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Abstract. This paper contributes to the energy man-
agement of a Hybrid Energy Storage System (HESS),
comprising a lithium-ion battery and Supercapacitors
(SCs) for a grid-connected photovoltaic system. In gen-
eral, an Energy Storage System (ESS) can offset the in-
termittency of renewable energy. However, ESS can
absorb large amounts of energy with slow dynamics,
but can only absorb fast dynamics when subjected
to high currents, which quickly contributes to their
wear. To avoid this, SCs are added to energy storage
as a supplement to batteries. There are various meth-
ods for power-sharing, including the most common,
which uses the Low-Pass Filter (LPF). This article
proposes a new technique to distribute power between
the battery and the SCs using the zero-compensator fil-
ter of the battery regulator. Also, this technique is based
on the compensation of the energy dissipated by the bat-
tery through the SCs. Besides, the State of Charge
(SoC) of the battery is kept within safe boundaries.
The proposed technique is compared to the ESS and
classical HESS techniques. The simulation results con-
firmed the efficacy of the proposed method of rapidly
restoring the DC-link voltage and improving the bat-
tery lifespan. In addition, this technique is adaptable
to the stand-alone site, and the AC currents showed
good quality.

Keywords

Battery, energy management, photovoltaic,
supercapacitor, zero-compensator filter.

(© 2022 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

1. Introduction

The increasing demand for energy and the exhaustion
of fossil fuels mean the search for alternative sources
of clean and sustainable energy. Renewable Energy
Sources (RESs), particularly solar and wind sources,
could fulfill this expectation [I] and [2]. The PV en-
ergy source is privileged in terms of reliability and
sustainability and has the advantage of being free
and inexhaustible. However, it has an intermittent
nature due to the variations of different parameters,
such as change of irradiation, humidity, temperature,
and partial shading effects, which need to be compen-
sated by an ESS [3]. The ESS for the PV system is
mainly carried out by batteries, although other means
are possible. Batteries have high specific energy but
suffer from low power density, low charge/discharge
rates, and slow dynamic response and require fairly
restrictive maintenance. Indeed, a battery has a lim-
ited lifespan, which is about 1000 cycles in the case
of a Lithium-Ion for the number of charge-discharge
cycles equivalent to 100 % depth of discharge and is
limited in the current [4]. PV applications requiring
high power peaks force cells to perform many charges
or discharges under high current, thus contributing
to their rapid wear. To solve this problem, the HESS
is necessary to lessen the strain on the battery during
transient regimes. Other types of storage exist, such
as SCs, which conversely have low specific energy and
high specific power. SCs are expected to become eco-
nomically profitable in the coming years, have a much
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longer life span than batteries (about 100,000 cycles),
and are therefore able to relieve batteries by absorbing
or providing peak power. In addition, the combina-
tion of batteries and SCs has complementary qualities
and is an excellent option that can cover a wide range
of energy and power requirements [5].

Several works have proposed the hybridization
of batteries and SCs for all systems. In [6], a PV
system in an isolated site depends on batteries and
SCs to store energy. The SC converter is controlled
as a constant voltage source to accommodate varying
load conditions, and the battery converter is controlled
as a constant current source. This strategy has helped
to improve battery lifespan. The authors in [7] pre-
sented the power management of a grid-connected hy-
brid power generation system based on PV, Alkaline
Electrolyzer (AE), Fuel Cell (FC), and SC. The AE is
utilized as a reserve load to absorb the extra energy
from the system when the PV power is greater than
the load demand. The FC is used as a supplementary
power supply to provide energy to the system when
the PV power is less than the load demand. The SC
is introduced to overcome the DC bus power imbal-
ance due to the slow response of AE and FC. In [§],
the authors proposed power management for a stand-
alone hybrid AC/DC microgrid, which consists of mul-
tiple PVs, multiple Batteries (BES), a single SC, and
a single FC with DC and AC loads. The proposed al-
gorithm depends on a Moving Average Filter (MAF)
based multi-time-scale adaptive droop power manage-
ment system with microgrid supervisory control, which
offers a reliable algorithm to operate multiple BESs
and PVs in a geographically distributed location. Also,
maintaining SoC limits is considered. [9] is concerned
with the solar vehicle and presents a system that con-
nects batteries, SCs, and PV. It is demonstrated that
the integration of SCs into the energy storage system
stabilizes the DC bus voltage, eliminates the effect
of peak current on the batteries, reduces the stress
on the batteries, and thus increases the life of the bat-
teries.

In these types of systems, the PI controller is usu-
ally used, as in the previously mentioned studies, but
the converter involved is often the DC-DC converter,
which introduces nonlinearity problems. The energy
management of Hybrid Power Sources (HPS) includ-
ing, FC/battery/SC using Model Predictive Control
(MPC), is successfully studied in [I0]. The proposed
MPC method maintains the DC bus voltage according
to the reference value and limits the slope of the bat-
tery and FC current. Nevertheless, the suggested strat-
egy requires vast mathematical calculations, and SoC
management is neglected. In [II], an energy manage-
ment strategy based on Hybrid Bat Search and Arti-
ficial Neural Network (HBSANN) is suggested for DC
microgrids with HESS. However, this technique shows
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a non-instantaneous restoration of the DC bus voltage.
One of the main drawbacks of the neural network is
the need for large data storage and extensive compu-
tational resources. In [I2], an adaptive Sliding Mode
Control (SMC) is used to control a standalone wind
turbine based on a Permanent Magnet Synchronous
Generator (PMSG). Although this control strategy has
the advantage of being insensitive to model uncertain-
ties and external disturbances, the DC bus voltage
is not instantaneous to maintain its reference. Also,
the authors neglected to adjust the SoC limits. In [I3],
a deadbeat-based method for HESS, including SCs and
batteries, is proposed in DC microgrids. A current ob-
server is used to eliminate the need for sensors to min-
imize system costs. However, a static error emerged
in the DC link voltage when irradiance and load var-
ied.

The basic idea behind energy management in a HESS
is that the battery handles the low-frequency power
component, while the SC temporarily supports
the high-frequency power component. Several stud-
ies are used to split the power among the battery
and SC. The authors in [I4] suggested a wavelet-
fuzzy logic-based frequency decoupling strategy to split
the power between battery/SC HESS in a new two-
propulsion machine-based powertrain of an electric ve-
hicle. The same power-sharing method is presented
in [I5] but with a different HESS based on FC/SC.
However, the aforesaid control technique requires sig-
nificant resources and computational time. In [I6],
a fuzzy logic-based intelligent energy management
technique is presented to split energy between a HESS
in an electric vehicle. The traction part comprises
of a Permanent Magnet Synchronous Motor (PMSM).
However, this technique is only limited to the traction
phase because the proposed fuzzy logic does not al-
low charging the battery. The vast majority of HESS,
including [I7], and [I8], presented a LPF to divide
the frequency spectrum into two frequency bands to be
shared between the two HESS components in both
grid-connected and independent PV systems. How-
ever, due to the slow dynamics of the battery controller,
the effect of uncompensated battery power is noticed
in the DC link voltage. For this purpose, [3], [19],
and [20] introduced an algorithm to recover the un-
compensated power using the SC.

This paper proposes an energy management strat-
egy of a grid-connected PV system with HESS to solve
the above drawbacks, although the control strategy is
adaptable to remote sites. The fundamental idea of this
paper is to replace the LPF with a battery controller
zero-compensator filter to share power between the SC
and the battery. In addition, the input error of the bat-
tery PI controller is used to be compensated by the SC.
The stress on the batteries is reduced by giving a slow
dynamic to the battery PI controller, so the time con-
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Fig. 1: Block diagram of a grid-connected PV system with HESS.
Nomenclature
HESS Hybrid Energy Storage System Voo Cell output voltage (V)
ESS Energy Storage System Vie DC bus voltage (V)
SC Supercapacitor E Constant voltage (V)
LPF Low-Pass Filter Ey No-load voltage (V)
SoC State of Charge VBat Battery terminal voltage (V)
PV Photovoltaic Ay Exponential voltage (V)
Rs Series resistor (£2) Vsc SC terminal voltage (V)
Rgp Parallel resistor () Usq Inverter d axis voltage component (V)
RpBat Internal resistance of the battery () Uiq Inverter g axis voltage component (V)
Rsc Total internal resistance of the SCs () Uga grid d axis voltage component (V)
R Filter resistance of the grid (£2) Ugq grid ¢ axis voltage component (V)
Ipo Cell output current (A) Py Active power (W)
Ipn Cell photocurrent (A) Py PV modules power (W)
Iy Saturation current (A) Pioad Load power (W)
Toe cell Cell short-circuit current (A) Pyat Battery power (W)
Ton Reverse saturation current (A) Psc SC power (W)
Igat Battery current (A) Pavg Average power (W)
Isc Total current of the SCs pack (A) Piran Transient power (W)
Iy PV-array current (A) Py Grid power (W)
I, DC current of the inverter (A) Qg Reactive Power (Var)
Ind d-axis current coming out of the inverter (A) That Time constant of the battery zero-compensator filter (S)
Img g-axis current coming out of the inverter (A) Tse Time constant of the SC zero-compensator filter (S)
Ivat ref  Reference current of the battery controller (A) K, pat, Kp sc  Battery and SC PI controller’s proportional gain
Ise ;ef Reference current of the SC controller (A) K pat, Ki sc Battery and SC PI controller’s Integrator gain
q Electron charge (C) Cw B Helmbholtz capacitance (F)
Qc Cell electric charge (C) Cae Gouy-Chapman capacitance (F)
QT Total charge of the SCs pack (C) Cye Capacitance of DC bus (F)
T Cell temperature (K) Ly Coupling AC inductor (H)
Tref Reference temperature (K) Lyats Lsc Ipqt and Isc smoothing inductors (H)
G Actual irradiation (W-m™2) Ky Polarization constant (V-Ah~1)
Gn Nominal irradiation (W-m~2) B Exponential capacity (Ah—1)
€0 Permittivity of free space (F-m~1) A; Interfacial area between electrodes (m?)
€ Permittivity of electrolyte material (F-m~1) wgr Electric angular speed of the grid (rad-S™1)
Jidt Charge taken/delivered by the battery (Ah) Whbats Wnsc Battery and SC natural frequency (rad-S—1)
Q Maximum ampere-hour capacity I3 Damping ratio
C Molar concentration (mol-m~—3) Ns sc Number of SCs connected in series
d Thickness of Helmholtz layer (m) N, sc Number of SCs connected in parallel
A Diode ideality factor K~ Boltzmann’s constant
Ky Temperature coefficient F Faraday constant
E, Band-gap of the semiconductor R Ideal gas constant
Ne Number of electrode layers
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stant of the zero-compensator filter controller automat-
ically increases. The final objectives to be achieved are:

e Efficiency of power-sharing to minimize battery
aging by diverting power peaks to the SCs.

e Rapid recovery of the DC bus voltage against sud-
den changes in irradiation and load.

e Regulation of the battery SoC in a safe limit.

e System independence from the grid when PV and
HESS can provide energy.

This work is composed of five sections distributed as
follows: Sec. [ 2._] is devoted to the description and
global modeling of the system. Section is for
controlling the various parts of the system, the power
management, and the battery Soc control. The ob-
tained simulations are discussed in Sec.[ 4. | Finally,
this article ends with a conclusion summarizing the five
sections and main results.

2.  System Description

The block diagram of the studied system is presented
in Fig.[1] It uses photovoltaic panels as the primary en-
ergy source, batteries and supercapacitors as a HESS,
and the power grid. The PV array uses the unidirec-
tional DC/DC converter to transport the maximum
PV energy to the DC link by employing Maximum
Power Point Tracking (MPPT) strategy. The HESS
is connected to the DC bus through the buck-boost
converters. The energy supplied from the photovoltaic
panels and the HESS to the DC bus is transported
to the load and the grid via the two-level voltage con-
verter.

The main objective of the proposed PV system
with HESS is to supply power to satisfy the load
in grid-connected and stand-alone mode while improv-
ing the battery life. In this context, SCs are added
to the storage system to mitigate the stress on the bat-
teries using a zero-compensating filter-based algorithm.
Furthermore, the SoC of the batteries is managed
within safe limits. All this is achieved through con-
trol commands (T1, T2, T3, T4) sent to the two buck-
boost converters. The DC bus presents the link be-
tween the DC side and the grid side, so the overall
system is stable if the DC bus is kept around its ref-
erence. For this, the suggested method also partic-
ipates in the stabilization of the DC bus voltage by
minimizing the disturbances due to the change of irra-
diation and load. The power management that decides
whether the system is operating in stand-alone or grid-
connected mode is done by measuring the photovoltaic
power, the load power, the losses, and the battery state
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of charge. The role of the grid connection is to absorb
the excess energy when there is a surplus in PV gen-
eration, and supply the deficit energy when there is
an underproduction of PV energy and discharged bat-
teries.

2.1. Photovoltaic Array Model
Figure[2] presents the "single diode" model of a PV cell,
the model is achieved by a series resistor R, resulting
from the contribution of the base and front resistors
of the junction and the front and back contacts, and
a parallel or shunt resistor R, coming from the metal
contacts and the leakage resistors on the periphery
of the cell |21, [22] and [23]. The current-voltage char-
acteristic of a real solar cell is derived from Eq. .

q (V v+ Rs-[
Ip’U = Iph — IO <eXp <m) - 1) +
Vot Ry I
Rsh ’

where ¢ =1.6-10716 C and K = 1.3-10723 J. K~ 1.

(1)

AAA >
1 +
Ry lpv
Iph Ig o
~ >
N é Rep
< Vow

Fig. 2: Equivalent circuit of the photocell.

The current of the PV cell depends directly on the so-
lar irradiance and is proportional to the temperature
according to the following equation:

G

Iph = (Isc_cell + K (T - T'ref)) Gf

(2)
The equation of the temperature dependence of in-
verse saturation current of the diode can be expressed

by Eq. .

Tres \° ¢-E, [ 1 1
Iy = Iy ).
0 0(T>6Xp AK\Tpp T )
A PV module can include sets of cells associated
in series and in parallel to produce the necessary volt-

age and current. The equation for N, parallel and N,
series of the PV array is given as follows:

Iy = NyIyy — NpIo-

Voo | Re- I, 1
oo (o (552

N, AK.T) - 1] T

J’_
N, - Vi, 1
()
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2.2. Boost Converter Model

The PV array is connected to the DC-bus by using
a boost converter represented in Fig. 8] The boost
converter is known as a voltage booster. At the first
time, the transistor is closed, the current in the induc-
tance increases progressively and gradually as the in-
ductance stores energy until the end of the first period.
Then, the transistor opens, and the inductance oppos-
ing the current decrease generates a voltage, which is
added to the source voltage through the diode.

Fig. 3: Circuit diagram of the boost converter.

In average values, the output voltage is a function
of the input voltage and the duty cycle. It is expressed
in Eq. . The regulation of the output voltage is then
done by controlling the duty cycle o [24].

()

2.3. Battery Model

The battery model is available in the MAT-
LAB/Simulink library. This model is simulated using
a simple controlled voltage source in series with con-
stant resistance, as illustrated in Fig. [4]

Ipat T +

f idt Vae

Rpar
Controlled
voltage
source

E=Ey—K,

Q—Lfidt + Apexp(—B f idt)

Fig. 4: Mathematical equivalent circuit of the battery.

The battery is modelled as a nonlinear voltage source
according to the following equations [I1] and [I§]:

E = EO — KbC?—Cgfidt +AbeXp (—B/’Ldt) 5 (6)

VBatt =F— RIBatt- (7)

To reach the required nominal current and voltage
values, several batteries are interconnected in series-
parallel combination.
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2.4. Supercapacitor Model

The SC model, as used in this work, is principally based
on the Stern principle combination of Helmholtz model
and Gouy-Chapman model [1I] and [I8], which can
also be found in the toolbox of MATLAB/Simulink.
The schematic diagram of the SC model is shown

in Fig. Bl

Rsc
Controlled

voltage
source

_— NeQrd  2N,NRT
T NpN,ego4; F

) ( Qr )
arsinh
N,N.A;\/8RTeg,C

Fig. 5: Mathematical equivalent circuit of SC.
The capacitance of a SC cell is given as follows:

CGC’ = FQC sinh QC , (9)
2N.RT N2A;+/8RTee,C
N_A
Cy = GTSEOC. (10)

In order to reach the required current and voltage
values, multiple SCs are connected in series-parallel
combination. The total capacitance Cr of the SCs’
pack is calculated as:

Ny sc

Cr=——""-0C.
g Ns sc

(11)

Considering the resistive losses of the SCs, the out-
put voltage is expressed as follows:

Vsc = % — Rsclsc, (12)
T
with
Qr = prchc/Iscdt. (13)
2.5. Buck-Boost Converter Model

The battery and the SC are linked to the DC bus
through two parallel-connected buck-boost converters
that provide the energy exchange between this HESS
as shown in Fig. ] To constitute a general model
of the buck-boost converter, it is indispensable to ex-
amine the buck and boost modes. During boost mode,
T1 semiconductor is ON, and T2 is OFF as illustrated
in Fig. [6] In this condition, the battery module sup-
plies energy to the DC bus. In buck mode, T2 is ON,
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and T1 switches to OFF mode, then the battery re-
ceives energy from DC-bus [25]. These sequences are
the same for the SC buck-boost converter, i.e., if T3
is turned ON, and T4 goes OFF, the second converter
is in boost mode. When T3 becomes OFF, and T4
becomes ON, it is in buck mode.

L 2
Ihat__ ) P
+ L
— (Vo T1 —|— Vic
l |
L T4
Igc S A Lseo

Fig. 6: Circuit diagram of the buck-boost converter.

The analytical models of the two buck-boost convert-
ers resulting from the sequence analysis are mentioned

in Eq. and Eq. .

vaat = Qpqt Vda

Voa (14)
Vdc = Lv
1- Qpat
VSc = aSchc;
Vse (15)
Vie = —2°—
1-— age

2.6. Dc-Link Model

The DC-bus is the capacitor situated between the con-
verters; its function is to maintain a stable continuous
voltage and to reduce the ripples. The DC-bus circuit
is shown in Fig. [f{A) and its model is expressed by

Eq. .

Vie
Cdcd% = Iy & Dpat & Loe — I, (16)

2.7. Grid Model

From Fig. (B), the dynamic model of grid connec-
tion in the rotating reference system synchronized with
the grid voltage space vector is given by [26]:

dr,,
Uga = —RyIna — Lf# + wor L Ig + Uia,  (17)

dl,
qu = —RfImq—Lqu _wgrLfImd+Uiq~ (18)
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3. Control and Power
Management

3.1. MPPT Control of PV Module

The Perturb & Observe (P&O) method is one
of the most used methods. It is an iterative method
to obtain the maximum power point: the characteris-
tics of the PV panel are measured, and then a small dis-
turbance is induced on the voltage (or current) in order
to analyze the resulting power variation [27] and [28§].

Figure[Q|represents the classical algorithm associated
with a P&O type MPPT control, where the power evo-
lution is analyzed after each voltage disturbance. For
this type of control, two sensors (measuring the current
and voltage of the PV panels) are required to determine
the PV power at each instant.

3.2. Control of Grid Side Converter

The aims of the grid side converter are to supply en-
ergy from the hybrid system side (PV and/or HESS)
to the electrical grid and/or load, to control the DC-
bus voltage, and to manage reactive power according
to the load requirements. Using d-¢g transformation,
the active and reactive power are given by:

Pg = Ungmd + quImqa

Qg = Ugqlmd — Ugalmq-

(19)
(20)

If the grid voltage vector is oriented with the d axis
(Ugqg = 0) |29], the following expression is obtained by:

U = Uyq + j0. (21)

Therefore, Eq. and Eq. may be expressed
by:

dr,,
Uia = Rylmg + Ly dtd —wor LIy + U, (22)
Uiq = RfImq + Lf drzq + wgrLfImd. (23)

The active and reactive power are expressed as fol-
lows:
P g — UImd7

Qy = —Ulyy.

According to Eq. and Eq. (25), the active and
reactive power can be regulated by d-q current compo-
nents. The control strategy for grid converter is shown

in Fig. [7[(C).

The control strategy consists of three control loops
regulated by the PI controller. These are an external

(24)
(25)
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Fig. 7: Diagram of the connection to the grid via a PWM converter: (A) DC bus model, (B) grid model and (C) grid side converter
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Vref=Vref+AV
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2
Ppv-1=Ppv
Vpv-1=Vpv
]

Fig. 8: P&O algorithm.

loop to adjust the DC bus voltage V. around a ref-
erence value Vg, .y and two internal loops to control
the active and reactive power by controlling the d-q
axis currents. The g-axis current reference signal i, is
generated by the reactive power according to Eq. .
In addition, the decoupling terms are used, to compen-
sate for the cross-coupling effect due to the relationship
between the derivative of the d-axis and g-axis currents.
Then, Pulse Width Modulation (PWM) is employed
to provide the control signal to regulate the GSC.
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3.3. Power Management

Figure [9 presents a new energy sharing technique for
a HESS proposed in this article. The main idea
of the proposed strategy is that the battery can handle
the average power fluctuation, whereas the SC with-
stands the high-frequency power fluctuations. The to-
tal power (Py,:) supplied by the HESS is divided into
an average power component (Pavg) and a transient
power component (Py.qy,) using a zero-compensator fil-
ter of the battery PI controller. The average power
component generated by the zero-compensator filter is
sent in the form of a reference current to the buck-
boost converter for controlling the battery current.
The dynamic power obtained by subtracting the av-
erage power component from the total power is sent as
a reference current to the current controller of the bidi-
rectional DC-DC converter for SC. The key point
of the energy management scheme in a hybrid system
is to minimize the stress on the battery, thus extend-
ing its lifespan, to preserve the energy balance between
the PV module, the HESS system, the utility grid and
load all the time, and also to restore the DC bus voltage
as quickly as possible.

By considering the power dissipated in the RL filter
(Ploss); power balance can be expressed as:

Boss+Boa d_va = Pbat+Psc = Pavg+Ptran- (26)
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Fig. 9: The proposed power-sharing technique based on a zero-compensator filter for HESS.

The net power required to be provided by the HESS
is indicated by the following equation:

Pavg + Piran = Prot = VpatLiot- (27)

This I, is separated into two components, the low-
frequency (average current) and high-frequency (tran-
sient current) components. The low-frequency compo-
nent is given as:

1 1

—— 28
Tats + 17 (28)

Iavg = Ibat_ref~

ThatS + 1

The I4y4 is compared to the actual battery current
(Ipat) and the error (err) is transmitted to the PI con-
troller.

The high-frequency component is given as:

1
Iran: - Ia ref-
van = (1= ) o

Due to the slow dynamic of the battery system,
the battery may not instantly follow the I bat_ref- Con-
sequently, the uncompensated battery power is:

(29)

Pp_uncomp = (Itran + 6TT) %at- (30)

The SC is also used to compensate the uncompen-
sated battery power, thus increasing the system per-
formances. Therefore, the reference current of SC is

given by Eq. .

Ppiuncomp

VSC (31>

Isc rey =

The current I ey is compared to the actual SC
current (I,.) and the error is transmitted to the PI
controller which goes through the same algorithm as
the battery one.

The control signals PWM1 and PWM2 generate
switching pulses corresponding to the battery switches
(T2 and T1) and the SC switches (T4 and T3).
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3.4. SoC Management

The battery SoC is selected between (30-90) % for
a longer life cycle. The SoC management strategy
for a hybrid system proposed in this article is shown

in Fig. [I0}

| Calculation of: Ppv, Pload, Ploss |

No:

.
Yes )\
No Soc>30 Yes

Battery
Battery Charge Soc > 30 ch
@ 5 [Discharge

No

Stop Battery Battery StoP
Discharging Discharge Charge charging

Fig. 10: Flowchart of the battery SoC management.

If the load demand is less than P. (where

P. = P,, — Pysss) and if the battery is fully charged,
that means that the SoC is equal to 90 %, the PV gen-
erator provides the necessary energy to the load and
the excess is injected into the grid P, = P, — Pioqq-
Otherwise, for (30 %<SoC<90 %), the average energy
surplus between the PV generation and the load power
is stored in the battery Pyt = Pavg = Pload — Pe.
When the load demand is equal to P., the PV genera-
tor provides the necessary energy only for the load and
no action for the battery (Pq: = 0). If load demand
is more than P,., hence the average power is supplied
by the battery when SoC>30 %, otherwise the grid is
activated to supply the load even if the PV generation
is zero Pioqq = Pe + Py
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3.5.  Controller Design

The proposed power management strategy is to esti-
mate the voltage drop across the inductors L,; and
L. to control the currents Ip,; and I,.. The internal
resistance of the inductors is supposed to be negligi-
ble. The transfer functions resulting from this control
principle are defined by:

- Ibat(s) - 1

Gls) = VL bat(s)  Loar-s’ (32)
o Le(s) 1

F(S) N VL_sc(S) N Lsc : 8.

Using the closed loop transfer function of the HESS
(Fig. [11)), the transfer functions without filters are ob-

tained from Eq. .

Ibat ref 1 K [bat
- K i_bat =~ I
Tpat-S + 1‘% pbat T s G(s) >
Ise ref 1 K; Ige
el Ky se + ot o >
Tge.S+ 1 "(%—’ s S F(s)

Fig. 11: HESS current control loops.

Kpibat - S+ Kiibat

G I\S) =
C() Lbat'52+Kp bat'5+Ki bat
- - (33)
F (S) o Kpisc -Ss+ Kiisc
« Ls.-s?+ Kp_sc ©5+ Ki_sc
To ensure dynamic current tracking, the zero-

compensator filters (7pqs,7sc) are used to smooth
the desired currents and compensate the zeros
of the transfer functions G (s) and Fi; (s). The re-
sulting transfer functions are given by Eq. (34).

1
Ga(s) = Liat - 82 Ky pat- S 4 1,
Ki pat Ki pat
Fu(s) = ——— SEY
Lsc S + Kpisc s +1
Ki w | Ki
where Ty = Kp*batmsc = Kp s
Ki_bat Ki_sc

The coefficients K, par and K; pa¢ of the battery
current corrector are presented by Eq. .

{ Kp_bat = 2.§ + Lyat * Wnbat; (35)

2
Kiibat = Lipqt - Wobat
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The expressions for the coefficients of the SC cur-
rent corrector are obtained by simply replacing the in-
ductance Lp,; and the natural frequency wppe: with
the SC current smoothing inductance Lg. and the vari-
able wppe¢. The final expressions obtained for this pur-
pose are presented in Eq. .

{ Kp_sc =2-§- Lsc - Wnses

Ki = Lso - w? (30)
i_sc — Lsc -Wysc-

3.6. Battery Life Extension Strategy

To increase the battery life, the dynamics of the battery
current PI controller is reduced to relieve the battery
response, especially during transient periods due to in-
termittent solar production and demand. On the other
hand, the dynamics given to the SCs is high to recover
the dissipated energy as quickly as possible by using
the compensation. The filter time constant 7,,; has
an important role and defines the dynamics of the sys-
tem by sharing the total power between the two storage
systems. So, reducing the dynamics increases the value
of the time constant. However, increasing 734 improves
the smoothing of the battery current, and the SCs will
generate and absorb the necessary transient energy as
quickly as possible. Therefore, the system is indepen-
dent of the grid by stabilizing the DC bus.

4. Simulation Results and

Discussion

All the sources and associated converters, as well as
their local control, have been simulated in the MAT-
LAB/Simulink environment. The results presented
below are obtained with the configuration shown
in Tab. [[I The reference of the DC bus voltage is
adjusted to 630 V, the power is injected into a bal-
anced three-phase network of 220 V, 50 Hz. Conven-
tional PIs are integrated to regulate the various parts
of the system, including the HESS current through
the buck-boost converters, the DC bus voltage, and
the active and reactive power through the two-level in-
verter. The PI controller gains for the proposed and
conventional HESS are listed in Tab. 2

To examine all possible cases of energy management,
the solar irradiation profile and that of the required
load are presented in Fig. [T2] and Fig. [[3] respectively.
It is assumed that the SoC has almost reached the 30 %
threshold by setting it at 30.1 %. In this regard,
the simulation scenarios are detailed below:

e From 0 to 15 s: high generation (1200 W-m~2)
equivalent to 6.2 kW, and low demand (1 kW).
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Tab. 1: System parameters.

PV array parameters

Value (units)

Open-circuit voltage (voc) 43.2 (V)
Short-circuit current (Isc) 5.1 (A)
MPPT voltage (Vmppt) 34.4 (V)
MPPT current (Imppt) 4.8 (A)
MPPT power (Pmppt) 165 (W)
Cells in series (Ns) 8
Cells in parallel (Np) 4
Battery parameters Value (units)
Type Lithium
Terminal voltage (vpqt) 12 (V)
Ah capacity 100 (Ah)
Internal resistance (at 25° C) 1.2 (mQ)
Number of batteries in series 25

Sc parameters

Value (units)

Type

Maxwell BCAP0350-15

Maximum voltage (vsc) 2.5 (V)
Nominal capacity 350 (F)
Internal resistance (at 25° C) 3.2 (mQ)
Number of SCs in series 120
DC-DC coverters parameters Value (units)
Lp'u 10 (mH)
Lpat 8 (mH)
Lsc 8 (mH)
Cac 1 (mF)
Utility grid parameters Value (units)
s 20 (mi)
R 2.89 ()

Grid voltages

380,220 (V), 50 (Hz)

Tab. 2: The PI controller parameters.

HESS

ESS

K, par = 0.0213
K; par = 0.0284
That — 0.75 (S)

Battery

Ky bat = 7.109
K; bat = 3.158 - 103
That = 0.0023 (s)

Kp sc =27.368
Sc Ki sc =4.681-10%
Tse = 5.846 - 1074 (s)

Ki vde
K,

Grid

Kp vde = 0.351

= 106.082

p_igdg — 8.67
K; igdq =1.253-10%

e From 15 to 30 s: generation and demand are equal
(1 kW).
e From 30 s due to the low generation (1 kW)

the battery is discharged up to 30 %, approxi-

mately 60 s.

From 60 to 80 s: low generation (200 W-m~2)

equivalent to 1 kW, and high demand (6 kW).

e From 80 to 100 s: medium generation
(1000 W-m~2) equivalent of 5.28 kW, and
high demand (6 kW).

In order to inspect the effectiveness of the proposed
technique, a comparative study has been performed be-
tween ESS, proposed, and classical HESS. The behav-
ior of the battery current with and without superca-
pacitor is shown in Fig. The ESS battery current
response is fast, and significant spikes also appeared

1200 b
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o
o
T
I
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Solar irradiance (W-m)
S
o
o
\
‘

200 [ 7

) . . . .
0 20 40 60 80 100
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Fig. 12: Solar irradiance profile.
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Fig. 13: AC load profile.

when changing solar irradiance or load (at 0 s, 15 s,
and 30 s). Because the dynamic given to this sys-
tem is very high in this case 74z = 0.0023 s, and
also this filter lets through the high-frequency com-
ponents (below 435 Hz), which will reduce the battery
lifespan. On the other hand, from the same figure for
the HESS (proposed and classical), it is obvious that
with a high time constant value (754: = 0.75 s), the bat-
tery currents are smoother than the case of ESS. Hence
this filter value prevented high-frequency components
from passing (above 1.3 Hz). Figure illustrates
the comparison of the battery SoC for the three cases.
The SoC of the ESS case first reaches the 30 % thresh-
old at 63.6 s, then the SoC of the batteries in HESS
(conventional and proposed) reaches it at 63.8 and
64 s respectively, and there is a small decrease below
the threshold value concerning the HESS cases, this is
due to the exponential shape of the filter that the cur-
rent takes longer to reach zero as shown in the zoom
of Fig. Figure [16] represents the SC currents con-
cerning the two cases of the HESS. The SCs absorb and
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deliver the total transient currents with the error com-
ponent related to the required load peaks and the sud-
den changes in PV power, and then the SC current
slowly returns to zero. Figure [I7] shows the SCs SoC
of the proposed HESS. The SCs charge or discharge
to recover the excess or provide the deficit of energy.

30 T T . :

20 1

20

Battery current (A)
o

Proposed HESS
Classical HESS
—ESS

64 66

0 20 40 60 80
Time (s)

100

: Battery currents.

Proposed HESS
— Classical HESS .
—ESS

w

o

-

>
T

100
Time (s)

Fig. 15: Battery SoCs.

The DC bus voltage is held around its reference
(630 V) without error, as shown in Fig. From 0
to 0.02 s, the proposed HESS has a faster rise time
(25 ms) than the ESS and conventional HESS of 30 ms
and 52 ms, respectively. During the disturbances,
which are illustrated in the zooms, the proposed
method shows smaller overshoots of 4 % within the al-
lowed standard range of £5 % (31.5 V), and takes only
40 ms to reach 630 V. Hence, the zero-compensator fil-
ter provides the necessary transient power that the su-
percapacitors need to stabilize the DC bus as quickly
as possible.
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Fig. 18: DC-bus voltages.

Figure represents the management powers
in the proposed HESS, it contains four states detailed
as follows:
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State 2

State 4

8000  State 1 State 3 State 5
——
4000 1
= 2000 1
g o
o
o ——P Grid O
-2000 ——P Loss 1
P Battery |
-4000 ———P Load
-6000 | PPV .
—PSC
-8000 ! ! ! !
0 20 40 60 80 100
Time (s)

Fig. 19: The powers of the proposed technique.

State 1: When the power of the PV generation is
greater than that of the load, the excess power is dis-
tributed over the battery and the SCs.

State 2: The PV generation and the load are equal.
As a result, the power difference is zero, causing
the battery to switch from charging mode to no-action
mode. The SCs provide the high-frequency compo-
nents to compensate for the smooth shape of the bat-
tery at 15 s.

State 3: In the under-generation scenario, the power
deficit is supplied by the battery. As for the SCs, they
supply the transient peaks at 30 s to meet the load
demand. Some losses occurred due to the increase
of the current passing through the R-L filter. This
state and the two previous ones operate in stand-alone
mode.

State 4: When the SoC reaches 30 %, the bat-
tery power is zero to protect it against deep discharge.
In this scenario, the grid intervenes to compensate for
the power deficit. SCs are recharged by high frequen-
cies.

State 5: Grid power decreases due to the increase
in PV power to satisfy load requirements. Battery and
SC power remain zero, except for small peaks.

Figure @ represents the management powers
in the case of ESS. This technique yields satisfactory
results as the proposed HESS, but the battery is forced
by high frequencies of the transient regimes, which will
decrease its lifespan. Figure 2] demonstrates conven-
tional HESS management. The disadvantage of this
technique lies only in system start-up due to the grid
intervention to compensate the energy dissipated by
the battery for maintaining the DC bus voltage.

To test the effect of the time constant 74, the sys-
tem is subjected to a fluctuating load, with a constant
PV power of 1000 W, as shown in Fig[24 Each value
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600Q [P—
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?g 0 [
nC_) I L—-——J
2000 - P Grid yl
—PLoss
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—P Load J—
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-8000 ! ! ! !
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Fig. 20: The powers of the ESS.
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Fig. 21: The powers of the classical technique.
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Fig. 22: The output currents of the PWM converter.

of Tpqr depends on the dynamics of the PI controller by
varying the value of wypq¢. The lower the value of wypat,
the higher the value of the time constant and vice
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versa. Figure [25] shows the battery SoC for different
values of 7p4¢. It can be observed that increasing this
value provides considerable relief to the battery, thus
increasing its life. It also shows an increasing difference
in the SoC over time between the four-time constants.
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Fig. 24: Fluctuating AC Load profile.

5. Conclusion

This study is based on the energy management
of a grid-connected photovoltaic system, which com-
prises a HESS. The different parts of the overall sys-
tem, including the PV system, the HESS and the grid,
are modeled and controlled. The combination of bat-
tery and SC improves the overall battery performance
in terms of lifespan and autonomy. The battery con-
troller’s zero-compensator filter is implemented to en-
sure power-sharing of the HESS in different scenarios.
This frequency sharing of the power flows is character-
ized by the time constant 74;. The proposed technique
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Fig. 25: Battery SoC for different time constants.

allows batteries to handle the permanent power com-
ponent and SCs to deal with the transient power com-
ponent. The simulation results showed the efficiency
of the proposed power-sharing method which, is char-
acterized by: simplicity of implementation, fast sta-
bilization of the DC bus, reduced stress on the bat-
tery. In addition, the power management ensures that
the battery SoC is controlled within safe limits and
allows the system to operate in stand-alone and grid-
connected mode with good quality AC.
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