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Energy storage system (ESS) is generally used to manage the intermittency of renewable energy sources
(RESs). One of the important issues in microgrids, is to supply high quality powers to consumers. This
paper proposes the use of hybrid energy storages to improve the power quality under unbalanced load
conditions for microgrids applications. Battery and Supercapacitor (SC) are used as hybrid energy stor-
ages systems (HESSs) that provide low and high power frequency respectively. The proportional reso-
nance(PR) and fuzzy controllers are, respectively, used to regulate the AC load voltage and DC bus voltage
controller. The main advantages of the proposed energy management scheme are to reduce battery power
fluctuations, better DC bus voltage regulation for generation and load disturbances, improvement of the
system performance under unbalanced load conditions, reduced rate of charge/discharge of battery cur-
rent, improved power quality feature under unbalanced load and transition conditions. The performance
of the proposed method and control strategy is verified by using simulation studies in the MATLAB soft-
ware environment. © 2018 Journal of Energy Management and Technology
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1. INTRODUCTION

With world electricity activity growing steadily, the demand
for renewable energy sources (RES) is also expected to increase
drastically. Microgrids emerged as a solution to RES connection
to load and grid [1]. Microgrids are electricity distribution sys-
tems containing loads and distributed energy resources, such
as distributed generators, storage devices, or controllable loads,
that can be operated in a controlled and coordinated way either
while connected to the main power network or while is landed.
A dedicated ESS could contribute to a better integration of RES
into the microgrid by smoothing the renewable resource’s in-
termittency, improving the quality of the injected power and
enabling additional services like voltage and frequency regula-
tion [2]. A single technology ESS has limited characteristics in
terms of cost, lifetime, power and energy density, depending
on the energy storage technology it uses [3], therefore, HESSs
have been proposed to overcome these limits by harnessing the
advantages of different energy storage technologies. Depending
on the performance characteristics of an energy storage technol-
ogy, it can be ideal for certain power system services and less
suitable for other applications [4]. Fig.1 depicts the most impor-
tant storage technologies for the microgrids [5]. Battery and SC
combination is one of the attracting HESS configurations. The
SC has a greater power density than the battery, allowing the SC

to provide more power over a shorter period of time. Conversely,
the battery has a higher energy density compared to the SC to
supply the lower power for a longer period of time. When make
a comparison between SCs and batteries, following results are
obtained: batteries have high energy density changing between
120Wh/kg and 200Wh/kg; but they have low power density.
SCs have high power density changing between 2kW/kg and

Fig. 1. Various storages technology comparison [5].
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Fig. 2. battery-SC topology for connection with power electronic converter.

5kW/kg; but they have low energy density. The lifetime of
the battery depends on several parameters, i.e., temperature,
the number of peak currents, charge and discharge cycles, high
frequency ripple current etc [6].

HESS can be categorized based on their connection topology
as passive, active and semi active [7] that are shown in Fig.2. In
the passive design, the battery and SC packs are connected in
parallel and directly coupled to the DC bus [8]. The semi-active
topology adds a power electronic converter between the SC or
Battery and the DC bus, while the battery is directly connected
to the DC bus [9]. The best control can be implemented in a
fully active HESS and is the most commonly used configuration.
The advantage of this configuration is that both the current
from the battery and the current from the SC can be controlled
actively [10].

For a microgrid, it is important to supply high quality pow-
ers to consumers. In practice, various types of loads such as
unbalanced and non linear loads are supplied by a microgrid
system. Nevertheless, a microgrid should be able to operate
under all load conditions without any performance degrada-
tions. In recent years, the battery-SC based HESS has been
proposed to mitigate the impact of dynamic power exchanges
on battery’s lifespan. HESS have been used in microgrids for
various purposes. The strategy of regulation of the hybrid stor-
age DC bus voltage has been presented in [11]. SCs are used
to reduce stresses on batteries and improve their life cycle. The
performance of the root mean square(RMS) current gain in bat-
tery, the gain in energy losses, the total energy efficiency and
the elimination rate of surge load power are also explored, in
different operating state conditions. In [12], [13] the joint con-
trol strategy is proposed for photovoltaic (PV) based DC grid
system, with battery and SC as a HESS. Control strategy utilizes
the uncompensated power from the battery system to increase
the performance of the overall HESS. Unlike the conventional
methods which only use either filtration based controller (FBC)
or fuzzy logic controller (FLC), the proposed control strategy
in [14] comprises of a low-pass filter (LPF) and FLC. Firstly,
LPF removes the high dynamic components from the battery
demand. FLC minimizes the battery peak current demand while
constantly considering the state-of-charge of the SC.

Unbalanced loads are one of the problem of electrical net-
works and microgrids [15]. When an unbalanced load added
to the system, three phase voltage lose their symmetry and
power quality reduces. PR controllers are used as a solution to
unbalanced load [16]. Using PR controller, voltages remain bal-

anced but currents become unbalanced. In [17], according to the
HESS, a coordination control strategy is proposed to enhance the
power quality of microgrid under unbalanced load conditions.
The HESS is composed of a lithium battery power conversion
system and an ultra-capacitor power conversion system. In [18],
a second order sliding mode controller is proposed for the power
flow control of a HESS, using a four leg three level neutral point
clamped (4-Leg 3LNPC) inverter as the only interface between
the RES/HESS and the microgrid.

The output voltage of RES and storages is often DC, so they
are connected to grid by power electronic converters. Unbal-
anced loads case distortion of DC bus current. Distorted current
is passing through power generation units and storages. The
main disadvantages of distortion current are: 1) distorted dc bus
voltage 2) distortion of generation currents 3) storages currents
distortion 4) increased battery current stress 5) increase in bat-
tery charge and discharge cycle 6) reduction in battery lifespan.
To solve the problems mentioned, the use of HESS is proposed
in this paper which has not been done in previous researches.
Battery and SC are used as energy storages in an islanded mi-
crogrid to improve system performance under unbalanced load
conditions. To compensate unbalanced voltage at the AC side,
PR controller is used for current and voltage controllers. To im-
prove system performance under unbalanced conditions, load
changes and transient conditions, fuzzy-PI controller are used to
control the DC bus voltage. The main contributions of this paper
are battery life extension, system performance improvement and
better response to system dynamics under unbalanced load con-
ditions. Power and life extension of battery- SC hybrids increase
the performance of the battery by preventing its action with high
frequency ripple currents and high rate of depth of discharge to
increase the battery lifetime to prolong the battery lifetime by
minimizing battery current magnitude and variations. The volt-
age ripple coupled to highly unbalanced AC loads may cause
large dc current harmonics which may increase electro- magnetic
interference and impact battery lifetime due to increased ther-
mal losses. The remaining of this paper is organized as follows:
section 2 presents the description and modeling of the system
under study. In section 3, hybrid system control is presented.
Unbalanced load effect on system performance is presented in
section 4. To demonstrate the effectiveness of the proposed
method, simulation results are presented in section 5. Finally,
the paper is concluded in section 6.
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2. SYSTEM CONFIGURATION AND MODELING

The purpose of this paper is to use HESS to improve system per-
formance in the presence of the unbalanced load, load changes,
and RES power generation changes. As this paper focuses on
the overall performances of the HESS, an islanded operated
simplified microgrid is taken into consideration. The overall
system architecture studied in this paper is shown in Fig.3. The
hybrid system in Fig.3 mainly consists of the following elements:
a PV power generation system, a battery-SC HESS, DC load
and AC load. PV system is considered as main power generator
connected to DC bus by a DC-DC boost converter. The maxi-
mum power point tracking algorithm is used to control of PV
system converter [19]. The Lead-Acid batteries and the SCs are
used for hybrid energy storages. The behaviors of the batter-
ies and the SCs are respectively represented by the modified
Shepherd curve-fitting model and the Stern model presented
in [20]- [21]. In this model, a voltage polarization is added to
the battery discharge voltage expression to better representation
the effect of the battery state of charge (SOC) on the battery per-
formance. The HESS supports both the steady state as well as
transient power changes in generation and loads. The SC sup-
ports transient/fluctuating as well as oscillatory power changes
and is insufficient to supply/absorb constant power changes
(for long time duration) due to its low energy density. While
battery support constant power changes due to its high energy
density, it may also supply transient power (only under crucial
circumstances).

DC load is directly connected to the DC bus. A three-phase in-
verter is used to connect the AC load to the DC bus. The inverter
operates in voltage control mode with fixed frequency obtained
from voltage controlled oscillator. Also, traditionally passive
filters have been used to remove harmonics from the line current
and achieve the desired output AC sinusoidal waveform. The
battery and SC units are interfaced with the common DC bus
through a bidirectional buck-boost converter. The bidirectional
buck-boost converter is capable of operating in buck mode and
boost mode. The effective control of the duty cycle of the bidi-
rectional converters assures the rated voltage of the DC bus and
the charging and discharging safety of the battery bank and the
SC bank. The buck-boost converters topology is shown in Fig.
4 that is composed of a high frequency inductors LB,Lsc, two
filtering capacitor Cdc/2, and four switches S11, S12, S13 and S14.
The power is transferred from high voltage side to low voltage
side (inductor current, iL < 0) when the converter operates in
buck mode. Similarly, the power is transferred from low voltage
side to high voltage side (iL > 0) when the converter operates in
boost mode. The system parameters are presented in Table1.

3. PROPOSED HYBRID SYSTEM CONTROL

The proposed dynamic power management scheme for hybrid
system is presented in Fig.5. The power balance in hybrid sys-
tem is ensured by controlling power at the dc bus. The main
purposes of the control strategy are DC bus voltage control as
fast as possible under unbalanced load and transient conditions,
power sharing between battery and SC to reduce battery current
stress as much as possible, faster and better response to tran-
sient conditions such as solar radiation changes. By neglecting
converter and power line loss; power balance can be expressed
as(1).

PL(t)− PG(t) = Pbat(t) + Psc(t) = Pav(t) + Ptran(t) (1)

Where PG(t) is the power generation of the DGs, Pbat(t) is the
power flow of the battery, PL(t) is the power demand of the
load, Pav(t) is storage average power, Ptran(t) is storage transient
power, and Psc(t) is the power flow of SC after power conver-
sion by the DC-DC converter. In the outer controller loop, DC
bus voltage is compared with the reference voltage and HESS
reference currents are generated. To improve performance un-
der unbalanced load changes and transient variations, fuzzy-PI

Fig. 3. Hybrid System Under Study.

Fig. 4. Bidirectional converter for hybrid energy storage con-
nection and control.

Table 1. System Specification

Parameter Value Parameter Value

Vdc 450V fsw(DC side) 20kHz

Vac(VLine) 230V fsw(AC side) 10kHz

Vbat 200V Battery Capacity 100Ah

Vsc 200V SC Capacity 100F

Lbat 1mH Lsc 1mH

PV Nominal power 3kW Cdc 400µF

C f 50µF L f 2mH

AC Line Frequency 50Hz
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Fig. 5. Hybrid energy storage system control.

controller is used as dc voltage bus controller. HESS reference
currents, by using a low pass filter is decomposed into battery
and SC reference currents. To reduce battery current stress, bat-
tery current error is also added to SC reference current. This
control loop causes less stress on the battery. Reference currents
of battery and SC are compared with their measured values and
by using two PI controller are converted to switching duty ratio
(D). Minimum and maximum SOC limitation of HESS are also
considered. The HESS state block judges if the HESS should
discharge or charge according to the power difference PHESS
between the PL and PG, with the criterion given as (2).

state

1 i f PHESS > 0(Discharging)

0 i f PHESS ≤ 0(Charging)
(2)

The SOC Monitor block monitors the SOC of the Storages
by given flag signals f lagsoc+ and f lagsoc− to indicate whether
the SOC has reached the maximum value and minimum value
respectively. The values of f lagsoc+ and f lagsoc− are defined in
(3) and( 4).

f lagsoc+ =

1 i f SOC ≥ SOCmax

0 i f SOC < SOCmax
(3)

and

f lagsoc− =

1 i f SOC ≤ SOCmin

0 i f SOC > SOCmin

(4)

The SOC control system is constructed using logic gates as
shown in 5. The block of SOC managing finally is AND with
switching pulses. Using this control algorithm, HESS charging
and discharging limits are also considered to prevent the destruc-
tion of storage devices under deep discharging or overcharging.

A. DC Side Controllers Design
A.1. Battery and SuperCapacitor Controller Design

Fig.6 shows the block diagram of voltage and current con-
trollers. Where (Gcbat)is battery current controller transfer func-
tion, (Gbat) is battery converter transfer function is given as (5),
(Gcsc) is SC current controller transfer function, (Gsc) is SC con-
verter transfer function, (GV) is transfer function of inductor

current to output voltage, the control transfer function to design
the inner current control loop of the battery given as (6).

Gcbat = KP +
Ki
s

(5)

Gbat(s) =
ˆ
i b(s)
ˆ
d (s)

=
(CVdc)s + 2(1 − DBat)iL

LCs2 + L
R s + (1 − DBat)

2 (6)

where Kp is proportional gain, Ki is integrator gain, C is dc bus
capacitor, L is converter inductance, R is load resistance, Vdc is
dc bus voltage, DBat is duty ratio, ib(s) is battery current small
perturbations and d(s) is small perturbations in switching duty
ratio. SC current loop transfer function is obtained by replacing
battery parameters with SC converter parameters in (6). Since
the performance of the SC current control loop must be faster
than the battery, the SC controller bandwidth will be considered
to be 1/6 of switching frequency and the battery bandwidth
controller loop considered to be 1/10 of switching frequency.
The phase margin of both current controllers is considered to
be 60 degrees. The magnitude and phase Bode plot of the open
loop transfer function for SC current control loops with and
without compensation is shown in Fig.7. Uncompensated and
compensated Bode plots for battery control loop are shown in
8. It can be seen that both controllers reduce the resonant peak.
Also, it can be seen the phase margin of both controllers is 60
degrees. The table1 parameters are considered for controller
design.

Fig. 6. Control block diagram and transfer functions.
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A.2. DC bus Voltage Controller

The DC bus control objective is to regulate the dc bus voltage Vdc
as accurate and fast as possible under various load variation and
unbalanced load conditions. In this study, the fuzzy controller
is used in the voltage control loop to compute PI-like actions
through fuzzy inference [4]. Fuzzy logic provides a certain
level of artificial intelligence to the conventional PI controllers,
leading to the effective fuzzy controllers. Fuzzy logic provides
fast response times with virtually no overshoot. Loops with
noisy process signals have better stability and tighter control
when fuzzy logic control is applied [22]. In our approach, the
aim is to use a fuzzy controller DC link voltage as fast and
accurate as possible in the presence of unbalanced loads and load
variations. Therefore, as mentioned above, the main advantages
of the fuzzy controller of the PI is better performance in the case
of sudden changes and noise signals, so the use of this controller
improves the performance of the system. The fuzzy output
is used to generate the HESS reference currents. Triangular
membership functions are chosen for both of the fuzzy inputs.
There are five membership functions for each input, including
NB (Negative Big), NS (Negative Small), Z (Zero), PB (Positive
Big), and PS (Positive Small). For output, five membership
functions, including NB (Negative Big), NS (Negative Small), Z
(Zero), PB (Positive Big), and PS (Positive Small) is considered.
The fuzzy supervisor rules are obtained from analysing system
behavior that is shown in table2.
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Table 2. Fuzzy Controller Rules

Error

NB NS Z PS PB

NB NB NB NB Ns Z

NS NB NB Z PS PB

Delta Error Z NB NS Z PS PB

PS NS Z PB PB PB

PB Z PS PB PB PB
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B. AC Side Controller Design
The proportional-plus-resonant controllers are commonly used,
for tracking sinusoidal references as they provide a high gain at
the nominal frequency and result in very low steady state error.
The transfer function for a PR controller is defined as( 7). The
Bode plot of the PR controller is presented in Fig.9. It can be seen
from Fig.9 that the infinite gain of the ideal transfer function is
at the frequency of ω0, is infinite, and there is no phase shift
or gain at other frequencies. PR controller can provide infinite
gain at the fundamental frequency which is the reason that PR
controller can eliminate steady-state tracking error.

GPR = Kpr +
2Krωcs

s2 + 2ωcs + ω02 (7)

where ω0 denotes the fundamental angular frequency, Kpr is the
proportional coefficient, Kr is the resonant coefficient, and ωC is
the cut-off frequency. Kpr is designed and tuned in the same way
of the PI controller, where it aims to achieve the desired phase
and gain margins. The PR controller presented in(7) behaves as
a high-gain low-pass filter which results in a finite gain and a
wider bandwidth. The proposed control block diagram of the
AC side controller is shown in Fig.10. The PR controllers are
used for the voltage and current control loops and space vector
modulation(SVM) switching is used to generate three phase
voltage reference.

4. UNBALANCED LOAD EFFECT ON SYSTEM PERFOR-
MANCE

Power electronic converters are used for power conversion.
When AC side of an inverter is connected to a nonlinear load,
unbalanced load or harmonic load, output power is distorted.
This power distortion should be generated by RES and ESS con-
nected to DC bus. Distortion power causes voltage and current
deviation in the dc bus. This paper focuses on unbalanced load.
For example, the load power of the AC side and the total power
drawn from the DC bus for the balanced load and unbalanced
load are given in Fig.11. It is clear that the power is distorted
when the unbalanced load is added to the system. Regardless of
the switching losses, the dc power and ac power are the same.
The current and voltage supply by the dc bus is shown in Fig.12.
It is clear that dc bus current and voltage have been distorted. SC
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Fig. 10. block diagram of Inverter control.

has been used to improve dc bus voltage and current distortion
in presence of unbalanced loads and load variations.

The dc bus voltage ripple can be defined as power quality
index [23]. Fig.13 shows a DC bus voltage containing a harmonic
components with frequency of 1/Tac. If the amplitude of the
harmonic content is too large, the ripple of the DC bus can
exceed its voltage limits. The DC bus voltage ripple can be
defined as(8).

∆u% =
Vdc,max − Vdc,min

Vdc,max + Vdc,min
(8)

5. SIMULATION RESULTS

To verify the performance of the proposed control strategy, the
system of Fig. 3 has been simulated in MATLAB SIMULINK.
To analyze the transient responses of the HESS including the
proposed controllers during various load power fluctuation dif-
ferent scenarios are simulated. Parameters used for simulation
are presented in Table 1.
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Fig. 13. DC bus voltage with harmonic component [23].

A. AC Side Controller
First, PR controllers performance is investigated. To verify the
effectiveness of the control method, this method is compared
with the conventional classical controller. In this case, the Hy-
brid system feeds the unbalanced load. The three phase output
voltages of inverter are shown in Fig.14 for two control methods.
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It can be seen when the PI controller is used, output voltages are
unbalanced but PR controller has better performance under un-
balanced load conditions. Using PR controller voltages becomes
symmetric but load current remains asymmetric. Unbalanced
AC side currents cause disturbances in the currents and voltages
of the DC side. Therefore, HESS are used to improve perfor-
mance.

B. System Performance analysis under unbalanced load con-
ditions

To analyzing proposed system and control algorithm, 3 cases
are simulated. In case1 just battery unit is used as storage. In
case2 battery and SC are used as storage and PI controllers are
selected for dc bus voltage and current control. In this case, DC
bus voltage controller is designed such that outer control loop
bandwidth is 1/30 of switching frequency and phase margin
is 60 degrees. In case3 battery and SC are used as storage and
fuzzy-PI controller, described in the previous section, is used as
DC bus voltage controller.

In this section, the simulation is done for a step change in
DC and AC loads. The hybrid system feeds hybrid DC and AC
loads. The initial system load is considered a 2kW AC balanced
load. A 2kW DC load is added to the system at t=0.3s. A 1kW
single phase load is added to AC side at t=0.5s. By adding the
single phase load to the AC side, the load on this side becomes
unbalanced. A three phase unbalanced load is added to AC
side at t=0.7s. The load power changes are shown in Fig.15. At
t=0.5s and t=0.7s the unbalanced load is added to the system.
When load is DC or symmetrical AC load, load’s power profile
is smooth. When unbalanced load is added to the system, power
fluctuation is increased. Three phase voltage of AC line is pre-
sented in Fig.16. As PR controller is used for inverter control, so
three phase voltages remain balanced under unbalanced load
conditions. Three phase output currents are shown in Fig.17.
From beginning until t=0.5s, loads are balanced, so phase cur-
rents are also balanced when, unbalanced load is added to the
system, currents become unbalanced. Battery bank currents
for three cases are shown in Fig.18. From t=0s to t=0.3s, the
load value is smaller than power generated so battery current is
negative and the battery bank is charging. As load increases at
t=0.3s, t=0.5s and t=0.7s, HESS supply the power difference be-
tween generation and load, so it is getting to discharge. It can be
seen that battery current with fuzzy controller has variation and
more smooth response that increases battery lifetime and qualify

system performance. SC currents for two cases are depicted
in Fig.19. It can be concluded that control method works well.
SC supplies transient and fast variation of requested current.
SC current variation for proposed fuzzy method is better than
PI method causing fewer battery current stress and better tran-
sient response. Fig.20 shows dc bus voltage variation. It can be
seen that all controllers have acceptable performance but fuzzy
control method has better performance under load variation
and transient conditions. The settling time and overshoot, that
are very important parameters especially in the hybrid storage
system, have been noticeably improved. It is clear that dc bus
voltage ripple by using proposed method is about 0.22%, but
those are 0.67% and 0.78% in case2 and PI case1 respectively.
The results shows the proposed method is very efficient in mini-
mizing the DC bus ripple. Power sharing in the hybrid system
for the fuzzy controller is presented in Fig.21. Given the changes
in load and the addition of unbalanced loads, it is clear that the
proposed control system is well responsive to load variations
and the power sharing between the storage devices is well done.
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According to the simulation results, it is clear that when the
loads are unbalanced, the distortion current passes through the
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Fig. 19. SC current under load changes and unbalanced load
conditions.
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Fig. 20. DC bus voltage under load changes and unbalanced
load conditions.
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Fig. 21. Power sharing under unbalanced load conditions.

DC bus. The control system decomposes this current between
storages and PV as follows: SC bank supply the transient cur-
rent and high-frequency power and battery bank and PV low
power frequency, so the power quality of the system improves.
Also, according to the results, it is clear that when a sudden
change occurs in load under transient condition of the system, a
high-density storage device responds well and quickly to these
changes, and the performance of the system is improved.

C. Unbalanced load and solar radiation variation

Control system analysis under unbalanced load and solar radia-
tion changes, is presented in this section. At t=0.4s the amount
of radiation decreases from 1000(W/m2) to 700 (W/m2) and
reaches to 900(W/m2) at the t=0.5s. By solar radiation chang-
ing, the amount of power generated by the PV is changed and
the control system must do the power sharing correctly. Fig.22
shows the loads power under radiation changes. It is clear that
the control system works well and there is no change in the
power of the load with solar irradiation changes. Fig.23 shows
generation and storage power sharing. By reducing radiation
battery and SC must supply power shortage. Battery SOC is
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shown in Fig.24. Regarding Fig.24 it can be seen when the
amount of load is less than the amount of production (PL<PG)
battery is charging. With load increasing (PL>PG), battery is
discharged and when PV generation is decreased at t=0.4s SOC
slope increase. Given the results of simulations, it can be con-
cluded that the proposed control method works well.
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Fig. 22. Load change under radiation changes and unbalanced
load conditions.
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Fig. 23. Power sharing under radiation changes and unbal-
anced load conditions.

6. CONCLUSION

This paper presents a new approach for power quality improve-
ment by using HESS. The combined utilization of batteries and
SCs is the perfect hybridization system of a high energy and
high power density. When the loads in microgrid become un-
balanced, unbalanced currents causes distortion in the DC bus
voltage and current. Using the proposed method and control
strategy, the system performance improved and the battery cur-
rent stress decreased. The main features of the proposed energy
management scheme are less stress in the battery system, dy-
namic power sharing between battery and SC, better DC bus
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Fig. 24. Battery SOC under radiation changes and unbalanced
load conditions.

voltage restoration and to maintain the SOC limits of energy
storages within the safe operating region under load change and
unbalanced load conditions. The performance of the proposed
control approach to reduce the stress in the battery during the
normal operation,load change and unbalanced load conditions
are also studied. Simulation results in different load conditions
prove the effectiveness of the proposed energy management
strategy. Moreover, the results verify that the proposed method
has good performance under RES generation changes such as
solar radiation changing.
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