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Abstract. Energy storage systems are increasingly playing
a pivotal role in power systems. The combination of dis-
tributed sources and energy storage systems with local
loads forms an autonomous distribution grid (ADG) capa-
ble of flexibly operating in either islanding or grid-
connected modes. It is essential to maintain the state vari-
ables of the grid, such as frequency and voltage, within
permitted ranges during the islanding mode, where the
power converter control plays the most important role in
the system operation. This paper proposes a control meth-
od for the power converter associated with a hybrid energy
storage system (ESS) that is capable of forming the distri-
bution grid during the islanding mode as well as following
to the grid in grid-connected mode. The control method is
based on a centralized energy controller to distribute en-
ergy between a battery and a supercapacitor. Accordingly,
two voltage and current control loops using a PI hybrid
fuzzy controller are designed. Simulation is developed
using Matlab/Simulink software for a case study of a dis-
tribution network to illustrate the efficiency of the proposed
control method.
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1. Introduction

In recent years, energy storage devices and systems
have gradually become a trend and played an important
role in grid-connected or standalone power systems. ESS
technology has become popular due to several advantages
and benefits, including ensuring backup energy storage,
improving power supply reliability in the power system,
and helping to diversify the way the grid operates in unu-
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sual situations. A typical ESS today is the traditional bat-
tery energy storage system (BESS), which has the out-
standing characteristic and advantage of large energy
storage capacity. The application of BESS allows for im-
proving energy efficiency by storing excess energy for
later use utilization, reducing energy waste and increasing
the efficiency of the entire power system. In addition, with
compactness and unlimited installation locations, battery
energy storage systems are easy to install in many different
regions without dependence on other energy sources.
However, a BESS requires a certain amount of time to
respond to power changes and the limitation of injecting
power into the main grid may affect the performance of the
system [1], [2].

Similar to BESS system, current supercapacitors also
offer several benefits in the power system. Supercapacitors
are capable of serving the short-term needs of power, help-
ing to ensure a stable power supply in a short time [3], [4].
Furthermore, supercapacitors have high operational effi-
ciency, ensuring a stable power supply and prompt re-
sponse to the requirements of power systems. However,
supercapacitors have lower energy storage capacity than
traditional ESSs or batteries. Therefore, supercapacitors are
only suitable for applications with low and short-term
energy requirements, and cannot completely replace tradi-
tional ESSs. To overcome this drawback, supercapacitors
can be integrated with other types of ESSs as a solution to
increase efficiency and reduce power loss during energy
conversion and storage [5]. Optimizing the operation of the
ESS is the initial solution to be applied and gives feasible
results in ensuring the stability of the system. Most current
studies apply ESSs in order to reduce peak load and im-
prove the flexibility of the grid system without emphasiz-
ing the efficiency and reliability of the grid system in
a short time and minimizing incidents [6], [7].

In order to meet the energy needs of the power system
quickly, increase the efficiency and ensure the stability of
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frequency and voltage, the paper proposes a method of
controlling the grid-holding inverter in the islanding distri-
bution grid based on a battery-supercapacitor hybrid ESS.
The remainder of the article is organized as follows: Sec-
tion 2 presents the model of main elements in a case study
of a distribution network. A control method based on fuzzy
logic for the allocation of power between BESS and super-
capacitor is then introduced in Sec. 3. In Sec. 4, simula-
tions are carried out in Matlab/Simulink tool to highlight
the effectiveness of the proposed control method.

2. System Components Modelling

2.1 Traditional ESS

Electrical energy storage technology is evolving and
continually improving to meet the growing demands of the
power and energy sector. In particular, batteries are the
most popular electrical energy storage technology today.
There are different types of batteries that are commonly
used today, such as lithium-ion batteries, lead-acid bat-
teries, and sodium-sulfur batteries. Among these, lithium-
ion batteries provide relatively good performance, with
high power density and energy density; long life cycles
without memory effects, large amounts of energy storage
in a small space, low self-discharge rates, and the capabil-
ity of being recharged multiple times before starting to
degrade [8].

As a matter of fact, the lithium-ion battery is a pre-
ferred option for energy storage and is the most popular
battery type today. Therefore, this type of battery is select-
ed in this study as a representative of traditional ESS. Fol-
lowing this, the mathematical model of a BESS is intro-
duced, including a Thevenin equivalent -circuit to
characterize the voltage-current characteristics, and a time
equivalent circuit to describe the lifespan, capacity, state of
charge (SOC), and operating time. Mathematical models
that can predict the operation of ESS in power systems
offer tailored solutions to improve ESS performance and
service life. Figure 1 and Figure 2 show two equivalent
circuits of the BESS [9].

The mathematical model characterizes battery life,
capacity, SOC, and runtime through three parameters as
shown in Fig. 1, including a resistor Rg.r, representing the
energy self-discharge lost during storage; a current source
dependent on current for charging and discharging (/pat)
and a capacitor (Cep) giving the state of the battery as
a voltage drop value, Vsoc € [0, 1][10], [11].

The C.,p charge value characterizes the entire charge
stored in the battery and can be calculated as follows [12]:

Cop =3600C, £,(T).f,(m) f3(2) M

in which, G, is the rated battery capacity (Ah); fi(7), fa(n)
and f3(7) are the temperature-dependent adjustment factors,
the number of cycles and the corresponding current, re-
spectively.
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Fig. 1. The model's determination of battery life.
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Fig. 2. Battery V-I characteristics model.

The characteristic model for the voltage-current rela-
tionship of a battery, represented by an equivalent circuit,
is depicted in Fig. 2. In this case, all elements of the equiv-
alent circuit depend on the SOC. The non-linear voltage-
current relationship is integrated through a voltage-
dependent power supply (V5), and a resistance (R;) is re-
sponsible for the voltage change. Some parallel RC cir-
cuits, including R; and C;, are connected in series to pro-
vide different time constants. The parameters defined in
Fig. 2 are functions of the SOC, expressed through the
following equations, and they are also influenced by other
operating characteristics such as temperature.

SOC(r) = SOC, —CLji(t)dt, )

cap 0

v, =V, (SOC,T)~i, (t) R, (SOC,T)+i, (t)R, ()
I

R[ — (R1 (SOC))eR,(SOC)C,(SOC) +

-1 -1

(R, (S0C))e™FIC%T 4 (R (50C)) P50

“

in which, Vei, Ve and Ves are the voltage across the capac-
itors, Vs are voltage drop across internal resistance Rs.

2.2 Supercapacitor

A supercapacitor is a type of polarized capacitor that
uses an electrolyte instead of a dielectric. It is capable of
storing energy, charging/discharging quickly, and provid-
ing high energy in a very short time. Additionally, it can be
deeply discharged without affecting its lifespan, which is
not true for lead-acid and Li-ion batteries. Supercapacitors
are divided into three types: electrostatic double-layer
capacitors, electrochemical pseudo capacitors, and hybrid
supercapacitors. They are particularly suitable for applica-
tions that require high power supply speeds and short
cycles, such as hybrid electric vehicles, voltage-assisted ap-
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Fig. 3. Supercapacitor substitution model.

plications in DC converters, and power quality correction
in utility applications. The equivalent circuit of a superca-
pacitor is presented in Fig. 3 [13].

Models of supercapacitors often use passive elements
such as resistors and capacitors. The self-discharge of the
capacitor is characterized by Rs. The cell resistance and
the splice resistance are replaced by R (series resistance)
and RC elements, R and Cg elements characterize the
transient characteristics [14]. The capacitance of a superca-
pacitor is calculated by:

D LA
Cr) 2T 5)

0i 0i

in which, C. (V) is the internal capacitance at point i; /; is
the proportional current at point #; Q;is the charge of the i
storage point.

2.3 Bidirectional DC-DC Power Converter

A Dbidirectional DC-DC power converter acts as
an input voltage transformer and as a charging circuit for
batteries and supercapacitors. In addition, it stabilizes the
DC voltage for the input of a DC-AC power converter
[15], [16].

When discharging, the circuit operates in two modes:
continuous mode and intermittent mode. In continuous
current mode, the energy accumulated in the inductor is
enough to maintain the current to the next closing/cutting
cycle, resulting in an output voltage that is greater than the
input voltage. The output voltage of the converter is [16]:

1
I/out = 1— I/in : (6)
DClys
G
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Fig. 4. Bidirectional DC-DC power converter.

In discontinuous current mode the output voltage of the
converter is:

I/inkT + (I/m - I/oul )AIT = 07 (7)
out = Al—_}_kl/m : (8)
A

1

In this context, Vou and Vi, respectively are the output and
input voltages of the converter, respectively; & is the duty
cycle; T is the switching time; and A; is the negative induc-
tor voltage interval. The capacitor charge and discharge
process is determined by the following equation:

Cdv,’
? d(; = Fypss = Pac ©)
3
P.= E(Vdid +v, 1, (10)

ESS operation mode [17], where:

Discharge mode:

Q (it+i')+4e  (11)

Vbatt :EO_Ri_KQ—iZ‘
Charge mode:
Viu=E,~Ri-K © ; kL ire (12)
it—0.10 O-—it

in which, Veat and Ej represent the battery voltage and the
constant battery voltage, respectively, and i and i* denote
the battery current and filtered current.

In what follows, the general design plan for the
Fuzzy-PI controller will be introduced. The bidirectional
DC-DC converter system is connected to the power storage
system (supercapacitor, battery). Using a traditional PI
control structure can lead to control quality that does not
sufficiently meet the desired requirements [18-20].

In this paper, we propose a hybrid PI-fuzzy controller,
shown in Fig. 5, to replace traditional PI controllers. Thus,
the DC-DC control system is a two-loop structure of volt-
age and current control using a PI-fuzzy hybrid controller.

The controller generates control signal u = u¢+ uy,
where ur is the output component of the blur processing
stage. The inputs of this fuzzy processing step includes an
error e and an error derivative de/ds. The blur processing
stage is shown in Fig. 6, including:

- Input fuzzification: the error e is fuzzified into 5
fuzzy sets {BNe, Ne, Ze, Pe, BPe}, the error derivative e is
fuzzified into 3 fuzzy sets {Nd, Zd, Pd}. Membership
functions typed isosceles triangle are used.

- The output fuzzy set y uses an isosceles triangle
membership function including 5 fuzzy sets {B, N, Z, P, BP}.

- Use Max-PROD composition argument, 15 fuzzy
rules are applied as shown in Fig. 6. The fuzzy rules are
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formed according to logics: when the error is 0, the output
us remains unchanged; when the error is positive (the refer-
ence value is greater than the measured value of the quanti-
ty to be controlled), the amount u needs to be increased. On
the contrary, when the error is negative, the amount of us is
reduced.

- Defuzzification is implemented by using the center
of gravity method. The output component u is calculated by:

fyﬂy (y)dy
Uy =5———
jﬂy (»)dy

where uy is the output of membership function. The blurred
surface in relative units is shown in Fig. 7.

(13)

The control value of the Fuzzy-PI controller given in
the diagram in Fig. 6 is applied to the DC-DC converter
control structure, which is determined by:

—

» PI
— 7

> de/dt [+ M

> Fuzzy

Fig. 5. Hybrid fuzzy controller PI (Fuzzy-PI).
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Structure of the blur processing stage.

Fig. 7. Fuzzy surface characteristics designed for the fuzzy

processing stage of the Fuzzy-PI set.

Fuzzy-PI controller | Fuzzy-PI controller
Parameters for voltage control | for current control
loop loop
Ngmber 2 2
of inputs
5 fuzzy sets, 5 fuzzy sets,
function in the form |function in the form
of an equilateral of an equilateral
Input error triangle, error range |triangle, error range
Input [-100, 100] V, fuzzy [[-15, 15] A, fuzzy
fuzzifi- sets {BNe, Ne, Ze, sets {BNe, Ne, Ze,
. Pe, BPe} Pe, BPe}
cation
3 fuzzy sets, 3 fuzzy sets,
function in the form |function in the form
Error derivative of an equilateral of an equilateral
input triangle, error range  |triangle, error range
[-500, 500] V/s, [-100, 100] A/s,
fuzzy sets fuzzy sets
{Nd, Zd, Pd} {Nd, Zd, Pd}
Number 1 1
of outputs
5 fuzzy sets, 5 fuzzy sets,
?“t‘?ut function in the form |function in the form
uzzificat . .
. . . of an equilateral of an equilateral
ion Fuzzification . .
triangle, value range [triangle, value range
[0, 1], fuzzy sets [0, 1], fuzzy sets
{B,N, Z, P, BP} {B,N, Z, P, BP}
Law of composition Max-PROD Max-PROD
Fuzzy law Figure 7 Figure 7
Tab. 1. Parameters of Fuzzy-PI controllers.
u=u,+u,
‘ [ a1,y (14)
u=Ke+ Kif e(r)dr++—""—"",
0 I w1y (¥)dy

The Fuzzy-PI controller reference for the current and
voltage control loops is given in Tab. 1.

2.4 The DC-AC Converter

The DC-AC converter converts DC power from the

energy accumulated in the battery pack and supercapacitor
into AC power to supply the loads. It is capable of generat-
ing an output AC signal with custom voltages and frequen-
cies to suit different loads. The DC-AC converter has
a dual-loop control structure. The external control loop is
responsible for controlling DC voltage and reactive power,
while the internal control loop is responsible for control-
ling the current. This loop controls the output voltage of
the converter using a PI controller designed on the perpen-
dicular rotation axis dq. A phase lock loop (PLL) circuit is
used to maintain synchronization between the input signal
and the output signal and to calculate the phases of the AC.
The converter is connected to the main grid via an LCL
filter, as shown in Fig. 8. The voltage equation of the PI
controller is proposed as:

. . k... .
Ug =€~ a)qu + (kp + =) lgrer — 1)
S (15)

* . ki . .
u, =e, +wLi;+(k, 4—?)(1dref —i,)
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Fig. 8. The circuit of DC-AC converter with an LCL filter.

2.5 Control Structure Based on Current and
Voltage Transducers

The system's controller utilizes a dual-loop control
structure for managing current and voltage. This design
ensures that both frequency and voltage requirements are
met. The two control loops generate respective signals to
manage the charging and discharging processes of the
battery and capacitor during power supply disconnection
and reconnection, as illustrated in Fig. 9 and Fig. 10.

In Fig. 9, the output of the external voltage controllers
is used as the reference currents for the internal current
control loops, i.e.:

] ] k  +k,
ldreﬂ = lLd] + (I/dref] - I/d)% - quca (16)

lqref] = qul + (Vdrefl

V)= — ha —V,oC, (17)

9:j[w*+(P*—P)mp]dt. (18)

The design of controllers for the DC voltage and
powers is adopted from [21], [22]. As a result, the parame-
ters of controllers can be obtained and provided in Tab. 2.
Simulation results of the ADG operating with the tradition-
al PI controllers will be used as reference to compare with
those of hybrid PI controller in Sec. 4.

—"Vra1
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Vi1
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Vb2

V12

Fig. 10. Grid traction converter control scheme.
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Fig. 11. Diagram of control algorithm for power allocation.

3. Power Allocation Control between
ESS and Supercapacitor

The control strategy of battery and supercapacitor in
both charging and discharging modes is proposed with
control algorithm provided in Fig. 11. In Fig. 11, SOCgatmax
and SOCgamin are the maximum and minimum capacities of
ESS, respectively; SOCscimax and SOCscmin are the maxi-
mum and minimum capacities of the capacitor, respectively.

In grid-connected mode, PCC =1, if the battery or
supercapacitor capacities are not full, they will be charged
until the maximum SOC is reached. When the distribution
network is disconnected from the main grid, the superca-
pacitor will have the function of rapidly recovering the
power supply to the load; meanwhile the battery simulta-
neously discharges to maintain the power supply to the
load. In that situation, if the energy accumulated in both
battery and supercapacitor is exhausted or below their
SOChin, the load sheading should be carried out and the
battery or supercapacitor should be tripped to avoid dam-
age. If the mains power is restored during the discharge,
the cycle will be repeated as before.

4. Simulation Results

Application of a supercapacitor-BESS hybrid model
to improvement of frequency and voltage is illustrated in
this section. Simulation is carried out for an ADG operat-
ing in islanding mode, whose diagram is provided in
Fig. 12. The ADG is composed of a BESS, a supercapaci-
tor, and a DC-AC power converter, which are connected to
a common DC bus. The AC side of the converter is used to
supply two loads (Load 1 and Load 2) via distribution lines
in a radial configuration. In addition, the ending node of
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the line is the PCC with the main grid. The simulation is
carried out for 10 seconds, using the parameters of the
elements given in Tabs. 2 and 3. The ADG initially oper-
ates in grid-connected mode to supply load 1 (P =150 kW,
0 =20 kVAr). Disturbances are then created by discon-
necting the ADG from the main grid at # =3 s and switch-
ing on Load 2 (P =100 kW, O =20 kVAr) at t= 6 s. Final-
ly, the main grid connection is recovered at t = 8 s. Hence,
the simulation results in islanding mode will be observed
fromt=3stor=8s.

Figure 13(a) and (b) respectively show the compari-
son of battery currents and state of charges (SOCga) in two
cases with and without using a supercapacitor. It is seen
that the disturbances cause increases in battery current and
decreases in SOCgy during the discharging operation. In
such operation, the supercapacitor also discharges, as can
be viewed in Fig. 14, and provides significant support by
requiring smaller current and maintaining a higher level of
SOCgq for the battery.

During the grid-connected mode, the battery and ca-
pacitor are charged, both adhering to the grid. After =3 s,
the battery and supercapacitor start discharging operation,
during which the battery plays the role of shaping, while
the supercapacitor remains connected to the ADG.

The responses of grid frequency under disturbances
due to the main grid disconnection and load increase are
shown in Fig. 15. It is seen that the application of superca-
pacitor-BESS hybrid system gives a more stable frequency,
improving frequency oscillation and frequency change rate
to benefit the grid.

@ Lz Rz @
DC bus R PCcC System
Bat
Bidirectional
charge/discharge
Vil
T
sc
Bidirectional
charge/discharge

Fig. 12. Diagram of an autonomous distribution grid.

Parameter Value Parameter Value
ESS voltage 500 V Load 1 150 +j20 kVA
ESS capacity 500 Ah Load 2 100 +j20 kVA
Supercapacitor 600V Supergapamtor 20F
voltage capacity

Tab. 2. Grid and load parameters.

Parameter Value Parameter Value

Lf] 0.17 mH kpd 0.6
Rf[ 0.54 mQ kid 104
Cpn 10 mF kipq -0.03
ko 25 kiq —55
kiv 100 kipe 2.5
Ty 0.01s ki 625

Tab. 3. Control parameters.
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Fig. 13. Comparison of the current (a) and SOC (b) of battery
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Fig. 15. Comparison of the frequency responses.

In what follows, a simulation is further developed that
a main grid disconnection at # =3 s and sudden change in
load capacity at t=6s, i.e., the active power of load 1 is
increased from 150 kW to 250 kW. It can be observed in
Fig. 16 and Fig. 17 that the output powers of the BESS and
supercapacitor fluctuates due to the disturbances caused by
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the main grid disconnecting and the load increase, in order
to guarantee the power balance in the grid. It was found
that when applying the supercapacitor-BESS hybrid model,
the active power and reactive power were rapidly stabi-
lized. The current response during the disconnecting of the
main grid is depicted in Fig. 18. It is evident that the inclu-
sion of supercapacitors aids in rapidly stabilizing current
fluctuations, allowing the system to achieve a steady state
more efficiently.

. —Without SC
a5 1 ; 1 With SC

Power (W)

o 1 2 3 a s 6 7

S 8 9 10
Time (s)
Fig. 16. Comparison of active powers of BESS.
= 10% ‘ ‘
7o —Wilhoul SC

- - With SC

0 I 2 3 4 5 6 7 & 9 10
Time (s}

Fig. 17. Comparison of reactive powers of BESS.
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Fig. 18. The current during the disconnecting of the main grid.

Figures 19, 20 and 21 show the responses of current
and voltage during the main grid disconnection (£=13s)
and sudden change of the load (¢ = 6 s). Owing to the oper-
ation of the control loops of the converter and that of the
BESS-supercapacitor system, the grid voltage is kept stable
within the permitted limit before the intervention of the
next control levels.
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Fig. 19. Current variation under a sudden change of load.
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Fig. 20. Grid voltage variation during main grid disconnection.
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Fig. 21. Grid voltage under a sudden change of load.
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Fig. 22. DC voltage on DC bus.

The results in Fig. 22 show that the DC bus voltage is
maintained at 600 V, demonstrating that the energy ex-
change process is balanced even when there are fluctua-
tions in load or changes in the system's working conditions.

Thus, it can be seen that by exploiting the advantages
of BESS and supercapacitor energy storage forms, along
with the application of controllers based on fuzzy logic
algorithms, the frequency and voltage of the ADG have
been sufficiently maintained in the grid islanding mode.

5. Conclusions

The solution using a BESS-supercapacitor hybrid sys-
tem for the purpose of improving the frequency and volt-
age of the grid independently of the photovoltaic system is
proposed in this paper. The paper also conducted simula-
tions to validate the proposed control model. When there
are factors that change the active power balance, causing
a change in frequency, the simulation results show that the
proposed control model provides effective responses to the
charging and discharging processes of the battery and su-
percapacitor. As a result, the amplitude and frequency
change rates have been significantly improved.

In addition to the successful demonstration of fre-
quency and voltage regulation, future research could focus
on further optimizing the control algorithms to enhance the
efficiency and response times of the system. Exploring the
integration of other renewable energy sources, such as
wind power, with the BESS-supercapacitor hybrid system
could also provide a more robust solution for grid stability.
Furthermore, real-world testing and validation of the pro-
posed model under various operational conditions would
be crucial in advancing the practical application of this
technology. Potential development may include the crea-
tion of scalable models that can be adapted for different
grid sizes and configurations, thereby broadening the ap-
plicability and impact of this solution.
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