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Abstract: To address the problem of DC bus voltage surge caused by load demand fluctuation in an
off-grid microgrid, here, an adaptive energy optimization method based on a hybrid energy-storage
system to maintain the stability of DC bus voltage is presented. The adaptive energy optimization
method consists of three parts: the average filtering algorithm, extracting fluctuating power in
demand load; the supercapacitor terminal voltage control, keeping the terminal voltage of the
supercapacitor near reference; and the battery pack balance control, adjusting the charge/discharge
to balance the state of charge for battery packs. In this proposed method, after extracting the
fluctuating power by the low-pass filter when the demand load fluctuates, the battery packs release
the power to offset the low-frequency fluctuation load and the supercapacitor to instantaneously
compensate the high-frequency fluctuation power, to prolong the service life of batteries and maintain
the stability of DC bus voltage. The effectiveness of the proposed adaptive energy optimization
method is validated and is confirmed to maintain the stable operation of the off-grid microgrid,
extend the cycle life of batteries in off-grid microgrid simulations and experiments.

Keywords: hybrid energy storage system; adaptive energy optimization; fluctuation load;
supercapacitor; battery pack

1. Introduction

The reliability and plentiful supply of electricity is one of the essential requirements in
the development of the economy and technology, and using a microgrid based on renewable
energy sources (RES) is one of the effective ways to improve the strength of the traditional
grid [1]. Many distributed generators (DG) have direct current (DC) output, and do not
suffer from the problems of phase synchronization and reactive power loss. One difficulty
is that the utilization of intermittent renewable energy resources in power supply poses
several challenges [2]. The hybrid energy storage system (HESS) is a schedulable resource
with the corresponding energy management scheme and control strategy, improving
the transient and steady-state performance to address relevant problems in microgrid
systems [3,4].

As has been proven in the literature, using two or more types of storage devices to
construct a hybrid energy storage system (HESS) provides a better performance than a
storage system consisting of only one type of storage device. Compared with a super-
capacitor (SC), the energy density feature of a battery is higher than an SC. Instead, the
power density feature of an SC is higher than a battery. Both high energy density and
high power density are components of the main performance of HESS. They are to provide
power compensation during low-frequency oscillation, while being able to supply/absorb
the transients’ power on the high-frequency component. To provide reliable and plentiful
power and maintain a stable microgrid system, the focus will be a solution on the HESS
consisting of a battery and SC in this paper.
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A strong pulse load can cause large power fluctuations and impact the DC bus
voltage and energy-storage devices; HESS can give full play to the characteristics of SC
power density and battery energy density, to reduce the adverse effects of a fluctuation
load [5,6]. The relevant literature shows that the SC can compensate the output current
of the battery, relieve the pressure of the high-output battery current, reduce the battery
terminal voltage drop and internal losses, and improve battery characteristics and extend
its life [7–9]. In Ref. [10], an HESS energy-management method based on fluctuation
characteristic parameters was proposed, while Ref. [11] proposed energy management
based on fuzzy control to achieve power distribution among the SC and battery in a
connected-grid microgrid. HESS energy management schemes are different according to
the connection structure of the SC and battery, but the basic idea is to use the battery to
bear the low-frequency component of the load, and the SC to suppress the high-frequency
component [12–14].

A HESS application to suppress DGs power fluctuation has been achieved some
research results. First, Ref. [15] proposed a control strategy that takes into the state of
charge (SoC) of SC and the system power loss, to suppress the power fluctuation of the
photovoltaic system. Another study, Ref. [16], proposed energy management based on
power and voltage limitation methods to suppress DGs power fluctuation. However,
methods based on limit measures lack adaptive dynamic adjustability. In Ref., [17] a
method in which the output current participates in the compensation of the current loop
was proposed, which improves the stability of the bus voltage. Meanwhile, Ref. [18]
compared the power feedforward control strategy with the direct power control strategy
for the SC energy storage, and showed that the latter can better suppress the DC bus voltage
fluctuation. Finally, Ref. [19] used a first-order low-pass filtering method to filter DGs
power fluctuation, but this was sensitive to the typical characteristics of power fluctuation
such as fluctuation loads and has a slightly poorer applicability.

Most of the aforementioned literature focuses on suppressing power fluctuation
based on the method of storage device limits, to prevent overcharging or over-discharging
for the energy-storage system in a grid-connected DC microgrid. However, there are
few studies on the power balance of off-grid DC microgrid connected to the fluctuation
load, the adaptive adjustment of storage energy SoC, and the operation optimal of an
off-grid DC microgrid [20–22]. In [20], a management scheme is proposed for a hybrid
energy-storage system with battery and supercapacitor energy storage as the core, and the
designed scheme has adaptive characteristics. In Ref. [21], a power-distribution strategy
that takes into account the charge state and system loss of supercapacitors was proposed,
and the experimental effect of stabilizing photovoltaic power fluctuation was shown to be
improved. Another study, Ref. [22], proposed a first-order low-pass filtering method to filter
DG power fluctuations, but the sensitivity of low-pass filtering to the typical characteristics
of power fluctuations, such as pulsating loads, and its applicability are slightly poorer.
The power balance of an off-grid DC microgrid and the suppression of DG fluctuations
are quite different. The requirements of the weak inertia of an isolated DC microgrid
and the plug-and-play nature of fluctuation loads put forward higher requirements for
energy-control strategies.

This paper aims to solve the problem in which the DC bus voltage fluctuation is
caused by the power fluctuation of an off-grid photovoltaic microgrid. Based on the
application research of HESS, an adaptive energy-optimization (AEO) method based on the
filter algorithm, SC voltage adaptive control, and battery-pack balance control is proposed
to scheme the HESS energy management and ensure the stable operation of an off-grid
photovoltaic microgrid.

This paper is organized as follows: Section 2 presents the description and structure of
the DC convert. The adaptive energy-optimization method and the design guidelines of a
control strategy for the stable operation HESS are discussed in Section 3. The simulation
results and analysis in Section 4 verify the proposed control strategy.
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2. Off-Grid Microgrid and HESS
2.1. Off-Grid Microgrid Configuration

The system structure of the off-grid microgrid is shown as Figure 1, which consists of
a DG (Photovoltaic), supercapacitor module, battery module, DC converter, and adjustable
load [23]. The photovoltaic system (PV) is linked to the DC bus by the DC converter 1.
The SC module and the battery module are connected by line to the DC bus by the DC
converter 2 and the multiport DC converter, respectively. The adjustable load includes
the fixed load and pulsating load, and is fed directly into the DC bus. In this paper, we
focus on HESS energy management in the off-grid microgrid. As shown in Figure 1, the
generation power of the photovoltaic system is defined Ppv, the output power of the SC
module is defined PSC, and the output power of the battery module is defined PBat. The
Pload1 and Pload2 represents the fixed load and the fluctuation load, respectively. The power
balance of the off-grid microgrid is expressed by:

Pload − Ppv = PSC + PBat (1)

The DC converter 1 uses the maximum-power point-tracking method to improve the
generation power of the PV system. The DC converter 2 is a bidirectional buck/boost
converter, and meets the charging and discharging performance of the SC module with
high power in a short time. The multiport DC converter is formed by the bidirectional
converter in parallel while improving the power transmission of the battery module for a
long time, and it not only reduces the performance requirements of the single buck/boost
converter on the switch tube but also avoids the circulation current problem caused by the
large-scale battery string series-parallel connection.

Battery module

Supercapacitor 

module

Photovoltaic 

system

DC/DC converter 1

DC/DC converter 2

Multi-port

DC/DC

converter

PDG

PSC

PBat

Fixed load

Pulsating 

load

DC bus

Pload

Pload 1

Pload 2

Figure 1. Off-grid microgrid system.

2.2. Structure and Control Principle of HESS

Figure 2 shows the structure of the HESS and control principle. To simplify the
structure of the HESS and consider the randomness of the photovoltaic, the Rload2 is
equivalent to the generation power of the PV system and the fluctuation load. Sw1–Sw4
are the DC circuit breaker to control the switching of each port. K1–K4 are the protective
circuit breaker which is normally closed after turn-on, disconnected when overvoltage,
overcurrent, and other faults occur. Rs is the turn-on resistance, cooperating with K1 during
the turn-on to avoid the starting instant impact of inrush current on the device. Li1–Li4
are the energy storage inductance. CSC and CBat are the filter capacitor. SR1 and SR2 are
the load circuit breaker. Rload1 and Rload2 represent the fixed load and the fluctuation load,
respectively. USC and UBat are the terminal voltage of the SC module and the battery
module, and the iSC and iBat are the charging/discharging current of the SC module and
the battery module. Udc is the DC bus voltage of the off-grid microgrid, iload is the load
current, and σSoC,Bat is the SoC of the battery module.

The HESS energy management system implements a control strategy according to
the voltage (USC, UBat, Udc), the current (iBat, iload) and the switches’ states, to monitor and
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adjust the SoC of the SC module and the battery module. In the HESS energy-management
system, the multiport DC/DC converter of the battery module uses the current closed-
loop control, and the DC/DC converter 2 of the SC module uses the voltage closed-loop
control. As shown in Figure 3, Udc_re f and IBat_re f are the reference voltage of the DC bus
and the reference charging/discharging current of the battery pack 1, respectively. Udc is
the DC bus voltage, IBat1 is the filtering current of the battery pack 1. The pulse-width
modulation (PWM) signal is determined by after compared the duty ratio DSC or DBat with
the triangular carrier wave ratio.

Figure 2. The control diagram of the HESS.

PI PWM
+

-

iBat-k DBat1

S3,S4

iBat-ref(k)

Current closed-loop

PI PWM
+

-

Udc

Udc_ref

DSC

S1,S2

Voltage closed-loop

Figure 3. The voltage closed-loop and the current closed-loop of HESS converter.

3. Adaptive Energy Optimization Method

The adaptive energy optimization (AEO) method is proposed based on the filter
algorithm, SC voltage adaptive control, and battery-pack balance control, as shown in
Figure 4. The AEO aims to optimize the charging/discharging of the battery module
and adjust the SC module terminal voltage near the reference voltage. First, the filtering
algorithm is used to obtain the Pload2 for the fluctuation load. Adaptive voltage control
is introduced, so the transmission power of the battery pack can be adjusted in real-time
according to the SC module terminal voltage, and the compensation power Pcom can be
obtained. Then, the actual load Pload1, the fluctuation load Pload2, and the compensation
power Pcom are added to calculate the transmission power PBat of the battery pack. Finally,
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the transmission power PBat is distributed to each battery pack in the current closed-loop
control according to the battery-pack balance control. The difference between the load Pload
and the battery module transmission power is compensated by the SC module through the
voltage closed-loop control.

Battery 

pack 

balance 

control

(Eq.8)

Current 

closed-loop

-kSoCsD

BatP

k

BatP
(k)Bat refi

-

kBati - +

-

3 8S S3 83 83 8

Bat tP
-

oC-kSs

Figure 4. The balance control diagram of the battery module.

3.1. Average Filtering Algorithm

The average filtering algorithm is based on a moving average of several sequential
values to calculate a new sequence of average values [24]. In a sliding window with a
fixed time T, new data are always in the front of the sliding window, and old data are
removed from the window at each sampling interval. The average filtering algorithm is
expressed by:

y[n] =
1

T/t

T/t−1

∑
k=0

x(n− k) (2)

where T is the sliding window time width, t is the sampling interval. As shown in Figure 4,
the fluctuation load current iload2 and the DC bus voltage are integrated in the sliding
window T, and obtain a smoother power Pload2. Therefore, the time width T of the sliding
window is necessarily reasonable to set.

The fluctuation load can be decomposition according to the Fourier, and expressed
as follow:

f (t) =
4E
π

(cosω0t− 1
3

cos3ω0t +
1
5

cos5ω0t− · · · ) (3)

To simplify the analysis, this paper only analyzes the amplitude-frequency character-
istics of the first harmonic of the fluctuation load through the sliding window. The filter is
expressed as follows:

y(t) =
1
T

∫ t

t−T
f (x)dx (4)

where y(t) is the output of the filter, and f (x) is the input signal of the filter. Let the input
signal be the first harmonic of a square wave, and expressed by:

f (t) = cos(
2π

T0
t) (5)

where T0 is the square wave period. Substituting the Equation (5) into Equation (4) can give:

y(t) =
1

ω0T
[sinω0t(1− cosω0T) + cosω0tsinω0T] (6)

where ω0 = 2π
T0

. In the case of considering only the effect of the first harmonic attenuation,
T ∈ [0.42T0, T0] meets the requirements of harmonic attenuation.

The sliding average filter is equivalent to a second-order low-pass filter, and the second-
order low-pass filter gain attenuation is usually required in the project to be between 3
and 40 dB. With only the 1st harmonic attenuation effect considered, it can be set as
0.42T0 < T < T0. If the supercapacitor configuration capacity is more abundant, the
attenuation of the harmonic can be increased, so that the supercapacitor can bear more
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pulsating power charge and discharge, set as T → T0. If the supercapacitor configuration
capacity is small, it is set as T → 0.42T0.

3.2. Battery-Pack Balance Control

The battery pack needs to meet the requirements of long-term energy supply. It is also
important to consider the proper distribution of the output power for each battery pack
port [25]. The distribution is based on the state of charge balance of each battery pack and
the energy transfer efficiency of the HESS.

To determine the average SoC, σSoC_ave, of the battery pack port, the σSoC−k is calcu-
lated the SoC of the battery pack k. The average SoC is expressed by:

σSoC_ave =
1
k

k

∑
i=1

σSoC−k (7)

The balance control of the battery pack aims to make each battery pack SoCs consistent
and determine each battery pack port transfer output power PBat_re f (k) and reference current
ibat_re f (k), as shown in Figure 4. The output power of each battery pack is calculated using
the actual load demand and the adjusted power deviation considering the imbalance SoC
of a battery pack. It is obtained as follows:{

PBat_re f (k) = PBat + η0∆σSoC−k

iBat_re f (k) =
PBat_re f
UBat−k

(8)

where PBat is the average output power for each battery pack, η0 is a gain coefficient
of power deviation, the UBat−k is the port voltage of battery pack k. The ∆σSoC−k is the
imbalance degree of battery pack k, and can be expressed by:

∆σSoC−k = σSoC−k − σSoC_ave (9)

3.3. Supercapacitor Voltage Adaptive Control

Due to the power loss and other factors in the HESS, the SC terminal voltage will
deviate from its reference value. In severe cases, the HESS stops working when the SC
terminal voltage reaches the limit [26]. Therefore, it is necessary to adjust the terminal
voltage during SC operation. There is a definite relationship between the SC stored power
Psc with the SC terminal voltage Usc. Therefore, the SoC of SC is calculated according to
the terminal voltage of SC and can be expressed by:

SoCsc =
CscU2

sc/2
CscU2

rated/2
= (

Usc

Urated
)2 (10)

where Psc = CscU2
sc/2, Csc is the capacity of SC, and Usc is the terminal voltage of SC, Urate

is the rated voltage of SC.
To prevent overcompensation, the adaptive control is maintained according to the SC

terminal voltage Usc value. The voltage range of the SC module is divided into five control
bands, and each control band area sets the corresponding lower and upper voltage and
the gain factor. The output power of SC is different depending on the SC terminal voltage,
as shown in Figure 5. According to the different accommodation coefficients, the output
power of SC can be expressed as follows:

Pcom



Pcommax , Usc_min ≤ Usc ≤ Usc_L2

KcomL(Usc_re f −Usc) + PcomL , Usc_L2 ≤ Usc ≤ Usc_L1

Kcom0(Usc_re f −Usc), Usc_L1 ≤ Usc ≤ Usc_H1

KcomH (Usc_re f −Usc) + PcomH , Usc_H1 ≤ Usc ≤ Usc_H2

Pcommin , Usc_H2 ≤ Usc ≤ Usc_max.

(11)
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where KcomL , Kcom0 and KcomH represent the different compensation coefficient; Pcommin and
Pcommax are the minimum compensation power and the maximum compensation power
of the SC, respectively; PcomL and PcomH are the continuous compensation power at the
different adjustment range. Usc_L2, Usc_L1, Usc_H1 and Usc_H2 are the corresponding lower
and upper voltage of each control band.

Pcom_max

Pcom_min

Usc_min Usc_L2 Usc_L1

Usc_ref Usc_H1 Usc_H2 Usc_max
0

Pcom

Kcom_L

Kcom_0

Kcom_H

I II III IV V

Figure 5. Diagram block of the SC module voltage adaptive control.

Setting a reasonable adjustment factor, the output power of the SC module is calculated
using Equation (11). Therefore, the stable SC terminal voltage is achieved indirectly by the
output power of the battery pack in the HESS.

4. Results and Discussion

To verify the effectiveness of the proposed adaptive energy optimization control strat-
egy, a simulation test is using an off-grid DC microgrid, as shown in Figure 6. This off-grid
DC microgrid system is composed of the actual wind-power-generation system, the actual
photovoltaic power-generation system, the simulated wind-power-generation system, the
hybrid energy-storage system, the microgrid central-control system, the programmable
RLC three-phase load, the environmental monitor, and other main parts, as show in Table 1.
The main function of the hybrid energy-storage system is a two-way converter with a stable
control function, and when the microgrid is running in the isolated network, the device
serves as the standard source of the microgrid system to ensure that the microgrid is in the
process of isolated network operation and mode-switching system stability.

The parameters of the simulation experiment are as show in Table 2, the battery pack
consists of 6 lead–acid batteries in series and the voltage range is 60–75 V; the SC module is
75 V/13.3 F and consists of 4 SCs in parallel, and the voltage range is 50–70 V. The energy-
storage inductor Li1 = 1200 uH, and Li2 = Li3 = Li4 = 800 uH. The turn-on resistance Rs is
setting 100 Ω, and the filter capacitor Csc and CBat are set at 45 uF. In this off-grid microgrid,
the fixed load is set to 1.8 kW, the power range of the fluctuation load is set to 0–2 kW. The
reference voltage of the DC bus is setting Udc_re f = 130 V, and the reference voltage of the
SC module is setting USC_re f = 60 V. The corresponding lower and upper voltage are sets
Usc_L2 = 52 V, Usc_L1 = 56 V, Usc_H1 = 64 V and Usc_H2 = 68 V, respectively. The switching
frequency is 20 kHz, and the sampling frequency is 100 kHz.

Table 1. Microgrid system specifications.

Subsystem Rated Specifications

Wind turbine 5 kW Iop = 8.28 A, Vop = 30.2 V
Photovoltaic 3 kW Vop = 48 V
Battery 12 V/50 Ah 30 group, Series
Ulreacapacitor 7 F/110 V 2 group, Parallel
Bidirectional convert 20 kW Vlow = 48 V, Vhigh = 400 V
Load 1.8 kW, RLC load 0–2 kW
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(a) (b)

(c)

Figure 6. Off-gird microgrid system: (a) wind–solar microgrid system; (b) battery-SC hybrid energy
storage system; and (c) control system.

Table 2. Configuration specification of DC converter.

Parameters Symbol Value

Maximum DC power output
voltage Vdc 400 V

Transformer leakage
inductance Ls 1.2 mH

Output capacitor C1 4000 uF
Load resistance RL 10–90 mΩ
Switching frequcency fsw 20 kHz
Output current 0–40 A
Transformer trun ratio N 5

As shown in Figure 7a, the SOC of hybrid energy storage declines less than that of a
single-battery pack SOC, and the single-cell SOC declines faster. However, in the hybrid
energy-storage system, the discharge pressure of the battery can be relieved due to the
addition of supercapacitors. To intuitively see the protection of the battery using a hybrid
energy storage system, the battery current and the single-battery current in the hybrid
energy-storage system are compared, as shown in Figure 7b. It can be seen that the battery
current in the hybrid energy storage is basically at 50 A, and the single-storage current is
significantly higher than the battery current in the hybrid energy-storage system, and the
high rate current will inevitably have a greater impact on the battery life, and more serious
safety problems may occur. In hybrid energy storage, the supercapacitor can charge and
discharge with a high-rated current, and the current of the battery charge and discharge
will naturally decrease, prolonging the life of the lithium-ion battery.
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Figure 7. Experimental comparison of HESS and battery pack: (a) SOC curve of HESS and battery
pack and (b) Current curve of HESS and battery pack.
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Figure 8. Experimental comparison of HESS with pulsating load: (a) without adaptive energy
optimization (AEO); (b) with adaptive energy optimization (AEO).

The waveform of voltage and current of the HESS without the function of adaptive
energy optimization control is shown in Figure 8a. When the load rises and falls suddenly,
the current of the battery module has a sudden change caused by the limited response
of the SC module, affecting the service life of the battery. In Figure 8b, the load power
is from 1.75 kW and it rises up to 3.25 kW. The battery module current ibat is also from
8 A and it slowly rises up to around 15 A. The SC module current isc, which maintains
the instantaneous power compensation is around, 20 A. When the load power increases
from 1.75 kW to 3.25 kW, the ibat is slowly dropped from 15 A to around 8 A, and the isc is
maintained at 20 A. Based on the AEO, this method effectively reduced the bus voltage
fluctuation of a microgrid caused by the load-demand fluctuation, and it optimized the
charge/discharge control capability of HESS.

The comparative analysis of the sliding window time, the square wave period, and
the SoC by experiment are shown in Figure 9a,b. The results show that the proposed AEO
control strategy improved the stability of the microgrid during load demand fluctuation.
Several sets of different sliding window times and the square wave period are simulated in
the experiment, and T ∈ {0.42T0, T0}. With the AEO control strategy, the performance of
the battery module charging and discharging is better. Comparing Figure 9a with Figure 9b,
the square wave period T is smaller, the performance of charging or discharging is effective
more obvious.

The SC module terminal voltage is affected by the power loss during the process
of HESS charging/discharging. The process causes the SC module terminal voltage to
continuously drop. As shown in Figure 10a, it can be seen that the SC module terminal
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voltage drops by nearly 20 V after 100 s. Therefore, the SC module terminal voltage needs
to be kept around the reference voltage during the charging/discharging of HESS. In the
same experiment environment, the SC module terminal voltage used adaptive control to
maintain stability as shown in Figure 10b. By contrast analysis between Figure 10a,b, it
can be seen that the SC terminal voltage adaptive control is to keep the terminal voltage
around at the reference voltage.
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Figure 9. Experimental comparison of at different sampling time, (a) t = 2 s, t0 = 4 s; (b) t = 1.8 s,
t0 = 1.8 s.
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Figure 10. Experimental waveform chart with adaptive control of the SC terminal voltage: (a) without
AEO; (b) with AEO.

The effectiveness of the proposed AEO control strategy is verified by model simulation
and dynamic model experiments. This control strategy ensures the stability of the DC bus
voltage, uses the SC to optimize the charging and discharging process of the battery to a
great extent, and extends the service life of the battery. At the same time, the SC terminal
voltage is controlled by adaptive control. The voltage is stable near the reference voltage
value, which avoids the shutdown of the terminal voltage exceeding the limit. The HESS
maintains stability and meets the load fluctuation of a microgrid during fluctuation load.
The proposed AEO control strategy effectively improves the economics of energy systems.

5. Conclusions

In this paper, an adaptive energy optimization control strategy of HESS is studied.
Aiming at the power fluctuations of the pulsating load of isolated DC microgrid, an
adaptive energy-control strategy for a hybrid energy storage system based on moving
average filtering algorithm is proposed, which is composed of three parts: sliding average
filtering algorithm, voltage variable gain adaptive control at the supercapacitor terminal,
and energy-flow equalization control algorithm of a battery pack.

The various sections of this control policy are analyzed in detail in this article, and
the effectiveness of the proposed control strategy is verified through model simulation



Energies 2022, 15, 1765 11 of 12

and actual testing. While ensuring the stability of the DC bus voltage, the control strategy
uses the supercapacitor to greatly optimize the charge and discharge process of the battery
and prolong the service life of the battery. At the same time, the terminal voltage of the
supercapacitor is stabilized near the rated value through variable gain adaptive control,
which avoids the shutdown of the terminal voltage beyond the limit. In addition, the SOC
of each battery pack is controlled by energy-flow equalization convergence.

The control strategy can be applied to isolated DC microgrids with more pulsating
loads or DC island microgrid, remote mountainous off-grid and other fields, which can
effectively improve the economy of the whole life cycle of the system while meeting the
load plug-and-play requirements.
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Abbreviations
The following abbreviations are used in this manuscript:

Ppv Photovoltaic generation power
Psc Output power of Supercapacitor
Pbat Output power of battery
Pload1 Fixed load
Pload2 Pulsating load
Usc Supercapacitor terminal voltage
Ubat Battery terminal voltage
Udc DC bus voltage
Usc−re f Reference terminal voltage of supercapacitor
Usc−min Minimum terminal voltage of supercapacitor
Usc−max Maximum terminal voltage of supercapacitor
ibat Charging/discharging current of battery
Li1–Li4 Energy storage inductance
K1–K4 Protective circuit breaker
AEO Adaptive energy optimization
DG Distributed generation
DC Direct current
HESS Hybrid energy storage system
PV Photovoltaic
RES Renewable energy source
SC Supercapacitor
Bat Battey
SOC State of charge
PWM Pulse-width modulation
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