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Abstract

In this paper, a control strategy for a combination PV-BESS-SC hybrid system in islanded microgrid with a DC load is designed
and analyzed using a new topology. Although Battery Energy Storage System (BESS) is employed to keep the DC bus voltage
stable; however, it has a high energy density and a low power density. On the other hand, the Supercapacitor (SC) has a low
energy density but a high-power density. As a result, combining a BESS and an SC is more efficient for power density and high
energy. Integrating the many sources is more complicated. In order to integrate the SC and BESS and deliver continuous power
to the load, a control strategy is required. A novel method for controlling the bus voltage and energy management will be
proposed in this paper. The main advantage of the proposed system is that throughout the operation, the State of Charging
(SOC), BESS current, and SC voltage and current are all kept within predetermined ranges. Additionally, SC balances fast-
changing power surges, while BESS balances slow-changing power surges. Therefore, it enhances the life span and minimizes
the current strains on BESS. To track the Maximum Power Point (MPP) or restrict power from the PV panel to the load, a
unidirectional boost converter is utilized. Two buck converters coupled in parallel with a boost converter are proposed to charge
the hybrid BESS-SC. Another two boost converters are used to manage the discharge operation of the BESS-SC storage in
order to reduce losses. The simulation results show that the proposed control technique for rapid changes in load demand and
PV generation is effective. In addition, the proposed technique control strategy is compared with a traditional control strategy.
KEYWORDS: Islanded Microgrid, Hybrid System, PV array, Autonomous Control.

I. INTRODUCTION Several researchers have presented strategies for
implementing a HESS.

In [9], the proposed technique is based on the analysis of the
frequency of electric energy demand into low and high
frequency components. Low-frequency components are
associated with elements that have a high energy density but
a low power density (BESS), while high-frequency
components are associated with HESS elements that have a
low energy density but a high-power density (SC). The direct
connection of the BESS in this study unavoidably exposes it
to a rapidly rising charging/discharging current, reducing its
life span.

In [10], the authors suggested an adaptive frequency
technique as a new HESS power management approach for
electric vehicles. A simpler digital adaptive filter was
utilized in this technique to ensure solution convergence and
to reduce the computational expense involved with real-time
control. Using a half-bridge DC/DC converter, this power
management method was successfully tested. In this study,
improved the efficiency only when the load is low.

Interconnections of Photovoltaic (PV) panels with
supplemental energy sources which including Fuel Cell
(FC), wind turbine, or microturbine should solve the
intermittency issue in the islanded Microgrid (MG) [1].

In addition, several techniques use storage rather than energy
sources, such as Supercapacitors (SC) or Battery Energy
Storage Systems (BESS). As a result, a PV-BESS or PV-
BESS-SC hybrid system are created in order to manage the
load and PV power generation by supplying/storing the
required/surplus loads power [2].

The BESS has a high energy density and a low power density
while the SC has a low energy density but a high-power
density. Therefore, a Hybrid Energy Storage System (HESS)
combining SC and BESS becomes a common alternative for
providing high power density as well as large energy
capacity [3]. This application has been widely used in
tramways [4], electric vehicles [5], wind/PV power
production systems [6], Fuel Cell ships [7], and DC MGs [8].
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The state of power and the SOC for the HESS were
calculated using the Kalman filtering technique in [11], and
then used in the Fuzzy Logic Control (FLC) to compute the
maximum power output to be generated by the BESS. When
the State of Charging (SOC) of BESS is low in this approach,
FLC is implemented and the SC charges the BESS to avoid
low SOC situations and so expand the life span. When the
SOC of BESS is high and the SOC of SC is low, the BESS
charges the SC. In this work, when the BESS SOC reach to
maximum value not discussed.
Optimization algorithm-based techniques seek to minimize
an objective function. In general, minimizing this objective
function has the goal of saving operational costs within a
specific time period or extending the life span of the HESS
component. Global optimization techniques are further
classified as Dynamic Programming, Genetic Algorithms
(GA), or Particle Swarm Optimization (PSO) [12]. When
compared to traditional control systems, optimization
algorithms-based approaches are more robust and efficient
[13].
Power management using an Artificial Neural Network
(ANN) was developed for an islanded PV/wind power
system with a HESS consisting of an electrolyzer and a
BESS. The implemented power management attempts to
maintain the electrolyzer output in order to keep the SOC of
BESS fixed. Simulated results proved that the proposed
system had a faster response capability [14]. However, the
BESS is used only with transient power and when the SOC
of BESS reach to maximum value not discussed.
In [15] developed an ANN-based power management
technique for electric vehicles. The system includes a HESS,
with the BESS linked directly to the DC bus and the SC
connected through a chopper circuit. The applied ANN aims
to manage the SC current reference to support and increase
the life span of the BESS. But, a rapidly rising
charging/discharging BESS current reducing its life span
when compared with the BESS is connected via DC-DC
converter.

From the above literature review, some drawbacks with

HESS are noticed in some papers such as: -

1) The BESS or SCs are connected directly across the
loads.

2) The limitations of charge/ discharge of BESS-SC
current are neglected.

3) The hybrid system is managed to operate in Maximum
Power Point Tracking (MPPT) in all modes (not
discussed if the PV power produced exceeds the power
demand and when the charging of BESS reaches to its
maximum value).

4) Unnecessary power losses through BESS-SC charging.

5) Single-loop control is used and a state machine or a
programmed algorithm is proposed.

A power management control technique for PV-BESS-SC

hybrid system under variable generation and load conditions

is proposed in this paper. The main advantages of the
proposed structure and control approach are listed below:

1) The control strategies can be implemented without the
required programmed algorithms which required more
switching or discrete states which required supervisory
controller.

2) The limitation constraints of the BESS and SC charging
current are included.

3) A dual-loop control technique is utilized to achieve the
working of charging/ discharge HESS converters and
PV converters.

4) The efficiency of the hybrid stand-alone system is
increased by charging the HESS through one dc to dc
converter instead of using two dc to dc converters.

5) PV panels can be operated at MPPT by using the Perturb
and Observe (P&O) algorithm or curtail PV power
without using another control loop. Also, the complexity
of the controller scheme is avoided.

6) Reducing the cost when reducing the values of
capacitors and inductors.

A description of the general topology of the HESS with
advantages and drawbacks is explained in Section II. In
Section III, the proposed system structure is discussed. The
proposed control and energy management strategy is
designed and illustrated in Section IV. This is followed in
Section V by discussing of modeling and control design for
PV, BESS, and SC. Section VI displays the simulation
results under different variations in power demand and PV
generation. Finally, conclusions are presented in Section VII.

I1. HYBRID ENERGY STORAGE SYSTEMS (HESS)

When the comparison between the SC and the other energy
storage systems, the SC offers many advantages such as high
power density, extended lifetime and long shelf life (4-5
year), environmentally safe and no gas emissions, stop
accepting energy when it becomes fully charging, and does
not below up in case of accidental direct short connection
[16-17]. These advantages are investigated for hybrid PV—
BESS-SC.

The two energy storage units of HESS are commonly linked
to a central AC or DC bus. Connecting across a common DC
bus is the preferred solution for RESs based islanded
microgrids with an Energy Storage System (ESS) for a
variety of purposes [18-19]. Firstly, the majority of popular
RESs (PV, FC, etc.) and ESS elements work in DC voltage.
Therefore, reducing the number of inverters is used, and has
lower power losses (more efficiency) [20]. Second, the DC
bus does not need synchronization, which considerably
simplifies the overall system and controller complexity [21].
Generally, HESS can be divided into three types based on
their connection topology to the DC bus: active, semi-active,
and passive. Active HESS occurs when two storage devices
are connected to a DC link via a bidirectional DC-DC
converter. Semi-active occurs when one storage device is
connected to a DC link via one converter for the BESS or the
SC. Passive HESS refers to storage devices that are directly
connected to the DC link. These types of topologies are
shown in Fig. (1).
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Fig. 1: HESS for (a) Passive structure (b) Semi-active
structure (¢) Active structure.

The passive link is the least expensive and simplest HESS
structure. Also, reduce transient current under load variation,
minimize internal losses, and maximize the peak power [22].
The output voltage of the SC and BESS must be the same.
When dealing with an unregulated power flow, the BESS
may have rapid fluctuations in charging/discharging currents
in the event of sudden power requirements. It will result in
BESS functioning degeneration and a significant loss in a
lifetime. As a result, SC's power handling potential is
underutilized because the voltage change of the battery
terminal is low, and the SC will not operate at its full SOC
range, resulting in poor volumetric efficiency [23].

To solve the disadvantages of HESS passive connection,
DC-DC converters are interfaced between ESS and DC link
to actively manage power flow from and to ESS [24]. Only
one of the two ESS components is actively regulated in a
semi-active HESS configuration. When only the BESS is
directly linked to the DC link, the SC will work along with a
greater voltage range, significantly enhancing volumetric
efficiency. The battery's direct link also ensures stable Bus
voltages [25]. The direct connection of the BESS, on the
other hand, unavoidably exposes the BESS to a rapidly rising
charging/discharging current, which reduces its life span
[26].

When only the SC is connected to the DC-link [27], the
BESS current can be kept in a relatively softer way despite
power demand fluctuations, and the voltage output is not
required to fit the DC link voltage, enabling for more
efficient and flexible battery sizing and configuration [28].
The volumetric efficiency of the battery, on the other hand,
is low since most systems do not let the SC run in its wide
SOC range. SC's linear charge/discharge feature also creates
significant variation in the DC link, which can lead to poor
power quality and system stability. To keep the DC link
voltage generally stable, the SC must be exceedingly large,
which is not cost-effective.

Bidirectional DC-DC converters manage the power flow
between BESS & SC in active HESS. A properly planned
control technique improves DC bus stability and cycle life to
further improve the HESS's flexibility and performance [26].
DC-DC converters, for example, can adjust the Bus voltage
to preserve Bus voltage stability. Also, the SC can be
programmed to respond to high-frequency surge power, but
the BESS with a high energy density is designed to meet low-
frequency power transfer. The separating of the BESS and
the SC enables both elements to work at a wider range of
SOC, considerably enhancing the volumetric efficiency of
the HESS. The total efficiency of the HESS will decrease as
the number of power converters increases because of power
losses in the converters.

II1. PROPOSED SYSTEM STRUCTURE

Fig. (2)describes an islanded microgrid PV system
consisting of a PV panel, BESS, and SC configurations. A
unidirectional boost converter ties the PV panel to the DC
link. By using the P&O algorithm as an MPPT algorithm
[29]. The unidirectional boost converter is used to extract the
maximum power from the PV array by regulating the PV
panel terminal's input voltage. Instead of employing a single
huge capacitor for the DC link, each converter terminal is
coupled to a small filter capacitance as demonstrated (C,;,
Coz, and Cy3).

The power efficiency is improved by employing the new
topology depicted in Fig. (2) because of using one converter
to charge BESS or SC and reducing the unnecessary power
losses. This arrangement employs four separate DC-
DC converters for the BESS-SC charging/discharging
scenario. Due to a mismatch between load and generation,
HESS is employed to ensure a constant output voltage level
(Vpc)- When the load exceeds a production, V. drops from
its set point. As a result, HESS will discharge to meet the
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surplus load. Consequently, when generation exceeds load,
Vpc rises over its reference value, and HESS charges to
receive the excess power. The discharge/charge HESS
current is controlled by the four converters using a double
loop control scheme to avoid overlap appearing in [30].
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Fig. 2: PV-BESS-SC Hybrid System

The HESS charge/discharge mechanism is regulated by
the Pp;, output and the specific Pj,,,. The buck charging
converters redirect the excess Ppy to charge the HESS, while
the boost discharging converters supply the HESS's
necessary power. Ve, Vgpss, and Vpy, in Fig. (2) represent
the voltages of a SC, a BESS, and a PV panel, respectively.
SC, BESS, and PV panel currents are represented by the
variables I, I, and Ipy. Lpy indicates the filter inductance
of the PV panel's boost converter. Lg. and Ly are the filter
inductances of the SC and BESS boost converters,
respectively, while R is the load resistance. S;, S,, S5, S,, and
Ss are the control switches.

IV. PROPOSED CONTROL AND ENERGY MANAGEMENT
STRATEGY

The block diagram of the control strategy used in this paper
is shown in Fig. (3). Because of its higher noise protection,
average current mode control is used for the BESS, SC, and
PV panels, and it offers additional robust voltage regulation.
A first-order Low Pass Filter (LPF) is used for BESS current,
PV inductor current, and DC load voltage to reduce
switching noise, measurement noise, and current ripple.
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Fig. 3: Control System Structure for (a) PV Panel (b)-HESS.
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The maximum Ppy, Pj,qq, and SOC of BESS obtain the
optimal reference voltage (Vpy,) of the PV panel generated by
the control schemes. From these variables, the power
coordinate in the PV-BESS-SC hybrid system can be
classified into two employment environments: normal and
SOC regulations. These variables are detailed in the previous
work [31]. The goal of this control is to minimize the
charging/discharging stresses on the BESS, thereby raising
the battery's lifetime. Throughout the work, it is assumed that
the SOC of BESS is within acceptable limits.
The average value of Vp is compared with a reference
voltage of DC link (Vj) in this HESS control strategy, and
the error is given to the PI controller (PI_1). The total current
required (I{,;) is developed by the (PI_1) controller from
ESS. This [{, is divided into high frequency components
(Igpc) and low-frequency components (via LPF), yielding a
reference battery current (Ig). I is compared with the actual
BESS current (Ig), and the difference is sent to the (PI1_2)
controller, which generates PWM to generate switching
pulses for BESS switches (S;, S3). The component with the
high frequency is defined as:-

Ihrc = ltor — Ip (1)
BESS may not track the Iz immediately because of the slow
dynamics. As a result, the uncompensated BESS power is
given as:-

l:‘B_uncompensated = Vp * (IHFC + IBerr ) 2
SC will compensate for this uncompensated battery power.
l)B_uncompensalted =Py (3)

and the difference of power is sent to the (P1_3) controller,
The PI 3 controller, generates PWM to control the SC
switches (S,, Ss).

V. MODELING AND CONTROL DESIGN

Mathematical Models and control designs for the PV panel,
BESS, SC, and DC-DC converters are shown in this section.
TABLE I represented the parameters of the PV-BESS-SC
hybrid system.

TABLE I
ELECTRICAL SYSTEM PARAMETERS

Design Parameters value
PV Input Capacitor, Cpy 470 uF
PV Inductor, Lp, 880 uH
Output Capacitor, Cpq, Cpy,and Cp5 | 1200 pF
Buck Capacitor for BESS, C; 470 uF
Buck Inductor for BESS, L, 550 pH
Boost Inductor for BESS, Lg 880 uH
Buck Capacitor for SC, C, 470 uF
Buck Inductor for SC, L, 550 pH
Boost Inductor for BESS, Lgc 880 uH
DC-Link Voltage, V- 400 V
Nominal BESS Voltage, Vg 192V
Nominal SC Voltage, Vs, 220V

The equivalent circuit of a PV panel with an equation was
explained in [32]. Also, the mathematical model for BESS is
described in [31]. The mathematical model for SC is
described in [33]. In this paper, the PV array consists of 4
strings connected in parallel, with each string containing 12

panels in series. This arrangement is used to obtain a power
of 5790 W as shown in Fig. (4). The relations between time
and voltage characteristics of BESS with different current
discharge is shown in Fig. (5).
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Fig. 5: Characteristics of BESS with Different Discharge
Current.

In this paper, the Artificial Bee Colony (ABC) algorithm is
used as an optimization technique to achieve the optimized
gains of the five PI controllers with the parameters shown in
Table II [34]. The cost function is represented the saving
operational costs and extending the life span of the HESS
components. The dimension is represented the number of
parameters that required to tune, limit (local optimization) is
represented the number of trails to find the new solution for
each parameter, and a scout production period (global
optimization) is represented another control parameter to
find the new solution randomly. The best cost function
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illustration is in Fig. (6). the flowchart of ABC is illustrated
in Fig. (7).

TABLE II:
ABC PARAMETERS
Parameters value
Number of bees 40
Maximum iteration number 50
Dimension 10
Limit 5
Scout production period 5
17 F
165
16
15.5
15
g 14.5
P 14t
om
13.5
13
12.5
12
0 5 10 15 20 25 30 35 40 45 50

Iteration

Fig. 6: The Best Cost Function of ABC Algorithm.

The result of PI controllers is given as: -

0.0124s + 87

PL.VC = —
0.01s + 69

PI.CC = —
1.463s + 837

PI.1= —
0.043s + 0.65

PI.2 = B
0.35s + 973
PI3=——«——

VI. SIMULATION RESULT

The proposed control strategy and energy management are
tested using MATLAB simulation. To demonstrate the
compensated power produced by SC, it is first compared to
a conventional control strategy in [35] as shown in Fig. (8),
the power density increases by more than 56% and DC link
voltage operating with prelimited range (£2%). Then, tested
the system operation using four scenarios; increasing in
power requirement; decreasing in power requirement;
increasing in PV generation, and decreasing in PV
generation. Additionally, the SOC regulation is examined.

A. First Scenario: Increasing in Power Requirement

The hybrid system is simulated for 9 s and the controller
examined with power demand increasing as shown in Figure
(9a). SOC is set to 50%.

It can be noted that the three cases of the hybrid system (Pp),
> Pload > PPV = Pload ’ PPV < Ploud ) with the normal

operation are explained as active power, and SOC of BESS
as shown in Fig. (9b). At the second step (between 3 and 6
s), the small difference between Py,,4 and Py, indicates that
the HESS losses are very low. In Fig. (9¢), the SC is
discharged when the power load is increased according to the
HFC in the proposed controller. According to Fig. (9d), the
Vg is decreased when the power demand increases because
the BESS is discharged while the Vs, small change and
returns to the nominal value.

B. Second Scenario: Decreasing in Power Requirement

The controller tested with power demand decreasing as
shown in Fig. (10a). It can be noted that the three cases of the
hybrid system with the normal operation are explained as the
active power, and SOC of BESS as shown in Fig. (10b). In
Fig. (10c), the SC is charged when the power load is
decreased according to the HFC in the proposed controller.
According to Fig. (10d), DC voltage is operated with
nominal value (400V). The Vj is increased when the power
demand decreases because the BESS is charged as illustrated
in Fig. (10e).

C. Third Scenario: Increasing in PV Generation

When the irradiance changes, that effect on the power
produced from the PV array. Fig. (11a) depicted the
simulation outcome when the PV irradiance was adjusted in
four steps within 12 s.

According to Fig. (11b) shows that the Ppy < Py,q through
the first 6 second. As a result, the BESS is discharged to
regulate the DC link voltage as illustrated in Fig. (11c).
Ppy = Pjyaq during the third step, thus, the BESS converters
are turned off for charging/discharging. The small difference
between P,,q and Ppy indicates that the HESS losses are
very low. The solar radiation increases further during the
fourth step. So, the BESS will absorb the power via charging
converter.

In Fig. (11d), the SC is charged when the PV generation is
increased according to the HFC in the proposed controller.
The BESS voltage is increased when the BESS is charged as
illustrated in Fig. (11d). According to Fig. (11f) the DC link
voltage small decreased at each step within the prelimited
values and return to specified reference with less than 20 ms.

D. Fourth Scenario: Decreasing in PV Generation

Fig. (12a) showed the simulation outcome when the PV
irradiance was decreased in four steps within 12 s. According
to Fig. (12b) shows that the Ppy > B,,4 through the first 6
s. As a result, the BESS is charged to regulate the DC link
voltage as shown in Fig. (12¢). The Ppy = By,q during the
third step. Thus, the BESS converters are turned off for
charging/discharging current.

The small difference between P,,,,; and Ppy, indicates that
the HESS losses are very low. The solar radiation decreases
further during the fourth step. So, the BESS will supply the
power via discharging converter. According to Fig. (12d),
the DC link voltage small increased at each three steps within
the prelimited values and return to setpoint. Vpy operating
with MPPT and small change with each step to satisfied the
maximum Ppy.
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() power balance in the hybrid system as well as discontinuing

Fig. 11: Simulation results for increasing PV generation (a)
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SC (e) Voltage of BESS & SC (f) Voltages of DC Bus &
PV.

the BESS from charging. The BESS reacts quickly when the
load power increases, to accommodate the new load.
Therefore, the SOC is reduced to less than its maximum
value and the PV panel is forced to operate back with MPPT.
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VII. CONCLUSIONS

The proposed control strategy is focused on the analysis
ofthe high and low-frequency power components of
electrical energy demand mismatch and regulates the SC
using the error component of BESS current for the HESS.
The configuration is simple to implement and needs fewer
processing than systems such as state machines, or
programmed algorithms. When the proposed control strategy
is compared to the traditional strategy, the simulation results
demonstrate that the compensated power delivered by the SC
is improved by more than 56%. As a result, the BESS
experiences less current stress, has lower charge and
discharge current rates, and has a longer life span.

In the existence of a predefined limit, the proposed energy
management strategy regulates the Pp,, BESS, and SC
converters. The PV-BESS-SC hybrid system operation is
separated into normal operation (the PV panel works at
MPPT in all situations) and SOC control (restricting the Py,
when the SOC reaches maximum value) methods to easily
control the power transfer within the hybrid system.

The following are the benefits of the proposed PV-BESS-
SC hybrid system instead of using a state machine, which
needs more switching, autonomous regulation is used to
create a smooth shift between MPP and SOC regulation.
HESS charging needs minimal switches, leading to lower
power losses. The transfer of power between HESS and load
is smooth. The proposed strategy and control configuration
have been identified and validated in the PV-BESS-SC
hybrid system under various power demand and irradiation
conditions.
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