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 9 
Abstract - Standalone photovoltaic power system is one of the promising solutions in rural electrification which has been 10 
widely implemented to supply electricity for basic household needs. Standalone photovoltaic power systems normally integrate 11 
energy storage devices, mainly Lead-acid battery, to compensate the supply-demand mismatch due to the nature of solar 12 
energy. However, the short cycle life of Lead-acid battery increases the operating cost of photovoltaic power systems. 13 
Supercapacitor-battery hybrid energy storage system has been proposed by researchers to extend the cycle life of battery bank 14 
by mitigating the charge-discharge stress due to the fluctuating power exchange. The existing hybrid energy storage systems 15 
and their corresponding energy management strategies vary in terms of topology, complexity and control algorithm which are 16 
often application oriented. This paper presents a comprehensive review of the state of the art for HESS and discusses potential 17 
topologies that are suitable for improving the service life of Lead-acid battery in standalone photovoltaic power systems. 18 
Theoretical analysis and numerical simulation in Matlab Simulink for different hybrid energy storage system topologies in 19 
rural residential energy system applications have been carried out and their effectiveness in mitigating battery stress are 20 
investigated and compared. A battery health cost function is proposed in this paper to quantify the impact of many damaging 21 
factors on battery, thus the effectiveness of different hybrid energy storage systems in mitigating battery stress and the 22 
associated financial analysis can be quantitatively compared. Finally, a scaled-down hybrid energy storage system prototype 23 
has been developed and its performances in standalone photovoltaic system are emulated to validate the simulation analysis. 24 

Index Terms - Battery, Supercapacitor, Hybrid energy storage system, Photovoltaic, Rural electrification, Lifetime extension 25 
 26 

I. INTRODUCTION 27 

 28 
Electricity is one of the essential elements in the development of modern society and economy. The availability of reliable 29 
and affordable electricity supply is of crucial importance to people's daily life and economic activities. As of 2015, nearly 1.3 30 
billion people lack access to electricity and over 95% of them live in the developing countries or rural areas [1]. Off-grid 31 
rural communities are generally decentralized, lowly populated and isolated from the national grid [2]. Due to resource and 32 
financial constraints, it is often difficult to achieve electrification in these areas through the conventional power transmission 33 
and distribution approach. A promising solution to address these constraints for rural electrification is distributed autonomous 34 
power system based on renewable energy sources and sustainable technologies. Typical renewable energy sources include 35 
solar photovoltaic (PV), solar thermal, wind, hydro, biomass, geothermal, ocean waves, and tides, but in recent decades, PV 36 
has become one of the most prominent renewable energy technologies attributable to its modularity, easy installation, mature 37 
technology and low operating cost [3]. PV applications can be categorized into grid-connected PV system and standalone PV 38 
system. Low capacity standalone PV systems are primarily used in off-grid communities to generate electricity for basic 39 
electricity needs such as lighting, food refrigeration, and other basic electrical appliances [4, 5].  40 

The typical structure of standalone PV system is presented in Fig. 1, where PV cells are interconnected and encapsulated into 41 
modules or arrays that transform solar energy into electricity. The nonlinear electrical characteristic of PV cells and 42 
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intermittency of solar radiation require integration of intermediate energy storage system (ESS) in order to provide stable 1 
electricity supply to the loads. The charge controller, or charge regulator, is used to control the changing process while 2 
protecting the battery from overcharge and over discharge. Inverters are used to convert the direct current (DC) power to 3 
alternating current (AC) electricity for normal electrical appliances such as lighting, televisions, washing machines, 4 
refrigerators etc.  5 

 6 

Fig. 1 Typical standalone PV-battery power system 7 

Lithium-ion (Li-ion) and Lead-acid (LA) battery are the two most commonly used ESS technologies in residential energy 8 
systems [6]. Li-ion batteries have a higher energy density, better round-trip efficiency, and longer cycle life than LA batteries, 9 
but are relatively more expensive and immature in large-scale packaging. In contrast, LA battery bank is more suitable for 10 
standalone PV power system especially for rural electrification due to its low cost and better thermal stability. In standalone 11 
PV power system, frequent charge-discharge cycles due to generation-demand mismatch causes extra stress on the battery 12 
which results in reduced service life [7, 8]. Hybridization of different ESS technologies turns out to be one of the promising 13 
ways to mitigate the battery charge-discharge stress by directing the short term power fluctuation to another form of ESS 14 
such as the supercapacitor (SC) [9–11]. The SC stores electricity via electrons in static electric field and possesses high 15 
power density, has short charging-discharging time, and nearly unlimited cycle life [12].  16 

In battery-SC hybrid energy storage system (HESS), the net current exchange will be decomposed into two or more 17 
frequency components. The primary large battery bank will supply the low frequency component which often represents the 18 
nominal current profile. As a high power density ESS, the SC absorbs the high frequency power exchange due to the 19 
intermittency of solar power and sudden change in load demand. Many variation of HESS and its associated energy 20 
management system have been proposed by researchers over the past decades [13–18]. These HESS designs are normally 21 
intended to serve large-scale utilities, smart-grid, electric vehicles and other high power applications, and they require 22 
extensive sensing, computation, and communication, which significantly increase the system complexity and implementation. 23 
However, the study on HESS for off-grid residential energy system especially in rural electrification application is limited 24 
because the design considerations for off-grid HESS in the remote areas have not been systematically discussed. This paper 25 
aims to address this gap in the literature by presenting a comprehensive review and discussion on the potential HESS 26 
topologies and power management strategies in rural electrification applications.  It is hoped that this study will ultimately 27 
help to accelerate the HESS concept applications in rural standalone PV power systems and relieve economic burden of the 28 
local people via primary battery lifetime extension.  The targets HESS topologies are iteratively presented and discussed in 29 
the sequence from the simplest passive structure to complex active topology. Theoretical analysis and numerical simulation 30 
of selected HESS are presented to demonstrate the feasibility and effectiveness of mitigating battery stresses in standalone 31 
PV power system based on case studies of a remote community in Sarawak, Malaysia. Novel evaluation method based on a 32 
cost function is proposed to compare and to visually display the improvement of HESS on primary battery lifetime. 33 
Experiments have been carried out and presented to verify the theoretical analysis.  34 

The rest of paper is organized as follows: section II presents the literature review of battery-SC HESS topologies and energy 35 
management strategies; section III presents the mathematical models and analysis of typical standalone PV power system 36 
with different HESS topologies; section IV presents the numerical simulation results of different HESSs, followed by battery 37 
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health cost analysis and comparison; section V demonstrates the HESS prototype developed in this work and presents the 1 
experimental results to validate the simulation analysis; and finally, the conclusion is presented in section VI.   2 

 3 

II. HESS LITERATURE REVIEW 4 

 5 

A. Battery-SC HESS Topologies 6 

Several types of battery-SC HESS topologies have been proposed in various applications aiming to optimally exploit the 7 
benefits of different ESS elements [19]. All kinds of various existing or future HESS topologies can be categorised based on 8 
the number of ESS elements, the strategies of power-sharing among ESS elements and interfacing methods, as Fig.2 shown. 9 
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Fig. 2 Classification of Battery-SC HESS topologies 11 

Battery-SC HESS can be configured in passive, active or the combination of both either in parallel or in series. For passive 12 
connection, the terminals of ESS are directly connected to the DC bus for which the power sharing mechanism and response 13 
is purely determined by the electrical characteristic of the ESS devices. On the other hand, active HESS topologies employ 14 
active components such as bi-directional DC/DC power converter to interface the ESS elements from DC bus and to actively 15 
control their power flow. Fig. 2(a) shows the simplest form of battery-SC HESS in which the battery and SC are both 16 
passively connected to the common DC bus. In this configuration, there is no active component added to the system and the 17 
power sharing among battery and SC is determined by the devices’ time constants. The drawback of passive HESS is that the 18 
capacity of SC cannot be fully utilized due to the different terminal voltage characteristics of battery and SC, resulting in low 19 
volumetric efficiency as well as the flexibility in HESS design. It is the earliest concept of HESS topology and rarely used in 20 
real applications [20–22].   21 
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Isolating ESS element with bi-directional DC/DC converter allows active control of power flow among ESS elements and 1 
enables more flexible system configuration settings. The actively controlled ESS modules can be connected in parallel (Fig. 2 
2(b)) or cascaded (Fig.2(c)). The fully active topology can achieve a good control effect, but normally at the expense of 3 
system complexity, efficiency, and financial cost. In the parallel full active HESS topology, the power flow of both battery 4 
and SC are controlled by individual bi-directional DC/DC converter while regulating the DC bus voltage. The two ESS 5 
elements are independent with their own voltage and isolated from DC bus. This feature has caused the parallel full active 6 
HESS to be widely discussed and developed by researchers with various energy management algorithms [23–25]. Conversely, 7 
cascaded full active HESS has the battery and SC arranged in series as shown in Fig. 2(c). The two DC/DC converters are 8 
cascaded controlled with different voltage rate which relatively increases the controller complexity. In general, full active 9 
HESS topologies have the advantages that the power flow of each individual ESS element can be performed and controlled 10 
optimally based on the designed power allocation strategy. However, the weaknesses of full active HESSs are the high initial 11 
cost and system robustness. Since all ESS elements are interfaced by DC/DC converters, the power rating requirement of the 12 
electronic components is usually high for energy storage applications such as electric vehicle and residential energy system, 13 
leading to significant increase in the overall system cost. Due to the same reason, power systems that employ full active 14 
HESS are highly dependent on the actively controlled DC/DC converters and the associated control system to ensure reliable 15 
operation.  16 

Semi-active HESS topologies as shown in Fig. 2(d) and Fig. 2(e) have been proposed to exploit the benefits of both passive 17 
and active ESS module while compensating the shortcomings of both strategies [26]. For SC semi-active HESS (Fig. 2(d)), 18 
the SC module is controlled by using bi-directional DC/DC converter, while the battery module is passively connected to the 19 
DC bus. In this setting, the SC terminal voltage is allowed to vary in a wider range which improving the volumetric 20 
efficiency. In most cases, the SC will be programmed to absorb short term high frequency fluctuation in DC bus, while the 21 
passively connected battery bank will supply the nominal energy requirement of the power system and at the same time 22 
maintaining the DC bus voltage passively thanks to the narrow variation in terminal voltage. In addition, the passive battery 23 
bank connection enhances the robustness of the power system due to the stable electrical characteristics of battery. Similar to 24 
[27],  it uses Semi-SC HESS to release the negative impact on the Li-ion battery in EV for the frequent power surges. 25 
Conversely, the battery semi-active HESS (Fig. 2(e)) interfaces battery module with bi-directional DC/DC converter and 26 
passively couples the SC module with the DC bus [28]. Because of the linear voltage-capacity characteristic, wide and 27 
instability in DC bus voltage is expected which could be an issue in many applications. However, the major weakness of this 28 
topology is the low volumetric efficiency of SC usage. The installation of SC needs to be large enough to satisfy the wide 29 
range of DC bus voltage.  30 

Assuming a basic module includes either or both batteries and SC with/without DC/DC converters, hybridization beyond two 31 
ESS modules can be configured in different combinations of passive, active, cascaded and/or parallel with unique power 32 
management system and control strategy as depicted in Fig. 2(f) [29–31].The SC or battery can be modularized into different 33 
voltage or power levels and performs a good adaptability to different system requirements. Ye et al. presented a novel SC cell 34 
circuit to overcome the issues of existing imbalance among cell voltages among a large number of series connected battery 35 
cells. Its topology is one example of SC-Battery HESS in Fig. 2(f) [32].  This enables a more flexible HESS in terms of 36 
system configuration and the adaptability to more sophisticated energy management system for broader power and energy 37 
applications. 38 

B. Power Allocation Strategies 39 

Other than the design of HESS topology, the way of power allocation among ESS elements is another critical aspect that 40 
determines the effectiveness of HESS in mitigating charge/discharge stress on battery [33].  Fig. 3 depicts a typical energy 41 
management system (EMS) structure for HESS in standalone PV applications. The section of high-level control performs 42 
power allocation algorithm in microprocessors and collects various information such as the values of real time voltage or 43 
current from DC bus and ESS elements, their SoC, weather condition, solar irradiance, load profile etc., while the low-level 44 
control manages the current flow in and out of ESS elements based on the signal generated from high-level control.  45 
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Fig. 3 Typical EMS Structure for Standalone PV power system with Parallel Active HESS  [33] 2 

The available power sharing methods can be broadly categorised into non-computational method, rule-based method and 3 
intelligent algorithms based method. The typical non-computational method is the usage of low-pass filter. In Lee et al’s 4 
study, it proposed a battery-SC semi-active HESS in standalone PV power system with the control strategy comprising a low-5 
pass filter and fuzzy logic control [34].  6 

The low-pass filter decomposes the net power demand into different frequency components and the fuzzy logic control 7 
further minimizes the peak current demand on battery while managing the SC state-of-charge. The membership function of 8 
fuzzy logic control is optimized by particle swarm optimization algorithm which demonstrates optimal peak current reduction 9 
in battery. The simulation study shows that the proposed method effectively reduces the battery peak power and improved the 10 
utilization of SC. Similarly, Zhou et al. proposed a full active parallel HESS topology with one SC module and multiple 11 
battery modules. A simple linear filtering approach is adopted to filter the short term power fluctuation and direct the 12 
smoothed power demands to each battery modules based on their respective state-of-charge (SoC). The single SC module is 13 
controlled so that it responds to the short term power exchange within the power system [35]. In the same way, Branislav et 14 
al. presents a low complexity control system to control full active battery-SC HESS, it used low-pass filter to dynamically 15 
decompose the current load into high/low components [23]. Rule-based method contains deterministic rule concept and fuzzy 16 
logic methods. The former one is simple and reliable, however, its rules are designed according to the initial state of control 17 
targets and unable to be changed once confirmed, which will not accurately control the actual conditions of the elements in 18 
long-term. Fuzzy logic method can solve the issues and is widely used in recent years.  Xue et al. proposed a multimode 19 
fuzzy-logic power allocation algorithm to address the supply-demand mismatches while optimally distribute power among 20 
ESS modules to ensure all ESSs operate within their safe operating range [36]. Another study conducted by Zineb et al. 21 
presented a full-active Battery-SC topology to maintain the voltage of DC bus for PV applications. It used the fuzzy logic to 22 
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manage the power flows between the battery and SC via dynamic adjusting optimal operation modes and thereby, to maintain 1 
a continuous supply of the load with acceptable SoC levels from the energy storage devices. [25].  2 

Besides linear filtering and fuzzy-based approach, many intelligent and complex control algorithms are employed to control 3 
battery and SC in HESS. He Yin et al. proposed a control strategy based on game theory algorithm for the active HESS, 4 
where the battery, SC, and a generator are connected to a DC bus through DC/DC converters [37]. In their work, the multi-5 
agent based decentralized control improved the HESS synergy and could be potentially extended to control complicated 6 
hybrid energy system with more devices involved.  In [38], the power exchange between PV generation, HESS, and the load 7 
is controlled by support vector machine load predictive energy management system. The battery and SC are parallel 8 
connected with individual DC/DC converters. The method is able to accurately predict load demand and it effectively solves 9 
the issue that the SC fails to response the surge load immediately because of DC/DC converter time delay. Amin et al. 10 
proposed an energy management strategy using model predictive control in fuel cell-battery-SC hybrid power system and the 11 
different ESS devices are individually controlled by active DC/DC converters [39]. The control strategy maintains the current 12 
of fuel cell and battery while the SC is programmed to compensate the power discrepancy and at the same time regulates the 13 
DC bus voltage. The reference currents for the DC/DC converters were generated by model predictive control and then use 14 
hysteresis control to track their variation. Choi et al. presented a power management system which provides optimal solution 15 
to control the current flow in each ESS elements by solving multi-objectives function with boundary parameters found 16 
through multiplicative-increase-additive-decrease (MIAD) principle [40]. These power allocation strategies mainly focus on 17 
power sharing between ESS elements without considering the long term variation of battery SoC which may deteriorate the 18 
battery performance over time. Additionally, the linear programming, dynamic programming, evolutionary methods such as 19 
genetic algorithm, simulated annealing, and particle swarm optimization are also reported in the literatures for HESS 20 
optimization [41–45]. These methods normally require heavy computation and complex control system, which most of these 21 
sophisticated power management approaches are still under technology development and demonstration levels. 22 

C. HESS for Standalone PV Power System in Rural Electrification 23 

The design of battery-SC HESS topologies and energy management strategies vary in terms of performance, complexity and 24 
cost which are often application oriented. In general, better performance and flexibility in power management require higher 25 
implementation cost and complexity in control system [46]. This paper discusses the practicality of different HESSs in 26 
standalone PV power system specifically for rural electrification applications. Unlike any other high power applications, 27 
most standalone PV power systems for rural electrification are geographically isolated. As a result of the high maintenance 28 
cost and limited technical support, system robustness turns out to be one of the most important considerations when 29 
designing HESS. Therefore, fully active HESS topologies may not be suitable for this rural electrification application. 30 
Conversely, HESS that can perform basic power management with minimal active components interfacing secondary ESS 31 
module(s) will be the preferred choice. 32 
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Fig. 4 Three-Level HESS Topology 34 

Among all HESS topologies presented above, the passive HESS (Fig. 2(a)), SC semi-active HESS (Fig. 2(d)), and multi-level 35 
HESS configuration with passively connected primary ESS are three potential configurations for standalone PV power 36 
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system in rural electrification. Based on previous work, a three-level HESS as illustrated in Fig. 4 that extends from the SC 1 
semi-active HESS will be discussed and compared with passive and SC semi-active HESSs [47].  2 

 3 

III. HESS MODELS 4 

To evaluate and compare the charge-discharge behaviour of the selected HESS designs for rural applications, the responses 5 
of different ESS elements are investigated with pulse current loads. Matlab Simulink models of the respective HESS 6 
topologies and their control algorithm are developed, and the integration of these HESSs in standalone PV power system are 7 
discussed. 8 

A. Passive HESS 9 

For the topology in Fig. 2(a), the response of passive HESS can be modelled by equivalent circuit model as shown in Fig. 5 10 
[48]. The SC is modelled as a large capacitance C with an equivalent series resistance  𝑅𝑠𝑐 with a finite initial voltage  𝑉𝑠𝑐𝑖  in 11 
SC. The LA battery is modeled as a constant voltage source VLA with an equivalent series resistance RLA. 12 
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Fig. 5 The equivalent circuit of the passive HESS 14 

The Thevenin equivalent voltage VTh(s) and impedance ZTh(s) in frequency domain are [21][49]: 15 

𝑉𝑇ℎ(s)=
RLA

s
+

RLA

RLA+R𝑠𝑐
*

𝑣𝑠𝑐𝑖 − 𝑣𝐿𝐴

s+
1

(RLA+R𝑠𝑐)C

                                   (1) 

𝑍𝑇ℎ(s) =  
RLARsc

RLA + Rsc
∗

s +
1

RscC

s +
1

(RLA + Rsc)C

                                      (2) 

where s is the complex variable. For repetitive pulse load input, the periodic load current, 𝑖𝐵𝑢𝑠(𝑡) can be expressed as: 16 

𝑖𝐵𝑢𝑠(𝑡) =  𝐼𝐵𝑢𝑠 ∑[∅(𝑡 − 𝑘𝑇) − ∅(𝑡 − (𝑘 + 𝐷)𝑇)]

𝑁−1

𝑘=0

            (𝑘 = 0,1,2,… )                  (3) 

where D is the duty ratio of the input signal, ∅(𝑡) is the step function and its Laplace transform in frequency domain is: 17 

𝐼𝐵𝑢𝑠(𝑠) =  𝐼𝐵𝑢𝑠 ∑ [
𝑒−𝑠𝑘𝑇

𝑠
−

𝑒−𝑠(𝑘+𝐷)𝑇

𝑠
]

𝑁−1

𝑘=0

            (𝑘 = 0,1,2,… )                                        (4) 

Thus, the voltage-drop across the impedance 𝑍𝑇ℎ(𝑠) for the given current 𝐼𝐵𝑢𝑠(𝑠): 18 
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𝑉𝑍(𝑠) = 𝐼𝐵𝑢𝑠(𝑠) ∗ 𝑍𝑇ℎ(𝑠) =  
RLAR𝑠𝑐𝐼𝐵𝑢𝑠

RLA + 𝑅𝑠𝑐
∑ [

𝑠 +
1

𝑅𝑠𝑐𝐶

𝑠 +
1

(𝑅𝐿𝐴 + 𝑅𝑠𝑐)𝐶

∗
𝑒−𝑠𝑘𝑇 − 𝑒−𝑠(𝑘+𝐷)𝑇

𝑠
]

𝑁−1

𝑘=0

            (5) 

The terminal voltage in frequency domain can be expressed as: 1 

𝑉𝐵𝑢𝑠(𝑠) = 𝑉𝑇ℎ(s) − 𝑉𝑍(𝑠)                                                                                                (6) 

𝑉𝐵𝑢𝑠(𝑠) =
𝑉𝐿𝐴

𝑠
+

RLA𝑅𝑠𝑐

RLA + 𝑅𝑠𝑐
∗

𝑣𝑠𝑐𝑖 − 𝑣𝐿𝐴

s+
1

(RLA+R𝑠𝑐)C

− 𝑉𝑍(𝑠)                                              (7) 

and its expression in time domain via inverse Laplace transforms: 2 

𝑣𝐵𝑢𝑠(𝑡) = 𝑣𝐿𝐴 +
RLA

RLA + 𝑅𝑠𝑐
∗ (𝑣𝑠𝑐𝑖 − 𝑣𝐿𝐴) ∗ 𝑒

−
𝑡

(RLA+𝑅𝑠𝑐)𝐶 − RLA𝐼𝐵𝑢𝑠 ∑

[
 
 
 
 (1 −

RLA

RLA + 𝑅𝑠𝑐
𝑒

−
𝑡−𝑘𝑇

(RLA+𝑅𝑠𝑐)𝐶)∅(𝑡 − 𝑘𝑇)

−(1 −
RLA

RLA + 𝑅𝑠𝑐
𝑒

−
𝑡−(𝑘+𝐷)𝑇
(RLA+𝑅𝑠𝑐)𝐶)∅(𝑡 − (𝑘 + 𝐷)𝑇)

]
 
 
 
 𝑁−1

𝑘=0

                (8) 

Thus the battery current 𝑖𝐿𝐴(𝑡) and SC current  𝑖𝑠𝑐(𝑡) can be obtained as: 3 

𝑖𝐿𝐴(𝑡) =
𝑣𝐿𝐴 − 𝑣𝐵𝑢𝑠(𝑡)

𝑅𝑏
= −

(𝑣𝑠𝑐𝑖 − 𝑣𝐿𝐴)

RLA + 𝑅𝑠𝑐
∗ 𝑒

−
𝑡

(RLA+𝑅𝑠𝑐)𝐶 + 𝐼𝐵𝑢𝑠 ∑

[
 
 
 
 (1 −

RLA

RLA + 𝑅𝑠𝑐
𝑒

−
𝑡−𝑘𝑇

(RLA+𝑅𝑠𝑐)𝐶)∅(𝑡 − 𝑘𝑇) −

(1 −
RLA

RLA + 𝑅𝑠𝑐
𝑒

−
𝑡−(𝑘+𝐷)𝑇
(RLA+𝑅𝑠𝑐)𝐶)∅(𝑡 − (𝑘 + 𝐷)𝑇)

]
 
 
 
 𝑁−1

𝑘=0

                          (9) 

                              𝑖𝑠𝑐(𝑡) =  𝑖𝐵𝑢𝑠(𝑡) − 𝑖𝐿𝐴(𝑡)                                  (10) 

Since the SC and battery will share the same terminal voltage with DC bus at steady states, where 𝑣𝑠𝑐𝑖 = 𝑣𝐿𝐴, then their 4 
current in steady state are: 5 

𝑖𝐿𝐴𝑠𝑠(𝑡) = 𝐼𝐵𝑢𝑠 ∑

[
 
 
 
 (1 −

RLA

RLA + 𝑅𝑠𝑐
𝑒

−
𝑡−𝑘𝑇

(RLA+𝑅𝑠𝑐)𝐶)∅(𝑡 − 𝑘𝑇) −

(1 −
RLA

RLA + 𝑅𝑠𝑐
𝑒

−
𝑡−(𝑘+𝐷)𝑇
(RLA+𝑅𝑠𝑐)𝐶)∅(𝑡 − (𝑘 + 𝐷)𝑇)

]
 
 
 
 𝑁−1

𝑘=0

                 (11) 

𝑖𝑆𝐶𝑠𝑠(𝑡) =
RLA𝐼𝐵𝑢𝑠

RLA + 𝑅𝑠𝑐
∑ [

𝑒
−

𝑡−𝑘𝑇
(RLA+𝑅𝑠𝑐)𝐶 ∗ ∅(𝑡 − 𝑘𝑇) −

− 𝑒
−

𝑡−(𝑘+𝐷)𝑇
(RLA+𝑅𝑠𝑐)𝐶 ∗ ∅(𝑡 − (𝑘 + 𝐷)𝑇)

]

𝑁−1

𝑘=0

                            (12) 

At time 𝑡 = (𝐷 + 𝑘)𝑇, the pulse load current steps from low to high resulting in a net change in HESS current. Assume the 6 
maximum current occurs at N approaching infinity, the battery peak current can be simplified as:  7 

𝑖𝐿𝐴𝑝 = 𝐼𝐵𝑢𝑠(1 − 𝜀)                                                                       (13) 

where  8 

𝜀 =
RLA

RLA + 𝑅𝑠𝑐
∗ 𝑒

−
𝐷𝑇

(RLA+𝑅𝑠𝑐)𝐶 ∗
1 − 𝑒

−
(1−𝐷)𝑇

(RLA+𝑅𝑠𝑐)𝐶

1 − 𝑒
−

𝑇
(RLA+𝑅𝑠𝑐)𝐶

                   (14) 

The parameter 𝜀 defines the current sharing relationship between the battery and SC. It indicates that the battery peak current 9 
will always be less than 𝐼𝐵𝑢𝑠  when SC is connected. Equation (13) also expresses the relation between the battery current and 10 
DC bus current at specific time. In the case where the LA battery operates under a rated current, the DC bus current can be 11 
calculated as: 12 
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𝐼𝐵𝑢𝑠 =
1

(1 − 𝜀)
𝐼𝐿𝐴𝑅𝑎𝑡𝑒𝑑 =  𝜕 ∗ 𝐼𝐿𝐴𝑅𝑎𝑡𝑒𝑑                                                 (15) 

To evaluate the peak power enhancement in HESS, assuming the instantaneous HESS peak power is occurred at rated current: 1 

𝑃𝐻𝐸𝑆𝑆𝑝 = 𝐼𝐵𝑢𝑠 ∗ 𝑉𝐵𝑢𝑠 = 𝜕 ∗ 𝐼𝐿𝐴𝑅𝑎𝑡𝑒𝑑 ∗ 𝑉𝐵𝑢𝑠 = 𝜕 ∗ 𝑃𝐿𝐴𝑅𝑎𝑡𝑒𝑑              (16) 

It is shown in Equation (16) that the peak power in HESS is increased as the parameter ∂ is larger than 1, with SC connected 2 
passively in parallel. The passive HESS model in Matlab Simulink is shown in Fig. 6(a). A 12 Ampere-hour LA battery and 10 3 
Farad SC are connected in parallel to the load. The input pulsed current load is set to 5 Ampere, 50% duty cycle and cycling 4 
period of 10 seconds. Fig. 6(b) presents the simulation results of power-sharing between LA battery and SC. At the rising edge, 5 
the SC responses rapidly due to the relatively low time constant. On the other hand, the battery slowly picks up over time and 6 
supply the demanded current. The results show minor effect on the power-sharing in the passively connected battery-SC HESS 7 
for which the power-sharing is only occurred within fractions of second. Additionally, the power-sharing capability of passive 8 
HESS is fixed based on the internal parameters of the two ESS elements. 9 
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Fig.  6 (a) Matlab Simulink Model of passive HESS, (b) Pulse load response of passive HESS 11 

The integration of passive battery-SC HESS on typical standalone PV power system is illustrated in Fig. 7. The LA battery is 12 
normally the primary ESS of choice. The charge controller is modeled as a uni-directional DC/DC converter with maximum 13 
power point tracking (MPPT) algorithm and two control switches for interfacing the HESS and load. A diesel/petrol generator 14 
is normally integrated as a backup and dispatchable power source in case of system failure or when additional energy is 15 
required.  16 

 17 

Fig. 7 Standalone PV power system with passive HESS 18 
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B. SC Semi-active HESS 1 

The SC semi-active HESS is shown in Fig. 2(d); its equivalent circuit model in the time domain and frequency domain are 2 
presented in Fig. 8. 3 
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 4 

Fig. 8 The equivalent circuit of the SC semi-active HESS 5 

By neglecting the dynamic characteristics, the DC/DC converter is simplified and represented as parameters of efficiency 𝜂𝑠𝑐 6 
and voltage transfer rate Ƙsc [49]. Thus the SC real time terminal voltage and current before DC/DC converter is expressed as: 7 

𝑖𝑐(𝑡) =
Ƙ𝑠𝑐

𝜂𝑠𝑐
𝑖𝑠𝑐(𝑡) = 𝑖𝐵𝑢𝑠(𝑡) − 𝑖𝐵𝑢𝑠(𝑡)𝐿𝑃𝐹              (17) 

𝑣𝑐 =
𝑣𝑠𝑐

Ƙ𝑠𝑐
=

𝑣𝑏𝑢𝑠

Ƙ𝑠𝑐
                                                          (18) 

where the 𝑖𝐵𝑢𝑠(𝑡)𝐿𝑃𝐹 is the filtered 𝑖𝐵𝑢𝑠(𝑡). When pulse load 𝑖𝐵𝑢𝑠(𝑡) is applied, the SC current and the battery current on DC 8 
bus can be expressed as: 9 

iBus(t) = IBus ∑[∅(t − kT) − ∅(t − (k + D)T)]

N−1

k=0

= isc(t) + iLA(t)                                 (19) 

isc(t) =
ηsc

Ƙsc
ic(t) =

ηsc

Ƙsc
[iBus(t) − iBus(t)LPF]                                                                         (20) 

iLA(t) =  IBus ∑[∅(t − kT) − ∅(t − (k + D)T)]

N−1

k=0

−
ηsc

Ƙsc
[iBus(t) − iBus(t)LPF]             (21) 

Assuming the peak current will occur at the end of the pulse duty cycle, 𝑡 = (𝑘 + 𝐷)𝑇, and then the maximum current drawn 10 
from the battery can be expressed as,  11 

                                   𝑖𝐿𝐴𝑝 = 𝐼𝐵𝑢𝑠 −
𝜂𝑠𝑐

Ƙ𝑠𝑐
[𝑖𝐵𝑢𝑠(𝑡) − 𝑖𝐵𝑢𝑠(𝑡)𝐿𝑃𝐹]                                              (22) 

It shows that the peak current of battery is reduced by the SC current which is actively controlled by DC/DC converter. As a 12 
result, mitigation in battery stress due to surge current can be achieved.  13 

The Matlab Simulink model for SC semi-active HESS has been developed as shown in Fig. 9(a); the parameters for SC, LA 14 
battery and the input pulsed current are set identical as presented above. Fig. 9(b) shows the simulation results for power-15 
sharing between LA battery and SC in Semi-active setting. Firstly, the net change in current demand is filtered by the low-16 

pass filter (τ= 1.5s), and the high frequency component will be used to control the current flow in SC. A simple proportional-17 
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integral controller is implemented to track the reference signal, while the remaining of the current demand will be responded 1 
by the passively controlled LA battery bank. The advantage of actively controlled SC module is that the time constant of the 2 
response can be adjusted to better utilize the SC module. Also, the isolation of the SC module from the DC bus allows wider 3 
variation in state-of-charge that significantly improves the volumetric efficiency. However, due to the unavoidable time delay 4 
of the active component and controller, there is an inrush current when there is a step change in load current. 5 
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 6 
Fig. 9 (a) The Matlab Simulink model of the SC semi-active HESS, (b) Pulse load response of the SC semi-active HESS 7 

Fig. 10 depicts the same standalone PV power system with SC semi-active HESS as the energy storage. The LA battery is 8 
directly connected to the DC bus, while the SC is interfaced with a bi-directional DC/DC converter. The net change in current 9 
is measured and a pulse width modulation signal with appropriate duty cycle DSC is generated by the controller to control the 10 
power flow of SC.  11 

 12 

Fig. 10 Standalone PV power system with SC semi-active HESS 13 

A simple control scheme is illustrated in Fig. 11 where the demanded power PHESS is filtered by using low-pass filter and 14 
the high-frequency component of the power exchange will be used as the reference signal PSC(ref) for SC. A carefully tuned 15 
current tracker (proportional-integral controller) is used to control the power flow from SC. When selecting the bandwidth of 16 
the low-pass filter, a trade-off exists between the smoothness of battery current IBatt and the capacity of SC. For instance, a 17 

DC/DC

(MPPT)

Charge Controller

DC/DC

Inverter

DC Bus

AC

Load

-

DC

Load

Lead-acid 

Battery Storage

Supercapacitor
Diesel 

Generator 

EMS

LPF



12 

 

relatively low cut-off frequency in low-pass filter will generate a smoother IBatt but requires larger SC capacity as well as 1 
higher power rating of active components in DC/DC converter.  2 
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 3 

Fig. 11 Power allocation strategy for the SC semi-active HESS 4 

C. Three-level HESS 5 

In order to maximize the advantages of the previous two topologies, this paper proposes the three-level HESS topology.  Fig. 6 
12 illustrates the equivalent circuits of the three-level HESS topology.  7 
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Fig. 12 The equivalent circuit model of the Three-level HESS 9 

The SC terminal voltage and current can be expressed as: 10 

𝑣𝑠𝑐 =
𝑣𝑠𝑐

Ƙ𝑠𝑐
=

𝑣𝑏𝑢𝑠

Ƙ𝑠𝑐
                                                                                                                                (23) 

𝑖𝑐(𝑡) =
Ƙ𝑠𝑐

𝜂𝑠𝑐
𝑖𝑠𝑐(𝑡) = 𝑖𝐵𝑢𝑠(𝑡) − 𝑊1 ∗ 𝑖𝐵𝑢𝑠(𝑡)𝐿𝑃𝐹1 − {[𝑖𝐵𝑢𝑠(𝑡) − 𝑤1 ∗ 𝑖𝐵𝑢𝑠(𝑡)𝐿𝑃𝐹1]}𝐿𝑃𝐹2     (24) 

and for the Li-ion battery,  11 

𝑣𝐿𝑖−𝑖𝑜𝑛 =
𝑣𝑟

Ƙ𝐿𝑖−𝑖𝑜𝑛
=

𝑣𝑏𝑢𝑠

Ƙ𝐿𝑖−𝑖𝑜𝑛
                                                                                                           (25) 

𝑖𝑟(𝑡) =
Ƙ𝐿𝑖−𝑖𝑜𝑛

𝜂𝐿𝑖−𝑖𝑜𝑛
𝑖𝐿𝑖−𝑖𝑜𝑛(𝑡) = {[𝑖𝐵𝑢𝑠(𝑡) − 𝑤1 ∗ 𝑖𝐵𝑢𝑠(𝑡)𝐿𝑃𝐹1]}𝐿𝑃𝐹2                                            (26) 
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where the 𝜂𝑠𝑐, 𝜂𝐿𝑖−𝑖𝑜𝑛, 𝐾𝑠𝑐  and 𝐾𝐿𝑖−𝑖𝑜𝑛 are the efficiencies and voltage transfer rates of the corresponding DC/DC converters 1 
respectively, W1 is the scaling factor that set the proportion of Li-ion battery capacity in total power demand. For pulse load 2 
response, the pulsed input current, LA battery, Li-ion battery and SC currents on are: 3 

𝑖𝐵𝑢𝑠(𝑡) = 𝐼𝐵𝑢𝑠 ∑[∅(𝑡 − 𝑘𝑇) − ∅(𝑡 − (𝑘 + 𝐷)𝑇)]

𝑁−1

𝑘=0

= 𝑖𝐿𝐴(𝑡) + 𝑖𝐿𝑖−𝑖𝑜𝑛(𝑡) + 𝑖𝑠𝑐(𝑡)             (27) 

𝑖𝑠𝑐(𝑡) =
𝜂𝑠𝑐

Ƙ𝑠𝑐
𝑖𝑐(𝑡)                                                                                                                                  (28) 

𝑖𝐿𝑖−𝑖𝑜𝑛(𝑡) =
𝜂𝐿𝑖−𝑖𝑜𝑛

Ƙ𝐿𝑖−𝑖𝑜𝑛
𝑖𝑟(𝑡)                                                                                                                    (29) 

𝑖𝐿𝐴(𝑡) =  𝐼𝑜 ∑[∅(𝑡 − 𝑘𝑇) − ∅(𝑡 − (𝑘 + 𝐷)𝑇)]

𝑁−1

𝑘=0

−
𝜂𝑠𝑐

Ƙ𝑠𝑐
𝑖𝑐(𝑡) −

𝜂𝐿𝑖−𝑖𝑜𝑛

Ƙ𝐿𝑖−𝑖𝑜𝑛
𝑖𝑟(𝑡)                        (30) 

Similarly, assuming the peak power demand still occurs at 𝑡 = (𝑘 + 𝐷)𝑇, and the maximum current drawn from the LA 4 
battery can be expressed in eq. (31)  when N tends to infinity,  5 

𝑖𝐿𝐴𝑝 = 𝐼𝐵𝑢𝑠 −
𝜂𝑠𝑐

Ƙ𝑠𝑐
𝑖𝑐(𝑡) −

𝜂𝐿𝑖−𝑖𝑜𝑛

Ƙ𝐿𝑖−𝑖𝑜𝑛
𝑖𝑟(𝑡)                                                                                           (31) 

Fig. 13(a) depicts the Matlab Simulink model of three-level active HESS. The parameters for LA battery module, SC module 6 
and pulse load are kept identical as in the previous cases. The additional Li-ion battery module has a capacity of 2 Ampere-7 
hour and the scaling factor W1 is set to 0.85. The responses of the Li-ion battery, LA battery, and SC are depicted in Fig. 8 
13(b). The SC is programmed to response to the transient current, while the Li-ion battery responses to the medium 9 
frequency component during current variation and supplying a small portion of the current demand. This enables the 10 
reduction in peak current for the passive LA battery bank which contributes to the cycle life of the battery. 11 
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Fig. 13 (a) The Matlab Simulink model of the three-level active HESS, (b) Pulse load response of the three-level active HESS 13 

 14 
Fig. 14 illustrates the standalone PV power system with three-level battery-SC HESS in which three different energy storage 15 
devices are utilized for better stress mitigation. In this setting, two actively controlled complementary ESS elements (SC and 16 
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Li-ion battery) are connected in parallel with the passively connected primary LA battery. The combination of SC and Li-ion 1 
modules enhances the stress mitigation capability by covering a wider spectrum of current fluctuation as well as supply part 2 
of the nominal current demand, which enables a more stable charge-discharge process and peak current reduction in the 3 
primary LA battery bank. The associated power allocation strategy is shown in Fig. 15. Two low-pass filters are cascaded to 4 
decompose the net power demand into three different frequency ranges. The highest frequency PSC(ref) will be used as the 5 
reference signal to control the power flow of the SC module. While the medium frequency component PLi-ion(ref) will be the 6 
reference for Li-ion battery module. A scaling factor W1 is proposed to set the proportion of Li-ion battery load in total power 7 
demand. 8 

 9 

Fig. 14 Standalone PV power system with three level HESS 10 
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Fig. 15 Power allocation strategy for the Three-level HESS 12 
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IV. CASE STUDY 1 

To evaluate the effectiveness of the selected HESS in mitigating battery stress in standalone PV power system, a Matlab 2 
Simulink model of 5kW standalone PV power system is developed and simulations have been carried out with actual solar 3 
irradiance data and estimated load profile from a rural community in Sarawak, Malaysia. Fig.16 shows a 24-hour solar 4 
irradiance data recorded for a typical (a) sunny day and (b) cloudy day in Kuching, Sarawak. As demonstrated from the 5 
graphs, tropical climate in the region generates significant power fluctuations even on a sunny day. These solar irradiance 6 
data will be used to generate PV power for the simulation. As to the electricity consumption data, a site survey has been 7 
conducted at the selected rural site (1˚14’20.5”N, 112˚02’10.7”E) to collect the information of household and electrical 8 
appliances. Based on the behaviour of each electricity user, an estimated load profile is generated as shown in Fig. 16(c). The 9 
selected rural site consists of 6 households and 13 electricity users with basic electricity appliances such as lightings, 10 
television, radio, refrigerator etc. 11 
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Fig. 16 The simulated PV output for (a) sunny, (b) cloudy and (c) Estimated load profiles of the target rural site in Sarawak 13 

 14 

A. Simulation Results 15 

 16 
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The simulation was conducted for four different HESS topology settings: (1) battery only, (2) Passive HESS, (3) SC semi-1 
active HESS and (4) Three-level HESS. An example of the Matlab Simulink model used in this work is shown in Fig. 17. 2 
The model parameters used in the simulations are tabulated in Table 1. For a fair comparison, the primary LA battery bank 3 
was kept identical for the four different cases and the capacities for the complementary ESS module are as listed in Table 1.  4 
 5 

Table 1 Model Parameters for Different HESS under simulation 6 
HESS System Topology Primary Battery  Capacity (Ah) Complementary ESS Capacity 

Battery-only 1000Ah (LA) - 

Passive HESS 1000Ah (LA) 1000F (SC) 

SC semi-active HESS 1000Ah (LA) 1000F (SC) 

Three-level HESS 1000Ah (LA) 
100Ah (Li-ion)    

200F (SC) 

 7 

8 
 9 

Fig. 17 The Matlab Simulink model of the standalone PV power system with three-level active HESS 10 

The simulated current profiles of the different HESS settings for sunny day and cloudy day are illustrated in Fig. 18. The 11 
graphs on the left (Fig. 18(a), (c), (e), (g)) show the 24-hours current profiles of the net power demand (black line) and 12 
primary battery (red line) for the sunny day scenario, while the graphs on the right (Fig. 18(b), (d), (f), (h)) show the 13 
simulation results for cloudy day scenario. The battery-only setting illustrates how the battery is loaded into standalone PV 14 
power system over 24 hours. As the only ESS in the system, the battery bank is required to absorb all current fluctuations 15 
from the PV intermittence output and variation in electricity demand. This severe loading condition creates additional 16 
stresses on battery and accelerates the deterioration of the battery. In passive HESS settings, the passively connected SC 17 
absorbs part of the current fluctuations. However, the improvement in battery current profiles is insignificant compared to SC 18 
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semi-active HESS and three-level HESS topologies. In SC semi-active HESS, the time constant of the low-pass filter is set to 1 
300 seconds.  2 

Significantly smoothed batter current profiles can be observed in Fig. 18(e) and (f). As for the three-level HESS, the 3 
combination of SC and Li-ion battery as the complementary ESS module removed the majority of the current fluctuations 4 
while at the same time, the Li-ion battery module absorbs part of the power demand which can be set by the scaling factor W1. 5 
The power allocation strategy used in the three-level HESS is a cascaded low-pass filter as shown in Fig. 15. The time 6 
constants are set to 300 seconds and 150 seconds, with a scaling factor W1 of 0.85, which indicates that the Li-ion battery 7 
module is designed to absorb the medium frequency fluctuation as well as supply 15% of the average power demand. 8 
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Fig. 18 Simulated current profiles for HESS topologies under test 3 
 4 

Fig. 19 depicts the state-of-charge (SoC) variation in SC for passive HESS, semi-active HESS, and three-level HESS 5 
respectively. With the capacity of 1000 Farad in passive HESS and semi-active HESS, only less than 10% of the SoC is 6 
utilized because of the shared terminal voltage with battery. On the other hand, the decoupled SC terminal voltage with 7 
DC/DC interface in semi-active topology, approximately 55% of the SoC is utilized for both sunny and cloudy conditions. As 8 
for the three-level HESS, the SoC variation ranges from 25% for sunny day and 55% for cloudy day, with a capacity of 200 9 
Farad. Since the lifetime of SC normally is much longer than Li-ion battery and its installation price is also higher, there is a 10 
tradeoff between SC semi-active HESS and three-level HESS. In long-term applications, the three-level HESS needs to replace 11 
Li-ion battery regularly while semi-active HESS would not need it. Conversely, in short-term applications, the lifetime of Li-12 
ion battery would satisfy the requirements and effectively prolongs the primary battery lifetime as same as semi-active HESS 13 
which requires 5 times more SC installation with a much higher price. Thus it can be concluded that the SC semi-active HESS 14 
is suitable for the long-term applications and the three-level HESS is suitable for the short-term applications. 15 
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Fig. 19 SoC variations of SC throughout the day in three different HESSs 18 
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B. Battery Health Cost Analysis 20 

 21 
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The simulation results presented above demonstrate the effectiveness of different HESS in mitigating the primary battery stress 1 
compared to the conventional battery-only system. To quantify the performance of the selected HESS topologies, a battery 2 
health cost function is developed as shown in equation (32) [50]:  3 

𝐶𝑜𝑠𝑡(𝑇) = ∑𝑛1[𝑖𝑏(𝑡)]
2 + 𝑛2 |

𝑑𝑖𝑏(𝑡)

𝑑𝑡
| + 𝑛3[𝑚𝑎𝑥(𝑏(𝑡)) − 𝑚𝑖𝑛 (𝑏(𝑡))]

2
+ 𝑛4 |

1  ; 𝑖𝑓 [𝑖𝑏(𝑡) ∙ 𝑖𝑏(𝑡 − 1) < 0]

0  ; 𝑖𝑓 [𝑖𝑏(𝑡) ∙ 𝑖𝑏(𝑡 − 1) ≥ 0]
+ 𝑛5𝑇𝑦𝑒𝑎𝑟

𝑇

𝑡=0

                       (32) 

where T is the total operating time, 𝑖𝑏(𝑡) is the battery current, b(t) is the battery SoC, while the n1, n2, n3, n4 and n5 are positive 4 
constants. Five life-limiting factors are considered based on the cycle life characteristics of LA battery. The first term 5 
quantifies the impact of charge/discharge rate. The second term penalizes battery health due to current fluctuation. The third 6 
term considers the impact of deep discharge [51]. The fourth term quantifies the impact of charge/discharge transition and the 7 
fifth term indicates the calendar life of LA battery. The coefficient n2 and n4 are set to 0.3 indicating the strong negative impact 8 
of current fluctuation and frequent charge-discharge transitions due to the intermittent solar power. While n1 and n3 are set to 9 
0.15 and 0.2 respectively to quantify the damaging impacts of charge/discharge rate and deep-discharge. The effect of calendar 10 
life n5 is usually much lower compared to the other factors and therefore it is set to 0.05. Although the LA battery aging 11 
process is a rather complex chemical phenomenon that is difficult to be accurately quantified, the formulated cost function 12 
intends to relatively measure the impact on battery health for comparison among the HESS under consideration. 13 
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Fig. 20 Normalised cumulative cost function throughout the day for (a) sunny day and (b) cloudy day 16 

Fig. 20 shows the normalized cumulative battery health costs of the different HESS settings. The results indicate that the three-17 
level HESS reduces about 50% of the battery health cost compared to conventional battery-only PV power system in sunny 18 
day condition. Followed by the SC semi-active HESS, it demonstrates 43.4% reduction in sunny day, while only 6.2% 19 
reduction in battery health cost for passive HESS. Setting the battery health cost battery-only setting in sunny day as the 20 
reference, the battery-only system in cloudy day condition is 1.308 which is 30.8% more than the same setting in sunny day. 21 
This is because the relatively heavier PV power fluctuation in cloudy day has a larger impact on battery health, thus higher 22 
battery health cost. By comparing the battery health cost in a cloudy day condition, the three-level HESS manages to reduce 23 
the battery health cost by nearly 62.5%, followed by a reduction of 59.6% in SC semi-active HESS, and 11% reduction in 24 
passive HESS setting. 25 

Finally, the estimated annual battery cost (365 days) for different systems and corresponding cost reduction are calculated and 26 
presented in Table 2. Since the SC lifetime is nearly infinite, it is not considered in the annual operating cost of the ESS in 27 
standalone PV power system. The passive HESS reduces the battery cost by 6.3% and 10.8% respectively for sunny and 28 
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cloudy days, while both SC semi-active HESS and three-level HESS demonstrate significant ESS cost reduction of about 43% 1 
on a sunny day and 60% on a cloudy day. Despite the higher upfront battery cost (LA and Li-ion) in three-level HESS, it only 2 
requires 20% of the SC capacity compared to other HESSs.  3 

Table 2 Financial analysis under different modes 4 
Operation mode 

Weather 

condition 

Battery  Capacity 

(kWh) 

Initial Cost
1

 

($) 

Battery Health Cost 

Cost(T)
 2

 

Estimated Life 

Cycle 

Cost / cycle 

($) 
Estimated Annual Battery Cost ($) 

Cost 

Reduction
4

 

LA 

Battery-only 

Sunny 48 (LA) 12288 1.000 500 24.58 8971.70 0 

Cloudy 48 (LA) 12288 1.308 382 32.17 11742.05 0 

Passive HESS 

(SC 1000F) 

Sunny 48 (LA) 12288 0.938 533 23.50 8577.5 4.4% 

Cloudy 48 (LA) 12288 1.164 429 28.64 10453.6 11% 

SC semi-active 

HESS 

(SC 1000F) 

Sunny 48 (LA) 12288 0.566 883 13.92 5080.8 43.4% 

Cloudy 48 (LA) 12288 0.529 945 13.00 4745.00 59.6% 

Multi-level HESS 

(SC 200F) 

Sunny 
48 (LA) 12288 0.499 1002 13.26 

4839.9 + 255.5(Li-ion) = 5095.4 43.2% 
4.8 (Li-ion) 1392 - 2000

3

 0.70 

Cloudy 
48 (LA) 12288 0.491 1018 12.07 

4405.55 + 255.5(Li-ion) = 4661.05 60.3% 
4.8 (Li-ion) 1392 - 2000

3

 0.70 

#Note 1 – Initial cost of LA battery ($256/kWh) and Li-ion battery ($290/kWh) are considered. [45] 

#Note 2 – Typical life cycle / Cost of battery utilization; (typical life cycle for LA – 500 cycles, Li-ion – 4000 cycles and SC >100,000 cycles) [45] 

#Note 3 – Estimated to perform 50% of the expected lifecycles of the Li-ion battery when LA battery is replaced 

#Note 4 – Percentage cost reduction is calculated based on battery-only system. 
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V. EXPERIMENT VERIFICATION 6 

A. Testbed Setup 7 
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Fig. 21 Experiment setup of selected HESS topologies 9 

To demonstrate the feasibility of the selected HESS topologies and to verify the simulation analysis presented in the previous 10 
section, scale-down prototypes of the selected HESSs were designed as illustrated in Fig. 21 and a series of experiments were 11 
implemented. The prototype was tested for pulsed load cycling and integrated to a 15W standalone PV power system for 12 
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actual testing. A programmable DC electronic load (BK Precision BK8500) was used to emulate the pulsed load as well as 1 
the estimated load profiles. A 15 watts solar panel was used to generate the PV input power. The current flows in battery and 2 
SC module were measured with current sensors (ACS712) and logged by using the NI USB-6008 data acquisition device. 3 
The power allocation and control algorithm was controlled by Arduino (ATMEGA328P). Table 2 presents a summary of the 4 
experiment parameters. 5 

Table 1 Experimental testbed parameters 6 

System Parameters Passive HESS 
SC 

semi-active HESS 
Three-level HESS 

PV panel peak power 15W 

Daily load energy consumption 0.4 kWh 

LA Battery nominal voltage 6V 

LA Battery capacity 30Ah 

SC Capacitance - 50F 25F 

SC Equivalent Series Resistance - 0.001Ω 0.001Ω 

Li-ion Battery nominal voltage - - 12V 

Li-ion Battery capacity - - 6Ah 
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B. Pulse Load Responses 8 
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 9 
Fig. 22 Responses to pulsed load of HESSs under experiment test 10 

A repetitive pulsed current profile with amplitude of 1 Ampere, period of 120 seconds, and 50 percent in duty ratio was 11 
generated by using BK8500. Fig. 22 shows the responses of battery and SC currents in each selected HESS under test. In 12 
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passive HESS (Fig. 22(a)), the SC responded instantaneously to the step change in current, while the battery picked up slowly 1 
with a time constant of about 1.5 seconds. In SC semi-active HESS, an Arduino controlled bi-directional buck/boost DC/DC 2 
converter was used to control the current flow in SC module with a simple digital LPF to allocation current among SC and 3 
battery modules. As seen from Fig. 22(b), the SC responded quickly to the step change in current and allowed the battery to 4 
gently supply/absorb the current change. The current responses of the three-level HESS, Fig. 22(c), also enabled the primary 5 
battery to gently supply/absorb the changes but with notably a lower peak current due to the fact that the Li-ion battery 6 
module shares part of the current demand that can be determined by setting the scaling factor (set at 0.85 for this experiment). 7 
The experimental results of pulsed load testing match the simulations results presented in this paper. 8 

C. Standalone PV Power System Test  9 

The HESS daily operational testing with 15W standalone PV power system was carried out on HESSs under test separately on 10 
four different partly cloudy days at Swinburne University of Technology Sarawak Campus, Kuching, Malaysia. The net 11 
current demand (𝐼𝑃𝑉 − 𝐼𝐿𝑜𝑎𝑑 , black line), primary battery current (red line) and SC current (blue line) are depicted in Fig. 23.  12 
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Fig. 23 Experimental results on battery and SC current profiles in standalone PV power system 15 

Minimal mitigation of current fluctuation is demonstrated in passive HESS (Fig. 23(b)), while SC semi-active HESS and three-16 
level HESS remove the majority of the primary battery current fluctuation as seen from Fig. 23(c) for SC semi-active HESS 17 
and Fig. 23(d) for three-level HESS. In addition, the three-level HESS shares part of the current demand with Li-ion battery 18 
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module with a pre-determined scaling factor. The experimental results demonstrate the feasibility of the HESS under test in 1 
standalone PV power system and validate the simulation analysis presented in this paper. 2 

 3 

VI. CONCLUSION 4 

Standalone PV power system with battery energy storage has been one of the preferred choices in off-grid rural electrification 5 
widely available solar energy and the technology advances in sustainable technologies. However, the nature of solar energy 6 
causes the additional impact on the battery which accelerates the deterioration of battery performance and cycle life. 7 
Hybridization of different energy storage devices has been proposed by researchers aiming to extend the service life of the 8 
battery in many high energy applications over the past decades. This paper presented a comprehensive review of hybrid 9 
energy storage system and their feasibility on standalone PV power system, specifically for off-grid rural electrification. 10 
Three potential hybrid energy storage system topologies, the associated power allocation strategy, and control system have 11 
been discussed in this paper, followed by numerical simulation and experimental verification. Matlab Simulink models of the 12 
selected hybrid energy storage systems are developed and simulated with actual solar irradiance data and estimated load 13 
profile to evaluate the effectiveness in mitigating battery stress. The simulation analysis and results have been verified by 14 
experiments with the developed prototype of hybrid energy storage system under consideration. Simulation results, battery 15 
health cost and financial analyses, and empirical outcomes suggest that the combination of active secondary energy storage 16 
with the passive primary battery could be the optimal setting for standalone PV power system applications. 17 

 18 
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