block is defined as the Constant 

Frequency Sliding Mode Controller or CFSMC. Figure 5.27 illustrates the proposed 

controller. 
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Figure 5.27: Block diagram of the proposed constant frequency sliding mode controller 
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5.6.3.4 Robustness of the CFSMC 
 

The proposed controller should also be robust again parameter variations in the system. 

The control law presented in 5.87 has several online and offline parameters. Voltage of 

battery and DC link and current of the grid are online parameters which measured online, 

so the controller is updated with new values at each sampling period. However, the 

components value in the control law might not be the exact as expected and usually there 

are some uncertainties due to mismatch between their value in the control law and their 

measured value. Capacitors are more subject to these uncertainties than inductors. The 

uncertainties come from the capacitor can cause the control law to vary from its desired 

value and consequently, the equivalent controller cannot maintain the condition in 5.73, 

�Ô = 0  and the existence of the sliding mode is questionable. These types of uncertainties 

should be well managed by the switching section of the controller. In the following, the 

robustness of the proposed controller against the uncertainties form the DC link capacitor 

is provided [111].  

It’s assumed that during the operation of the system, the value of the DC link capacitor 

varies from �R% to �àR%. Consequently, the equivalent control law is affected. Substituting 

the new capacitor in the 5.83, the new equivalent control achieved as  

 B2 �R% → �àR% 

 .á(n = <��>«�| Ü(SR% − S�) − ½O�O� − <=à�> �<E − ���>�  ¾ Q(nB% + Q(n�BR% − O§O� Q(n�àR%��Ý
 [5.89] 
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Then the new control law becomes 

 . = .(n + .FÍ = .á(n + |(Ê|��>«�| �BÖY(�) [5.90] 

Replacing this control law, 5.90 into the 5.81, the time derivative of the sliding surface 

becomes, 

 �Ô = ½− O�=�> + O�=�>� �<E − ���>�  ¾ B% + O�T��=�> (SR% − S�) d1 − .á(n − |(Ê|��>«�| �BÖY(�)g −
O�=�> �BR% + 4H�� 

 �Ô = 4H �1 − =à�>=�>� �� − O�T��=�> |��|. �BÖY(�) [5.91] 

Then the existence condition in 5.72 should be satisfied.  

 �Ô = �. �Ô < 0 ⇒  �. ½4H �1 − =à�>=�>� �� − O�T��=�> |��|. �BÖY(�)¾ < 0 [5.92] 

Considering two cases, 

If� > 0 , then �Ô should be negative to meet the existence condition. 

 B2 � > 0 $Ôã:      ÁÂÂÂÃ 4H �1 − =à�>=�>� �� − O�T��=�> |��| < 0 ⇒ 

 
O�O§ > Q(n��R% − �àR%� (Ê|(Ê| [5.93] 

If  � < 0 , then �Ô should be positive to meet the existence condition. 
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 B2 � < 0 $Ô→ 4H �1 − =à�>=�>� �� + O�T��=�> |��| > 0 ⇒ 

 
O�O§ < Q(n��àR% − �R%� (Ê|(Ê| [5.94] 

In order to meet the stability condition, 5.93 and 5.94 should happened at the same time, 

then  

 
O�O§ > Q(nÎ�R% − �àR%Î [5.95] 

The inequality in 5.95 is the necessary condition to ensure the existence of the sliding 

mode, also by selecting appropriate values for 4G and 4H. The inequality in 5.95 also 

guarantees the robustness of the proposed controller against uncertainties from DC link 

capacitor.  

Considering these cases as possible situations for the capacitor value, the capacitor value 

becomes double or half, 

 º �àR% = 2�R% → O�O§ > Q(n�R%�àR% = <G �R% → O�O§ > <G Q(n�R%
      ÞO´       äååååååæ O�O§ > Q(n�R% [5.95] 

The worst case scenario is when the capacitor value becomes double, then condition in 

5.95 ensures the stability of the system in worst case. This inequality help to find the 

coefficient values range. Simply by considering a unity gain for 4G, then  

 B2  4G = 1 → 4H < <T��=�> [5.96] 



 144 

The coefficients 4V can be also calculated by driving the differential equation of the sliding 

mode in 5.77,  

� = 4<�� + 4G�Ô� + 4H ç �� 59 = 0  
By driving the first time derivative of the equation, this equation is obtained. 

 4G�Û� + 4<�Ô� + 4H�� = 0 [5.97] 

Which is a second order linear system differential equation. The characteristic equation of 

the differential equation becomes  

 �G + O�O� � + O§O� = 0 [5.98] 

This is a standard second order equation in which the coefficients are defined as 

 wO�O� = 2èv�O§O� = v�G  [5.99] 

Where è is the damping ratio and v� is the natural frequency of the system. The natural 

frequency of the system defines as v� = 2s2"é and 2"é is the bandwidth of the system 

which is usually 1/5 to 1/10 of the switching frequency. The damping ratio, è can also be 

between 0 and 1 (0 ≤ è < 1) in order to have an underdamped system, equal one for 

acritically damped and greater than one for a overdamped system. These conditions should 

be considered with the condition in 5.95 to ensure stability and robustness of the system.  

Considering 5.95 and 5.99, these results for coefficients are achieved. 
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KLM
LN O�O� = 2èv�O§O� = v�GO�O§ > Q(n�R%

O�¥<ÁÂÂÃ w4< = 2èv� < GêëT��=�>4H = v�G < <T��=�>
 [5.100] 

 
 

5.6.3.5 Simulation Results of the CFSMC 

In order to validate the proposed constant frequency sliding mode controller on the DC 

UPS, several simulations have been performed. A DC UPS model is implemented in 

MATLAB/Simulink. The system model is illustrated in the figure 5.28.  

 

 
Figure 5.28: DC UPS system modeled in MATLAB/Simulink. The proposed constant 

frequency sliding mode controller (CFSMC) is managed the system. 
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Table 5.2 presents specifications of the DC UPS system modeled in Simulink. A constant 

frequency sliding mode controller, as explained and designed in 5.83, is also implemented 

in MATLAB/Simulink environment and applied to the DC UPS model. 

Table 5.2: DC UPS specifications for the model implemented in the Simulink. 
Output Voltage PCPL PCVL L C fsw Grid Power Battery Voltage 

700 V 140 kW 10 kW 0.1 mH 1.5 mF 100 kHz 20 kW 350 V 

 

Figure 5.29 shows the DC link voltage or output voltage at the operating point. The 

operating point is defined as 700 VDC reference output voltage while a constant power 

load is operating at 140 kW. Grid also provides 20 kW constant power and the CVL load 

is rated at 10 kW.  

 

 
Figure 5.29: DC UPS system output results. Battery energy storage discharging current 

and the DC link voltage. 
 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0

200

400

600

C
u

rr
e

n
t 

[A
]

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
685

690

695

700

705

Time [s]

V
o

lt
a

g
e

 [
V

]



 147 

Figure 5.30 shows the performance of the system while the CPL load varies from 0 to 140 

kW. The DC link voltage plot shows that the output voltage is kept constant against 

disturbances from the CPL. During this simulation, the grid power is constant at 20 kW 

and battery energy storage reacts to the high power demands by increasing the discharging 

current up to 371 A. During the first section of the simulation, the battery current is 

negative, which means BESS is charging, since 20 kW power is provided by the grid and 

10 kW out of that is fed to the CVL and the rest is charging the battery. When the CPL 

jumped to 10 kW, the battery current is zero, since provided power by the grid is equal to 

the required power from CVL and CPL together. Then, by increasing the CPL power 

demand above 10 kW, BESS is discharged to provide the extra power. 
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Figure 5.30: Performance of the DC UPS system with CFSMC while CPL load varies. 
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from the grid is constant, the BESS provides the rest of high peak power demand and 

battery current is changed from negative charging mode to a high positive discharging 

mode to take care of the power demand. The DC link voltage is dropped around 13 V (~ 

2% voltage drop) due to the transition and recovered quickly to the reference value. At t = 

0.03 s, the CPL power becomes zero, then the DC UPS system goes to mode II, the standby 

mode, again. The battery current is negative, charging state, during this mode. At t = 0.04 

s, the battery is fully charged and the power exchange between battery and the DC link is 

zero. The grid power is reduced to half since CVL is the only active load during this mode. 

At t = 0.05 s, the grid power is zero. This is the UPS mode which represents the power 

outage moment when the grid is not available. Then the BESS is responsible for providing 

entire required power. The BESS is responding to the pulsed peak power demand from 

CPL load by high rate discharging the saved energy. At t = 0.07 s, the grid power is 

available again and the CPL power becomes zero. These different situations are designed 

to mimic the four operating modes of the DC UPS system and validate the performance of 

the designed sliding mode controller during different transitions caused by different 

operating modes of the system. During all situations and transitions, the proposed CFSMC 

controller has been provided system stability and consistent performance for the DC UPS.   
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Figure 5.31: Performance of the proposed CFSMC controller during different operating 
modes. 
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CHAPTER VI: Experimental Results 

 

6.1 Introduction 

During previous chapters the DC UPS concepts has been proposed and its performance 

during different operational modes has been discussed and analyzed. Furthermore, control 

techniques have been introduced and verified with simulation models.  

This chapter presents the testbed that is designed and developed to provide a setup for 

verifying the proposed DC UPS and control techniques. The testbed is a scaled down 

version of the proposed system. The experimental setups associated with the DC UPS and 

the results are presented in this chapter. The battery module with its performance tests and 

BMS are presented first and followed by the power interface sections which show the 

simulation and experimental results of the system. 

 

6.2 Battery Energy Storage System (BESS) 

The battery energy storage system and the system requirement which the selected battery 

need to satisfy are discussed in the chapter 3. Based on the material provided in the chapter 

3, Li-ion battery family can meet the system requirements in terms of life cycle, power and 

energy density, performance and cost effectiveness. Figure 6.1 represents a comparison 

between several types of battery chemistries considering lithium iron phosphate as a 

reference case. An appropriate type is chosen based on the requirements for energy and 

power density, cost, cycle life, performance, and safety. Among different Li-ion batteries 

cathode materials exist in the market now, it has been investigated that compared with the 
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other chemistries, the lithium iron phosphate, LFP, and nickel cobalt aluminum, NCA, 

both with graphite anode electrode, have superiority in aforementioned aspects and have 

been chosen for several performance tests to ensure their power and performance 

capability.   

 
Figure 6.1: Characteristic comparison between several types of batteries. 
 

The chosen battery cells have been subjected to the performance test as describes in next 

section to verify their performances at low and high rate discharge. Three cells have been 

selected including a 42 Ah NCA type cathode Li-ion from JCI (Johnson Controls, Inc.), a 

40 Ah LFP type cathode Li-ion from CALB (CALB USA Inc.) and a 30 Ah LFP type 

cathode from SAFT. Figure 6.2 shows the three finalist Li-ion cell types. 
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Figure 6.2: Three candidate Li-ion cells, LFP (40 Ah, CALB), NCA (42 Ah, JCI) and 

LFP (30 Ah, SAFT) 
 

6.2.1 Cell Performance Tests 

The performance tests include two regular and high rate tests. The regular test examines 

the normal operation of the cell at different rates while the high rate test investigates the 

performance of the cell at higher discharge rate.  

All the tests have been conducted in the Energy Lab at UWM USR building, at room 

temperature. The regular test consists of several pulsed-discharging at different rates and 

the terminal voltage of the cell at each sampling frequency is recorded. The results of 1C 

discharging test have been reported for each battery along with measured capacity and 

internal resistance of the cell. The battery capacity is measured by coulomb counting 

method which is a common and quite accurate method for capacity measurement of the Li-

ion cells due to their high coulombic efficiency accuracy. The immediate voltage drop at 

beginning of each discharge pulse divided by the constant discharge current represents the 

internal resistance of the cell at that point. Internal resistance of the battery is almost the 

same at difference rates.   
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The steady state and transient response characteristics of the cell have been analyzed and 

battery model parameters extracted. Open circuit voltage and internal resistance of cell as 

a function of state of charge would be the most important information expected as a regular 

performance test results. The open-circuit voltage versus state of charge is the most 

important part of the battery modeling and analyzing. Basically, �D= is a function of several 

factors like state of charge, discharge rate, temperature and cycles number. However, the 

SOC has the most effect on the �D= , and the other factors do not have a significant impact 

on the �D=, so for the sake of simplicity, with reasonable error tolerance, the effect of other 

items could be ignored. 

For the high rate pulsed discharging, the cell is partially discharged with 10 high current 

pulses with 5 seconds time duration each. A sample pulsed current and related cell terminal 

voltage is zoomed in and presented at each rate, 200A and 240A discharges, have been 

provided. 

6.2.1.1 40 Ah LFP from CALB 

A. The Regular Test Results 

A pulsed discharging test at 1C performed in the lab and the terminal voltage and current 

of the cell is depicted at figure 6.3. The cell is fully discharged by several pulsed current.  
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Figure 6.3: The terminal voltage (top) and current (bottom) of a 40 Ah LFP type battery 

from CALB at 1C discharging at room temperature. 
 

Based on the regular test results, the open circuit voltage, �D=  curve of the cell is extracted. 

Figure 6.4 shows the �D= versus depth of discharge. It is worth to notify that the depth of 

discharge or DOD has a complementary meaning with the SOC, for instance a 10 % DOD 

is equal to 90 % SOC. The common characteristic for LFP type Li-ion batteries is to have 

a very flat curve in most of their SOC range, as it is well shown in the figure 6.4.  
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Figure 6.4: Open circuit voltage versus depth of discharge (DOD) curve extracted from 

40 Ah CALB cell 
 

B. The High Rate Pulsed Discharge Test Results 

The high rate test consists of 10high rate discharging pulses within 5 second durations. 

Voltage and current curves for a sample pulse discharge at 200 A and 240 A discharge 

rates are depicted in figure 6.5.   
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Figure 6.5: Voltages and current curves for high rate pulsed discharge test at 200 A 
(left side) and 240 A (right side) for the 40 Ah CALB cell.  

 

Table 6.1 summarized the result of the test for 40 Ah LFP cell. The internal resistance of 

the cell is calculated based on the regular and high rate tests. The capacity is calculated just 

for the regular test as the high rate tests are performed for several pulses and partially 

discharged.  

Table 6.1: The performance test result for the CALB battery cell. 

Discharging Current 
[A] 

Measured Capacity 
[Ah] 

Internal Resistance (Rs) [mΩ] 

40 38.557 1.8 

200 NA 1.53 

240 NA 1.51 
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6.2.1.2 42 Ah NCA from JCI 

A. The Regular Test Results 

A pulsed discharging test at 1C performed in the lab and the terminal voltage and current 

of the cell is depicted at figure 6.6.  

 

 
Figure 6.6: The terminal voltage (top) and current (bottom) of a 42 Ah NCA type battery 

from JCI at 1C discharging at room temperature. 
 

The open circuit voltage is calculated and extracted based on the experimental data from 

the regular test and depicted in figure 6.7. The open circuit voltage versus DOD curve is 

linear with almost constant slope in most of its SOC range. This linear curve is considered 

a common aspect of NCA type cells compared with the flat curve of LFP cells.  
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Figure 6.7: The open circuit voltage vs depth of discharge for 42 Ah NCA type Li-ion 

cell 
 

B. The High Rate Test Results 

The high rate test consists of 10 high rate discharging pulses within 5 second durations.  

Voltage and current curves for a sample pulse discharge at 200 A and 240 A discharge 

rates are depicted in figure 6.8.  
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Figure 6.8: Terminal voltage and current curves for high rate test performed at 200 A 
and 240 A discharging.  

 

Table 6.2 shows the performance test result for the JCI battery cell. 

 

Table 6.2: The performance test result for the JCI battery cell. 

Discharging Current 
[A] 

Measured Capacity 
[Ah] 

Internal Resistance (Rs) [mΩ] 

40 42.1142 1.1 

200 - 1.027 

240 - 0.945 

 

6.2.1.3 30 Ah LFP from SAFT 

A. The Regular Test Results 

A pulsed discharging test at 1C performed in the lab and the terminal voltage and current 

of the cell is depicted at figure 6.9. The cell is fully discharged by several pulsed current.  
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Figure 6.9: The terminal voltage (top) and current (bottom) of a 30 Ah LFP type battery 

from SAFT at 1C discharging (30 A) at room temperature. 
 
 

Based on the regular test results, the open circuit voltage, �D= curve of the cell is extracted.  

 
Figure 6.10: Open circuit voltage versus depth of discharge (DOD) curve extracted from 

30 Ah LFP type SAFT cell. 
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Figure 6.10shows the �D= versus depth of discharge. As mentioned earlier, the open voltage 

curve is flat for the LFP type Li-ion batteries.  

 

B. The High Rate Test Results 

The high rate test consists of 5 high rate discharging pulses within 5 second durations.  

Voltage and current curves for a sample pulse discharge at 200 A and 240 A discharge 

rates are depicted in figure 6.11. Table 6.3 presents the measured capacity and internal 

resistance of the cell in different current rates. 

 

 

 

 

Figure 6.11: Terminal voltage and current of a LFP type SAFT cell, high rate pulsed discharging 
at 200 A and 240 A. 
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Table 6.3: The performance test result for the SAFT battery cell. 

Discharging Current 
[A] 

Measured Capacity 
[Ah] 

Internal Resistance (Rs) [mΩ] 

31 29.59 0.715 

200 - 0.68 

240 - 0.667 

 

6.2.1.4 Conclusion of the Cell Performance Test  

The internal resistance of the cells at high discharge rate is summarized in table 6.4. Higher 

the internal resistance higher would be the power loss of the battery cell due to the RI2 

term. Based on the table, SAFT cell shows the lowest internal resistance.  

 
Table 6.4: Internal resistance of the three Li-ion battery cells AT HIGH RATES 

Discharge 
Current [A] 

 Internal Resistance [mΩ] 

LFP-CALB NCA-JCI LFP-SAFT 

200 1.51 0.945 0.667 

240 1.53 1.027 0.68 

 

Table 6.5 presents calculated capacity, power and energy values of all the 3 cells. The 

calculated internal resistance at 240 A is used. The peak current is high pulsed discharge 

current capability which is obtained from the cells datasheets. Technically, that is the cell 

capability of providing short term (less than 10 seconds) high power. The table also 

provides information regarding to the pack size specifications. A battery pack consists of 

108 series-connected cells. The number of cells are selected due to the terminal voltage 

requirement of the DC/DC converter. The pack should be able to provide a peak power of 

125 kW while connected to a 700 V DC bus through the converter. The internal resistance 

and consequently associated power loss is necessary to maintain low. Higher energy and 

lower cost would also be preferred.  
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Table 6.5: Comparison of measured values for the three Li-ion batteries cells/packs (108 

series-connected cells) 

 

The NCA-JCI cell/pack shows the lowest power loss and the highest pack output voltage 

and energy based on the calculation while its peak power is the lowest one. The LFP-CALB 

meets the required peak power and current and is the least expensive pack, but the highest 

power loss. The LFP-SAFT has the highest power and lowest energy.  

Since the Li-ion battery pack will be the most important part of the DC UPS, and the main 

power stress will be on the pack as it discharges with high rates, then to make a decision, 

it’s necessary to perform a life time/cycle test to investigate reliability of each pack over a 

time period.  

 
 
 
 
 
 
 

Chemistry 
RS [mΩ] 
(at 240 

A) 

IP[A] 
(<10 

sec) 

V [V] 

Capacity 
[Ah] 

Peak Power 
[kW] 

Energy [kWh] PLOSS[kW] 

Cost 
/cell 
$ 

USD cell pack cell Pack cell Pack cell pack 

LFP-CALB 1.51 400 3.25 351 38.6 1.3 140.4 0.126 13.5 0.24 26.1 40 

LFP-SAFT 0.667 450 3.3 356 29.6 1.5 160.4 0.098 10.5 0.14 14.6 100 

NCA-JCI 0.945 300 3.7 400 42.1 1.1 120 0.156 16.8 0.09 9.2 100 
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6.2.2 Li-ion Battery Pack 

Depend on the battery chemistry, terminal voltage of each Li-ion cell is between 2.5V to 

4.2V. According to the DC link voltage which is 700 V, several cells need to be series-

connected to make an adequate voltage for the DC/DC converter. Since the converter has 

the lowest amount of current ripple when the duty ratio is around 0.5, then the battery pack 

should be able to provide around 350 V at the pack terminals. According to the regular cell 

performance tests in last section, the nominal voltage for LFP cell type (V = 3.25 V) is 

lower than NCA cell type (V = 3.6 V), then in order to have 350 V at terminals, 108 cells 

need to be connected in series.  

xSV�mìC = 350 �S%('' = 3.25 � ⇒   ��33 Y./0��� = 3503.25 ≅ 108  ���B�� 7�33� 4�� ���.B��5   
According to the standard size of the battery pack, two battery packs each contains 54 series 

cells were considered. Batteries are placed in the box and terminals are connected via bus 

bars made from cupper. 
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Figure 6.12: Schematic of the Li-ion battery pack. 
 

The most positive cell battery terminal (cell 1 positive terminal) is considered the pack’s 

positive terminal, and the most negative cell battery terminal (cell 54 negative terminal) 

considered pack’s negative terminal. Figure 6.12 shows the schematic of the battery pack. 

Each pack’s terminal has a contactor and fuse for safe operation.  
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Figure 6.13: Li-ion battery pack contains 54 LFP type Li-ion cells. 
 

The contactors are closed by applying +24 V DC to their terminals. When the contactors 

are closed, about 180 V would be available on the pack terminals. The first battery pack 

contains LFP type cells due to higher safety feature related to this type of Li-ion cells. 

Figure 6.13 shows the battery pack which is developed during this project.   
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6.2.3 Battery Management System (BMS) 

As explained in chapter 3, Li-ion batteries do not tolerate overheating and overcharging, 

then for a safe operation, the cells should be well monitored and protected. It is required to 

monitor each cell’s voltage and temperature. Also, in a pack to have a long life and the best 

performance, cells should be balanced to have a same voltage. A cell with higher voltage 

in a series string forces the charging cycle to be terminated earlier otherwise the cell will 

be overcharged. 
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Cell 12
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Laptop
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Communication

Cell 2

 
Figure 6.14: Block diagram of the battery management system (BMS) utilized for the Li-

ion battery pack. The BMS can monitor up to 12 Li-ion cells. 
 

On the other hand, a cell with lower voltage in a series string causes the discharging cycle 

to be shorter than expected, because the discharging cycle will be terminated once any cell 

hits the minimum allowed voltage. Consequently, having a balancing mechanism is a 

necessary requirement for a Li-ion pack not only to operate safely, but also more efficient 

and longer life time performance. Thus, a battery management system or BMS is an 

unavoidable part of any Li-ion battery pack.  
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Figure 6.14 shows the block diagram of the BMS system used for this project. The 

LTC6804 BMS board from Linear Technology Inc. is employed to monitor cells voltages 

and temperatures. The BMS board is a 12-cell monitor/measurement capability, which can 

measure up to 12 cells voltages. The board also has two analogue inputs for temperature 

as well. 

Moreover, the BMS board also provides balancing capability which can perform passive 

balancing for 12 cells. The balancing circuit for each cell consists of a balancing switch 

and couple of resistors which provides a bay pass circuit for the cell to dissipate extra 

electrical energy in form of thermal energy. The board communicates to outside world 

through the isolated SPI (Serial Peripheral Interface) channels. This communication 

method is considered as series communication where each device can talk to the adjacent 

device and the very end/first device move the communication to the master control board.   

In addition, the BMS board is stackable which means multiple boards can be connected in 

series configuration to monitor a higher number of cells with higher voltages. In a stack of 

several BMS boards, the first BMS board is connected to the PC through USB cable, so 

there are couple of interfacing boards which change the isolated SPI, used between boards, 

to regular SPI and then to USB signals.  
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Figure 6.15: Block diagram of the 5 BMS boards monitor 54 cells in the battery pack. SPI 

communication is used to transfer information between the boards and laptop. 
 

For 54 cells in the battery pack, 5 boards have been used. Figure 6.15 shows the block 

diagram of the 5 BMS boards monitoring 54 cells. To have even distribution of number of 

cells on boards, the first four boards each connects 11 cells and the last board monitors last 

10 cells. Cell voltages are sensing across each cell terminals and twisted wires (to increase 

the signal immunity against noise/interfering signals) are used to transfer the cells voltage 

to the board inputs. The sensing signals transfer throughout SPI channels and end up to the 

PC.   
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Figure 6.16: 5 BMS boards monitor the Li-ion battery pack voltage and temperature. 
 

The BMS boards collect all the cells voltages and transfer them to the laptop, which is 

connected to the system, to display voltages of the cells in a graphical user interface (GUI). 

The software shows each cell’s voltage and provide a visual way to detect if any cell’s 

voltage is out of predetermined voltage range by dedicating a LED for each cell, so when 

the LED is green means the cell voltage is in the safe range, if it’s yellow, then the related 

cell is under the minimum voltage and if the LED is red, means the cell voltage in over the 

maximum allowed voltage. The minimum and maximum allowed voltage can be adjusted 

in the GUI, see figure 6.17. 
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Figure 6.17: Screenshot of the BMS graphical user interface (GUI)used to read the date 

collected by the BMS boards. 
 

Figure 6.18 shows the entire battery energy storage system including Li-ion battery pack 

with 54 LFP type cells, 5 BMS boards and the GUI. To ensure a safe operation, during the 

charging and discharging the pack, the GUI depicts cells voltages and it helps to detect if 

any cell acts weird with voltage out of range.  
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Figure 6.18: The battery energy storage system consists of Li-ion battery pack, BMS 

boards and the GUI. 
 
 

6.3 The Power Interface  

The power interface includes an AC/DC rectifier to connect the grid to the DC link and a 

DC/DC converter which connects the battery pack terminals to the DC link. Figure 6.19 

shows block diagram of the testbed which is used in this project. The setup consists of three 

main sections, AC/DC grid tied rectifier, DC/AC grid tied inverter and the battery energy 

storage system. The DC link voltage in this system is 400 V and the inverter and rectifier 

are rated for up to 10 kW. The following sections explain each part. 

 



 174 

Grid

CPL
DC/AC Grid Tied InverterAC/DC Grid Tied Rectifier

Battery Energy Storage System

Grid

 
Figure 6.19: Block diagram of the DC UPS testbed 

6.3.1 The Battery Energy Storage System Power Interface 

The BESS power interface system consists of a DC/DC converter to connect the battery 

terminals to the DC link. The DC/DC converter operates as a boost converter in discharging 

cycle to boost the battery terminal to the DC link. The converter operates on buck mode 

during charging cycle. It’s a two-quadrant converter which works with positive and 

negative currents but only positive voltage. The converter operates on voltage mode and 

regulates the DC link voltage. Figure 6.23 shows the FPGA-based Simulink model of the 

DC/DC section. The model is like the regular Simulink model but the control part is 

implemented via Altera DSP Builder Blockset, where the specific blocks are used to 

implement the control section. By using DSP Builder tool box, the required code for the 

FPGA control board is generated by the tool box. Once the model run and the results were 

satisfying, the VHDL code is generated by the tool box and can be directly download to 

the control board. Then, this model is the first step to run the system. 
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Figure 6.20: Implementation of dual-loop controller with DSP Builder Blocksets. 
 

The PI_Controller block in the figure 6.24 is the implementation of the dual-loop control 

method, explained in the chapter 5, by using DSP Builder building blocks. The PWM block 

is also implementation of the PWM generator by using DSP Builder Blocksets. To verify 

the model and control technique, a variable load is attached to the model to check the 

performance of the converter under different modes, charging and discharging. All the 

measurements should be scaled down to the allowed range of ADC input channels, so the 

voltage and current measurement signals are multiplied to required factor to be in the safe 

range. Figure 6.24 shows the result of the model. 
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Figure 6.21: Results of the DC/DC controller implemented with DSP Builder Blocksets. 
 
 

6.3.2 AC/DC Grid Tied Rectifier 

The AC/DC grid tied rectifier consists of a three-phase diode bridge rectifier and a DC/DC 

boost converter to boost up the voltage after the diode bridge. The voltage after diode 

rectifier is around √2 × 208 ��� ≅ 293 ��� and the DC link voltage is set at 400 VDC, 

then a boost DC/DC converter is used to gain the diode bridge voltage up to 400 VDC. The 

converter operates on current mode and delivers a constant power to the link. The 

implementation of the rectifier is similar to the DC/DC converter, except the current mode 

control is used rather than voltage mode. 
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6.3.3 The DC/AC Grid Tied Inverter: The Constant Power Load 

A three-phase grid tied inverter is utilized as the constant power load (CPL). The inverter 

operates on current mode and controlled by the direct power control (DPC) method as 

explained in chapter 5. The DPC method ensures to deliver requested power to the grid 

regardless to the DC link voltage. The inverter is rated for 10 kW. Figure 6.22 shows the 

simulation model used and the FPGA based implementation with DSP Builder Blockset 

and the result, phase current, depicted in figure 6.23. 

 

 
Figure 6.22: Implementation of the Inverter (CPL) controller with DSP Builder 

Blocksets. 
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Figure 6.23: Results of the inverter model implemented with DSP Builder Blocksets. 
 
 

6.4 Results for Different Modes of Operation 

A DC UPS testbed as presented in figure 6.19 is developed to verify the DC UPS concept 

and performance during different operational modes. Figure 6.24 shows the testbed in the 

lab. The DC UPS testbed includes rectifier, inverter and battery power interface all in one 

box. The testbed in controlled with a FPGA board and different sections of the system were 

simulated by using DSP Builder toolbox in MATLAB and the required VHDL code in auto 

generated from the Simulink and downloaded to the controller board. Several modes of 

operation are considered and the results are presented. 
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Figure 6.24: The DC UPS testbed, Li-ion battery pack and the BMS 
 
 

Figures 6.25 and 6.26 illustrate the system operation in mode I. During this mode, power 

from the grid and BESS are supplying the CVL, the 0.3 kW resistive load, and the CPL, 

the 2.5 kW grid tied inverter.  
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Figure 6.25: Block diagram of the DC UPS testbed in mode I 
 
 

Figure 6.26 shows the power exchange between the battery, grid and loads during mode I 

of operation.  
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Figure 6.26: Power exchange between the battery, grid and load in the DC UPS during 

mode I. 
 

Figure 6.27 presents the waveforms of the DC UPS testbed transition when the system 

operates between modes I and II. During the transition from mode I to II and vice versa, 

the Dc link voltage maintains regulated at 400 V.     
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Figure 6.27: Waveforms of the DC UPS testbed operating between modes I and II. 
 
 

Figure 6.27 shows the system’s waveforms during mode I and mode II and the transition 

between these modes. The grid power stays constant as well as DC link voltage while the 

inverter turns on and delivers 2.5 kW to the grid.   
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Figure 6.28: Block diagram of the DC UPS system during grid disconnection. 
 

Figure 6.28 through 6.30 shows the system performance during mode II when the battery 

is charging and grid is providing constant power to support CVL power demand and also 

battery charging with low rate. 
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Figure 6.29: Power exchange between the DC UPS system during the grid disturbance. 

The battery state changes from being charge with low rate to discharge low rate 
to compensate the disturbance from grid. 
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Figure 6.28 shows the block diagram of the system during this mode. A disturbance from 

grid disconnects grid from the system. The controller changes the battery state from 

charging to discharging to provide required power for the CVL while grid is out. Figure 

6.29 shows the power flow between system components during this mode while the 

disturbance appears.  
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Figure 6.30: Performance of the DC UPS testbed during mode II, when grid is 

disconnected and connected again (grid disturbance). The battery current 
changes from negative value (charging) to positive value (discharging) in order 
to respond to the disturbance. 
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The system waveforms during this disturbance from grid are depicted in figure 6.30. The 

figure shows that while the battery current changes from negative to positive to support the 

power demand by CPL, the DC link voltage maintains regulated.  
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Figure 6.31: Block diagram of the DC UPS testbed and power flow during the mode IV, 

the UPS mode. 
 

Figures 6.31and 6.32 illustrate the system operation in mode IV, the UPS mode when the 

grid is out and battery provide the entire power. During this mode, power from the BESS 

is fed to the CVL, the 0.3 kW resistive load, and the CPL, the 2.5 kW grid tied inverter.   
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Figure 6.32: Power exchange between the battery and load in the DC UPS during mode 

IV, UPS mode; battery provides whole power 
 

Figure 6.31 shows the system block diagram during this mode, UPS mode when the grid 

is out and as presented in figure 6.32, the power flow is from battery to the loads, CVL and 

CPL. Battery will be able to provide pulsed peak power as well as the average power. 
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Figure 6.33: Waveforms of the DC UPS testbed operating on mode IV, the UPS mode, 

when the gird is out. 
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Chapter VII: Conclusion 

A novel UPS system topology, DC line-interactive UPS, has been introduced. All the 

existing topologies have been reviewed and their performances along with advantageous 

and drawbacks associated with each configuration were briefly explained. These UPS 

systems are AC based where the power flow in the system has AC characteristic. The new 

proposed UPS system, however is based on the DC concept where the power flow in the 

system has DC characteristic. The new DC UPS system has several advantageous such as 

lower size, cost and weight due to replacing the three-phase dual converter in the on-line 

UPS system with a single stage single phase DC/DC converter and thus higher efficiency 

is expected.  

The proposed system will also provide load leveling feature for the main AC/DC rectifier 

which has not been offered by conventional AC UPS systems. It applies load power 

smoothing to reduce the rating of the incoming AC line and consequently reduce the 

installation cost and time. Moreover, the new UPS technology improves the medical 

imaging system up-time, reliability, efficiency, and cost, and is applicable to several 

imaging modalities such as CT, MR and X-ray as well.  

A comprehensive investigation on the energy storage were conducted to select down an 

appropriate energy storage type and chemistry. Based on the study results, couple of most 

promising Li-ion cell chemistries, LFP and NCA types, were chosen for further aggressive 

current tests.  

The performance of the DC UPS has also been investigated. The mathematical models of 

the system while loaded with constant power load (CPL) and constant voltage load (CVL) 
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during all four modes of operation are obtained by means of the state space averaged 

modeling technique. Model of the nonlinear constant power load (CPL) is developed and 

used in the system models. According to the fact that the achieved system models are 

nonlinear, the small signal stability analysis technique has been utilized to further 

investigate on the stability of the system. Thus, transfer functions of outputs versus inputs 

were extracted and their related stability region based on the Routh-Hurwitz stability 

criteria were found.  

The AC/DC rectifier was controlled independently due to system configuration. The 

rectifier operates on current mode and managed by direct power control method. The 

rectifier provides a constant power with unity power factor to the DC link regardless the 

voltage of the link, as the voltage regulates by the DC/DC converter.  

The DC/DC converter regulates the DC link voltage and at the same time provides required 

pulsed peak power and manages the DC link voltage transients. Two different control 

techniques were proposed to control the DC/DC converter. A linear dual-loop control 

(DLC) scheme and a nonlinear robust control, a constant frequency sliding mode control 

(CFSMC) were investigated. The DLC offers a two controller loops to control the battery 

current and output voltage, including a series proportional-integral compensation controller 

for the current inner loop controller, and another series proportional-integral compensation 

controller for voltage outer loop. The performance of the controller during different 

conditions including system’s four modes of operation were presented. The transients 

during mode transfers were studied. Overall, the DLC performance was convincing, 

however the controller has a limited stability region due to the linearization process and 
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negative incremental impedance characteristics of the CPL which challenge the stability of 

the system.  

The sliding mode controller which is one of the robust controller schemes also introduced 

to the DC UPS system. Robust controllers are well-known for their stability and robustness 

and usually preferred when dealing with a nonlinear system with imprecise model. The 

imprecision may come from the actual uncertainty from the plant or from a purposeful 

choice of the simplified representation of the model’s dynamics which is the one in this 

case.  

A constant switching frequency SMC is developed based on the DC UPS system and the 

performance of the system were presented during different conditioned and transients 

during mode transfer were simulated and results were shown. The controller performances 

were met the control goals of the system. The voltage drop during mode transitions, was 

less than 2% of the rated output voltage.  

Finally, the experimental results were presented. The high current discharge tests on each 

selected Li-ion cell were performed and results presented. A testbed was introduced to 

verify the DC UPS system concept. The test results were presented and verified the 

proposed concept.  

Recommendations and Future Steps 

Several recommendations based on the DC UPS system: 

1. Since the emphasis of the proposed DC UPS system is on the battery pack and the 

fact that the electrochemical reactions of the Li-ion batteries are yet to investigate, 
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it is important to conduct a test to stress the batteries with several stress factors, 

such as depth of discharge, discharging current and temperature. These factors play 

a significant role in the performance of the battery pack and it is also required to 

conduct the test long enough to see the effect of each factor on the battery 

performance and on the Li-ion battery aging.  

2. Develop another testbed at nominal rate of the proposed system to further 

investigate the transitions during mode changes.  

3. Developing the CFSMC on a new testbed which has capability of switching with 

higher frequencies. 

4. The AC/DC rectifier can be replaced with a high frequency resonant converters in 

which performing at higher frequency reduces the size of the system transformer 

and filter parameters.  

5. SiC (Silicon Carbide) switches can be used rather than regular IGBT switches in 

order to increase the switching frequency and reducing the switching losses.  
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