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Abstract

This paper describes the stability improvement of grid-connected photovoltaic (PV) system using supercapacitor (5C). The
proposed technique is applied on PV system which using maximum power point tracking of perturbation and observa-
tion (P&O) algorithm. The P&O algorithm is used to extract the maximum power from the studied PV system. The effect
of SC as a type of storage device on PV system appears at the abnormal conditions of grid faults. This technique is used
to compensate the system parameters at different fault conditions. The control strategy of SC technique is developed for
continuously charging and discharging to achieve its objective. In addition, the control system is presented in order to
maintain the DC link voltage and to manage the power transit between the SC and the grid. The whole grid-connected
PV system with SC energy storage system (ESS) is modeled and simulated using MATLAB/SIMULINK software and also
the control system strategies are demonstrated. The effects of different fault conditions on the behaviors of studied
grid-connected PV system with the SC ESS technique are investigated. A comparison between the behaviors of studied
PV system in cases of without SC and with SC technique is studied. Also, the variations of DC voltage, active power, and
reactive power for the studied PV system equipped without and with SC technique are investigated. The simulation
results present a clear improvement for the system stability in case of using SC. Numerical results illustrate the validity
of proposed technique with satisfactory values.

Keywords Photovoltaic (PV) - Supercapacitor (SC) - Maximum power point tracking (MPPT) - Pulse width modulation
(PWM) - Grid faults - Stability and control

List of symbols T Cell temperature (K)

Ip Diode current (A) A Ideality factor of the diode (1.5-3)

lep Shunt resistance current (A) 6 Duty cycle of PWM

I, Reverse saturation current (A) Voy Output voltage of PV cells (V)

Ig Light current of PV (A) Ve Output DC voltage of boost converter (V)
lpy Generated current of PV (A) L Inductance of boost converter (H)

n Numbers of PV modules in parallel Pyria Power of grid side (kW)

n, Numbers of PV modules in series Psc Exchanged power of SC (kW)

n, Series arranged PV cells Wess Storage energy of SC (J)

Iep Shunt resistance of PV cell (QQ) Ppy Generated power of PV (kW)

r Series resistance of PV cell (QQ) Coc Capacitance of SC (F)

q Electron charge (1.6 x10-19 C) R Internal resistance of boost converter (Q)
k Boltzmann constant (1.38 x 10-23 J/K) I Inductor current of boost converter (H)
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Cpy Capacitance of input filter (F)

Cye Capacitance of DC link side (F)

Ly Output current of boost converter (A)

ry Resistance of inverter filter (QO)

4, Inductance of inverter filter (H)

Vi m Vo m Measured d-q axis components of grid
voltages (kV)

Vigconv Vacony  Converted d-q axis components of
inverter voltages (kV)

Vicrer Reference DC voltage (V)

V,, Vzand V- Real three phase voltages of grid side (kV)

Bt Phase angle (deg)

K, and K, Pl controller gains of inverter current
regulator

Kpgcand K, Pl controller gains of inverter voltage
regulator

Reference d-q axis component of grid
current (A)

I d_refr I q_ref

id miiq m Measured d-q axis component of grid
current (A)

t Charge and discharge time of SC (s)

% Voltage of SC (V)

Upm PWM control signal of bidirectional con-
verter circuit

Iscref Reference current of SC (A)

Isc Current of SC (A)

Koy and K, Pl controller gains of SC bidirectional
converter voltage regulator
K», and K, Pl controller gains of bidirectional con-

verter current regulator

1 Introduction

Renewable energy is considered the most popular alter-
native solution of electrical power that depends on the
change in weather conditions. PV system is the most com-
mon source of renewable energies in the world. PV is a
power source which mainly converts the solar power to
electrical power. For this reason, the studies of PV systems
are increasing rapidly in the recent times. It is also has
its popularity because of many features, as it generates
energy where the sun is shining brightly, has a lifelong
cycle, it not have moving parts so it has a low cost mainte-
nance. Furthermore there are considered the most clean,
flexible and natural power resource [1]. The maximum
benefits of power is realized by controlling the generated
energy when it passes through a converter stage of DC/DC
type with MPPT control unit to get the extreme benefits
from the system [2]. The MPPT techniques that are used
to track PV power over its maximum point at which the
PV arrays releases the maximum energy for a certain irra-
diation and temperature. MPPT techniques have several
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types some of them are P&O, hill-climbing and incremental
conductance [3]. Thermal management is a major issue for
the PVs and some cooling techniques were introduced to
overcome this problem [4-6]. The reduction of electricity
suppling might causes a lot of problems, so many efforts
are focused to improve the grid connected PV system
performance to get the maximum benefits of PV farms at
all operating conditions to fill the consumers’ needs for
energy at all time. There are a lot of instances to develop
new techniques for storage the electricity of PV systems.
These efforts study the techniques called ESS to storage
the energy using different methods as batteries, super-
conducting magnetic energy units and SC [7]. ESS is an
energy storage method that is used as a backup to achieve
the balance between customer side of grid and generator
side of PVs [8]. Some methodologies work on the inves-
tigation of the aim to storage the generated power from
the renewable energy resources, so this field takes a huge
attention of researchers. Belfedhal et al. [9] and Jacob
et al. [10] have studied the performance of batteries as
an energy storage device in different shapes and models.
Hu et al. [11] has discussed the hybrid of wind/PV system
performance using battery. Battery has a high cost and a
slow charging and discharging device. It has a high effec-
tiveness, long time to charge and a short time to discharge
also it works at a short time. Shi et al. [12] and Sun et al.
[13] have investigated the behavior of an energy gener-
ated system with superconducting magnetic energy stor-
age as a type of ESS technique, which can store the energy
in a magnetic field that is produced DC flowing through
the superconducting coil. Li et al. [14] has discussed the
superconducting magnetic energy storage device based
on control mode for PV with grid connected systems that
effectively improve the stability of system during low volt-
age ride through (LVRT). Vargas et al. [15] and Roy et al.
[16] discuss the behavior of PV system with SC connection.
Wang et al. [7] and Tian et al. [17] have analyzed the stabil-
ity of multi-machines power system with fault applying on
hybrid wind/PV farm using ESS unit based on SC. Moham-
madi et al. [18] and Qiu et al. [19] have studied the effect
of LVRT conditions on the performance of single phase
grid connected PV using SC. Noureldeen et al. [20] has
study how to save a constant active and reactive power
from the wind farm during gust using the SC. Sedaghati
and Shakarami [21] has analyzed the performance of a PV
system using both battery and SC. The previous method-
ologies discussed several types of ESS and the impacts
of this technique on the performance of different energy
systems stability at its operating conditions. Clearly, each
technique has certain characteristics and functions that
make it unique from other energy storage devices with
different kinds of systems. Also, SC has many advantages
than other types as batteries as it has much larger energy
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density than the normal electrolytic capacitor, and it has a
faster discharging and charging capability than batteries
and it used in many energy system applications [22].

This paper methodology presents an extensive view of
the stability improvement of 400 kW grid-connected PV
system during the different fault types using SC technique.
It conveys that the SC technique considers one of the most
effective way that is used in the renewable energy sys-
tems for the purpose of power optimization. It is directly
parallel connected with the capacitor of DC link side to
work on store the PV ultra-energy then discharging it to
the DC side to resist and compensate the voltage drop of
system. SC is an energy storage device that has the abil-
ity of storage the excess energy from system and restores
it at fault condition also at any needed time, using elec-
tronic charging and discharging means at different control
times. The current work aims to study SC technique that
will examine the stability of system and the improvement
of output power fluctuating during the abnormal condi-
tions at any point of system. Also, the system performance
is investigated based on the fault duration for tripping or
not tripping during voltage dips at which depends on the
grid code recommendations that called LVRT. The impact
of SCis significantly studied on system through saving the
voltage profile at a fixed value on the abnormal conditions.
This strategy also investigates the effect reduction of fault
system on DC voltage fluctuating and hold it on its MPP
value as well. It must also be noted that, there are many
faults occur at different times that caused the dropping
and falling in the system stability. The AC faults near grid
side are considered the major problem that causes a huge
drop on the reliability of PV operating system. The research
is simulated using MATLAB/Simulink for the performance
of grid-connected PV system. The simulation study com-
pares between the system parameters in cases of with
and without connection of SC to the studied system at
AC faults conditions. The rest of the paper is organized
as follows, Sect. 2 shows the general construction and

()

modeling of grid-connected PV system. In Sect. 3 discusses
the construction of SC model and its control unit. Section 4
explains the Egyptian fault ride through (FRT) capability
for solar PV system. In Sect. 5 describes the studied PV
system with SC model. Section 6 discusses the simulation
results. Section 7 presents the conclusion.

2 System construction and model
2.1 Grid-connected PV system

The global construction of grid-connected PV system is
shown in Fig. 1. The main configuration of the system is
PV cells that are the power source or generator of the light
energy, which are arranged in series or parallel to achieve
the highest benefit of the solar radiation. Another compo-
nent is DC/DC converter that is mainly controlled during
the coupling of MPPT control unit [23]. This unit uses the
switches as a tracker to save power at the maximum point
at all operating conditions. The DC/AC three phase bridge
inverter circuit that connects to a conventional step up
transformer that connects to a grid [24].

2.2 PV cell model

The general equivalent circuit of single diode PV cell
model that explains the main process of the PV cell is as
shown in Fig. 2. This model is composed of numbers of
silicon cells which operates as a current source, also these
cells are assembled with each other in a large unit to form
PV panels which are grouped in arrays [25]. In general,
number of cells are used in a particular series or parallel
arrangement to control the generated PV current or by
change the numbers of the cells in each panel. The gener-
ated current of PV cell at a certain condition of radiation
and temperature is illustrated as follows [26].

PV DC/DC
arrays : converter
Vv Ipy PWM

> MPPT

Fig. 1 Block diagram of grid-connected PV system

DC/AC Step up
inverter ' transformer
\
Controller |«
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Fig.2 Equivalent circuit of PV cell
IPV =lg_ID_Ish (1)

where [, is the light current, I is the diode current and /g,
is the shunt resistance current.
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()
where I, is the reverse saturation current of diode, V; is
the output voltage of PV cells, g is the electron charge, Tis
the cell temperature, n, are the numbers of PV modules in
parallel, n; are the numbers of PV modules in series, n_are
the series arranged PV cells, k is the Boltzmann constant,
A’is the ideality factor of diode and r,, r, are the shunt and
series resistance.

2.3 DC/DC converter

The voltage control techniques have different kinds of con-
verters circuits that are used for increasing or decreasing
the DC voltage these converters can be used in PV system
to modify the DC voltage that is generated from PV arrays
[4]. One of these converters that will be used here is DC/
DC boost converter. It is used to modify the PV voltage by
controlling the switching operation of a semiconductor

Fig.3 Circuit diagram of the
DC/DC boost converter

insulated gate bipolar transistor (IGBT) through the pulse
width modulation (PWM) generator from the MPPT control
unit. The ratio between the switches’ operation on and off
time with a constant frequency is called a duty cycle. In
Fig. 3 shows the main components of the boost converter
circuit with the output parameters of DC current and volt-
age as following [27].

where V. is the output voltage of the boost converter, and
6 is the duty cycle.

The main two modes operation of boost converter are
constructed through IGBT switch, when the switch signal
Sis ON, the value of 6 equals 1 at which the diode has an
inverse polarity so the current will flow through inductor
to store energy. Also, when switch signal S is OFF, the 6
value equals 0 and the diode changes its polarity, at which
the magnetic field will be discharged to DC link and the
induced voltage polarity will be reversed as the following
[28].

d

d_tL =7 Wey =Rl = (1 = 8)Vy) 4
av, 1

/dc )

a ~c a5 ©)

lge = 1,01 = 6) (6)

where C,, is the filter capacitor /. is the output current of
converter circuit, /; is the inductor current, Rand L are the
internal resistance and inductance of the inductor.

2.4 P&O MPPT algorithm

The algorithm of P&O is a widely used technique as a type
of MPPT in power systems applications, where it is simple
and easy to implementation characteristics. It explains

L D
AMAS P— ?
IL Idc
— Cpp Mﬂ Cie —— Vac
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the relation between the DC current and voltage of PV in
the I-V characteristic curve and uses these parameters for
power tracking. On the other hands, P&O illustrates the
relation between DC power and voltage of PV through the
P-V characteristic curve [29, 30]. I-V and P-V characteris-
tic curves of P&0O method at a certain temperature 25 °C
and a certain radiation 1000 W/m? are shown in Fig. 4. The
main points of I-V curve are V5 open circuit voltage, /,,
is the short circuit current that has a maximum value if
Voc=zero, Vyppis DC voltage at MPP and /;,pp is the current
of the MPP. In P-V curve P, and V,,p are the maximum
values of output PV power and voltage at MPP [29, 31].
This tracking method mainly depends on a frequent per-
turbation of (increasing or decreasing) voltage or current
values then compare the new measured power with the
previous perturbation value. The sweeping for character-
istic curve at the left side of MPP the perturbations values

are (AP>0 and AV > 0), the power is tracked by reducing
its value to reach MPP. On other hand, at the right side of
MPP, the perturbations are (AP <0 and AV >0), so power
value is tracked by increasing its value until MPP [32]. The
flowchart of P&O algorithm is shown in Fig. 5. First of all,
IpAn) and V},(n) of PV array are measured and multiplied to
calculate the output power Py, (n) depending on sample
time. For any change in the PV system operating condition
occurs, P&O algorithm will compare the new measured
values Ip,(n—1) and Vp(n— 1) and calculate perturbations
values AP and AV [33]. The algorithm is programed for gen-
erating a unit of duty cycle 6 to increase or decrease the
change in Pp(n) to return to MPP. If the measured power is
as same as reference value, the comparison between val-
ues will equal to zero and there is no change. At left side of
P-V curve (AP > 0), if check value of AV has a positive value,
6 will increase previous duty value. If the perturbations

Fig.4 PV characteristic curves
of P&0O MPPT technique. a V-I I, £
curve, b P-V curve IM‘PP ______________________
<
=
5]
E
=]
)}
0 Voltage (V) Vypp Voc
(@
MPP
Pu-———— — — - — - — — — — — — — — — — — —
I
I
| - —
[ [
E ___________ I | \AP<0
5 I |
ol _ T _____ I —
a l AVsgel !
I I > |
|AV>0, N |
> I |—’I
1 1 @ 1
0 Voltage (V) Viyepp Voc
(b)
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Fig.5 Flowchart of P&RO MPPT
method

Measured
Lpy 0V py (1)

4
(n)yxV

P V(n)ZI

P PV py ™

l

AP :PPV (n)- PPV (n—l)<

AV :VPV (n)— VPV (n-1)

value AV has a negative, 6 value will decrease previous
calculated unit to track power to MPP. At right side of P-V
curve (AP<0), if AV has a positive value,  will decrement
previous unit, but if AV has a negative, 6 value will incre-
ment previous calculated duty to track power again to
MPP.

2.5 DC/ACinverter

The main function of grid side inverter is used to convert
the DC power to AC power to supply AC loads and for grid
integration. The electrical configuration of DC/AC grid
connection inverter and also, the control system of the
inverter for solar PV system are illustrated in Fig. 6. The
configuration circuit includes DC link capacitor, reverse
current blocking diode, six semiconductor IGBTs switches,
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and harmonic reduction filter for grid interface. The grid
side voltages (V,, Vg and V) can be used to calculate d-q
grid voltages components through phase locked loop
(PLL) as follows [34, 35].

2 . . 2 . 2
Vgm= 3 [VA sin(ft)+Vg sin (ﬁt - §7r> + Vcsin (ﬂt + 37

vV =

q_m

wIN

[VA cos(pt)+V; cos <ﬂt - %ﬂ') + V- cos (ﬂt + %ﬂ'

where V, .. is d-axis component of grid voltage, V, ,
is g-axis component of grid voltage and St is the phase
angle. The first closed loop control unit of voltage con-
troller is used to generate the reference value of i, rand
the reference value of i, ¢ is equal zero or given by the
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Current regulator Vam ol + |
id*ref J ld ref. %
PI dlq ref dconv
iq m controller
iy ref
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Switches signals
—>Q;
Vdmnvquconv —_— dq UABC —>QZ
— Qs
> PWM |—»(Q,
Pt—>1/ABC Qs
—>Q

(b)

Fig.6 Grid connection inverter with the main control system a three phase DC/AC inverter circuit. b Interface block diagram of inverter con-

trol method

operator. The voltage regulator is used to compare the
DC reference voltage V. with measured DC voltage V.
to calculate the reference d-axis component grid current
iy rerthrough a proportional and integral (PI) controller as
follows.

. Kld
ld ref = (Vdcref - Vdc) <Tc + KPdc) 9)

where Kp,., K4 are Pl gains of voltage regulator and iy ,.¢is
the d-axis component of grid current. The second closed
loop control unit of current regulator is used to compare
the reference values of d-qg currents depending on the
measured values to generate the converted d—q voltages
of inverter side to inject it to the terminal node this can be
illustrated as follows [36].
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di K
. q_ref . X f
Vacony = Ttld_ref = ’“ﬂtT + Vo m + (i rer = id.m) <§ + KP)

(10)

did ref
chonv = rt’qJef + ft d_t + qum + (IqJef - qum) <_ + KP)

where V,,, is d-axis component of inverter voltage, V,,,,
is g-axis component of inverter voltage, i, .is the g-axis
component of grid current, i, ,, is the measured d-axis cur-
rent, i, ,, is the measured g-axis current, r, is the resistance
of inverter filter, 7, is the inductor of inverter filter and K,
K, are Pl gains of current regulator. Finally, the d-q axis
components of inverter voltage Vy,,,, are converted into
three-phase inverter voltage U,z and then, the PWM gen-
erator to generate the switching signals for IGBTs switches
of the inverter.

3 SCmodel and control system
3.1 SCmodel configuration

SCis an ultra-capacitors type that have two plates or elec-
trodes with ionic pores, these small pores let ions easily
moving through the gap [37]. Itis a technique that used to
make a balance for the system energy so it considered one
of important ESS type that improves the power fluctuating
during any undesirable conditions. It has a lot of functions
as any other ES devices known, but this one has many
advantages over the other storage devices. It can be used
for a long time, has a small size, has a short time for charg-
ing and discharging the energy and has a high capacity of
energy storage. This ability of super storage capacitance
come from its construction that has a small distance gap
between the two electrodes [9, 38]. Compared to batteries,

SC demonstrates high power performance, low mainte-
nance, long cycle life, and easily integrated into power
systems [37]. Because of SC can store more energy that
makes SC technique is more applicable in high power rat-
ing engineering applications. The storage energy of SC
Wiss can be calculated as follows.

W555=/Pscdt=P5ct (12)

where P is the storage power in SC at time t of grid code.
The capacity size of SCis illustrated as following [18].

1
Wess = Ecscvszc (13)
_ 2Pyt (14)
SC — 2
Vee

where V. is the voltage of SC and C is the capacity size
of SC.

The model of SC is presented as shown in Fig. 7, where
it is consists of a capacitor with parallel R, and series R;
resistances. In addition to a bidirectional DC/DC converter
that is presented in order to control the DC link voltage
and manage the power transit between the SC and the
grid. The bidirectional buck/boost converter consists of
inductor and two IGBTs switches S;, S, [39]. The model of
SC with bidirectional circuit are connected in parallel with
DC link side of PV, so it will have the ability to control DC
voltage and this will accordingly keep the power system
in balance between both PV and grid side. SC storages
the extra power of system by help of the buck converter
mode and it will be injected again to system at needed
time. SC will be automatically connected and discharged
the storage power through the boost converter mode of
bidirectional circuit [40].

Fig.7 Schematic diagram of Bidirectional converter DC link side
the SC model — — — — — —
+
SC S | li
Lc 1
—A- N Cijo —— Ve
_|_
Ry 2~ Cse S | }
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3.2 Control principle operation modes
of bidirectional converter circuit

Figure 8 shows the control system of bidirectional buck/
boost converter circuit. It consists of two Pl controllers that
connect to PWM generator and NOT gate. The input con-
trolled signals for IGBTs switches S, and S, of the converter
circuit are directly from the PWM generator and NOT gate
respectively.

The first Pl controller is derived using two input signals
to supply a reference current signal of SC by comparing
the input reference and measured DC voltage signals, this
is expressed as follows.

KI
lSCref = (Vdcref - Vdc) < KP1+?1 > (15)

where /g is the reference current of SC, V,;,¢is the refer-
ence DC voltage, V. is the measured DC voltage and Kp,,
K;, are Pl coefficients of the first controller. The second PI
controller controls the current of SC through two input
signals. The input signals are the generated reference and
measured current signals of SC that flows in positive or
negative direction according to the operating mode of
converter circuit. The signals that derive IGBTs switches
are directly from PWM generator to S; and from NOT gate
to S, to control the operation of buck or boost mode as
follows [41].

Ki
Upim = (Iscrer = Isc) <KP2+?2> (16)

where /s is the measured current of SC, Upy, is the control
signal and Kp,, K|, are the Pl coefficients of the second con-
troller. The operations modes of bidirectional circuit are
shown in Fig. 9. It can operate as a buck or a boost circuit
where it can keep the DC voltage of PV at a constant value
by storage the excess energy between PV and grid side for

any condition occurs in grid side as follows [18]. If both P,
and P, are in balance, SC will not have a chance to store
power. If there is an unbalance between P, and P, SC
will storage the excess power and inject it back to system
to consume power at dip condition. The storage power of
SCis defined as follows.

PSC = Pdc - Pgrid (17)

where P, is DC power of PV and P, is the grid power. If
any condition effect DC voltage of PV, the converter circuit
will operate as a buck circuit because of the DC voltage
is not as the reference value. The current passes through
the inductor in active direction to charge SC by the extra
power system. The controlled output pulses of PWM gen-
erator will close the switch S; and open the switch S, as
shown in Fig. 9a. The discharge mode of SC will achieve
the power balance between the grid and PV side. SC will
control the DC voltage to be as possible as reference value.
So, the converter circuit operates in boost mode and the
current will pass from the SCin a passive direction through
the inductor to discharge the storage power in DC link side
to compensation the leakage in power system. So, the con-
trolled pulses of PWM generator opens the switch S, and
close the switch S; as shown in Fig. 9b [36, 42].

4 Egyptian FRT grid code requirements

The grid code connection of solar energy is an impor-
tant issue when a new solar system is established in any
country. Each grid system must be strong for a specific
duration of the voltage dips ranging up to 0% of volt-
age dip%. Here, the Egyptian grid code is used with the
studied solar PV system for supporting the electrical
grid during faults. Figure 10 presents the Egyptian FRT
grid code connection requirements for solar PV system.
This grid code states that, the minimum duration time is

PI PI
V. cre | PWM
deref @ controller @ controller W

} }

Ve Isc

Fig. 8 Control schemes of the bidirectional converter circuit

r-—-——-——---—-—-—-— - - - = 1
| = |
Sim | |
|
| S| K} |
s I L¢ + |
21 FYYva _— I
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+ -— :
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| OFF S,
1-———>
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RP __CSC 2 |

(b)

Fig. 9 Control operating modes of bidirectional converter: a SC charging mode. b SC discharging mode

equal to or less than 250 ms, and the maximum duration 5 Studied grid-connected PV system

time to restore the voltage is equal to 10 s. The grid code

is not allowed to disconnect the PV system from the grid The case study model of the grid-connected PV system
during voltage drops above the curve as shown in Fig. 10 with a parallel connection of SC model is as shown in
[43]. Also, the PV system shall be tripped if only the volt-  Fig. 11. The PV array is consisted of four panel each one
age level value is below the area of FRT curve.
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Fig. 11 Studied system configuration

has a boost converter with rated power 100 kW and
the rated real power and DC voltage of PV array are
(400 kW/500 V) and connected with grid side through
a 40 km transmission line, the rated AC voltage and fre-
quency of grid side are (220 kV/50 Hz). The PV arrays
connect to a DC/DC boost converter circuit with P&O
technique of MPPT control unit with a direct connection
to a DC/AC inverter circuit. Also with a group of trans-
formers which are used on the way of grid power flow.
The first group is step down (delta/star) transformer with
the rated voltage (260 V/22 kV) near the inverter side

and the other group is step up (star/delta) transformer
(22 kV/220 kV) near the grid side. SC model with the
main components of control unit and the bidirectional
buck/boost converter circuit are connected in parallel
with the capacitor of DC link side. The parameters used
for the studied PV system are tabulated in Table 1.
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Table 1 Studied system

parameters Descriptions Parameters Symbols  Values Units
PV side Rated power Ppy 400 kw
DC/DC boost converter Inductance L 53 H
Resistance R 573 Q
Filter capacitor Cpy 100e™® F
DC link side Rated voltage Ve 500 \Y
Capacitance of DC link side capacitor  C,, 50e73 F
SC model Capacitance of SC Coc 20 F
Series resistance Rs 100e> Q
Parallel resistance Rp 122e3  Q
DC/DC bidirectional converter  Inductance Le 10e73 H
Controller proportional coefficients Koy, Kpy 350 -
Controller integral coefficients K, Kip 250 -
DC/AC inverter Voltage regulator Pl coefficients [Kpgor Kigd ~ [7,800]
Current regulator Pl coefficients [Kp, K] [03,20] -
Resistance of filter re 1e73 Q
Inductor of filter A 45¢75 H
Grid side Rated voltage Varid 220 kv
Rated frequency f 50 Hz

6 Simulation results

To validate of the proposed methodology of the studied
PV system performance equipped with the SC model, the
different conditions of faults types are investigated. The
simulation studies are done in MATLAB/Simulink software.
The system is tested under different fault types for a time
period of 250 ms as shown in Fig. 11. The different faults
types occur near grid side are single line to ground (SLG),
double line to ground (DLG), three line to ground (TLG)
faults and voltage dip. Each fault analysis is performed in
grid-connected PV system to analyze the behavior of the
studied system in cases of without and with SC model.

6.1 Effect of SLG fault

In case of studying the SLG fault that is applied at grid side
for a time that varies from 7 to 7.25 s. The impact of fault
on the performance of DC voltage is shown in Fig. 12a. In
case of without SC, it fluctuate between 600 and 430 V
then after the fault time it oscillates between 670 and
430V before returning to normal 500 V. However with SC,
the DC voltage fluctuates between 510 and 470 V but, it
stabilizes at rated value after fault time. The active power
is illustrated in Fig. 12b, without SC it oscillates between
490 and 300 kW, also these oscillation still at the clearance
time between 450 and 50 kW before it stabilizes at rated
378 kW. Otherwise with SC, active power at fault time is
oscillated between 400 and 350 kW but, it returns to rated
value after fault. The reactive power shown in Fig. 12c,
without SC the disturbance is varied between 30 and
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—20 kVAR, and it fluctuates between 160 and — 160 kVAR
at clearance time. With SC, the fluctuations are between 10
and — 20 kVAR but, it stabilize at zero after fault.

6.2 Effect of DLG fault

In this subsection, the behavior of PV system during a DLG
fault with and without SCis investigated in Fig. 13. DC volt-
age without SC fluctuates between 750 and 430V, also at
fault clearance time, it fluctuates between 430 and 750V
before it returns again to rated value 500 V. The impact of
SC, the DC voltage changes between 510 and 484 V then
after fault time, voltage stabilizes at the value of 500V as
shown Fig. 13a. The performance of active power is shown
in Fig. 13b without SC, the power oscillates between 420
and 50 kW, also after fault time it oscillates between 300
and — 50 kW. On other side with SC, the value decreases
to 50 kW then after fault the power stabilizes at rated
value. The reactive power behavior is shown at fault time
in Fig. 13¢, without SC it has a disturbance from 120 to
— 120 kVAR and at fault clearance it oscillates between 200
and —200 kVAR. While that, with SC it oscillates between
50 and — 150 kVAR then stabilizes at zero after fault clear-
ance time.

6.3 Effect of TLG fault

The impact of TLG fault on system parameters during
with and without SCis investigated in Fig. 14. DC voltage
performance is shown in Fig. 14a, without SC it fluctu-
ates between 780 and 430 V. After fault time it fluctuates
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Fig. 12 Variations of system parameters during SLG: a DC voltage. b Active power. c Reactive power

between 430 and 750 V before it returns to the rated
voltage. In addition with SC, the DC voltage fluctuates
between 510 and 490V then the voltage stabilizes at rated
of 500 V. The active power is shown in Fig. 14b, without SC
the power decreases to zero but, after the fault time it fluc-
tuates between 400 and — 100 kW. On the other hand with
SC, the value decreases to zero then after fault time it sta-
bilizes at the rated of 378 kW. The behavior of the reactive
power is shown in Fig. 14c, without SC it has a disturbance
from 250 to — 370 kVAR. Also, at clearance time, it oscillates
between 150 and — 150 kVAR. While with SC connection, it

oscillates between 100 and — 350 kVAR then return to zero
after fault clearance.

6.4 Effect of voltage dip

In this case studied the impact of 50% voltage dip
that is applied at grid side. DC voltage action is shown
in Fig. 15a, without SC it fluctuates between 600 and
430V, then at fault clearance time it oscillates between
650 and 430 V before returning to normal value. Also
the fluctuations with SC are between the normal value

SN Applied Sciences

A SPRINGER NATURE journat



Research Article

SN Applied Sciences (2019) 1:1687 | https://doi.org/10.1007/s42452-019-1743-2

—Without SC
| 510 |
S 700 L. === With SC
Z 500 | ;
g)I) : H |
§600—4W1”********1r ,,,,,,,,,,,,,,, :F ,,,,,,,,
S 7 !
> |
© 500 :
a |
400 |
5.5 9.5 10
600 F T T T T .
g —Without SC
< =+« With SC
<400
)
3
2200 -
%]
2
k>
< 0 |
| |

9 9.5 10

100

—Without SC

I

I

I

I

I

I

I

I

I

I

I
z
1e=
=
[92]
a

-100

Reactive power (kVAR)
(—J

5.5

i
9 9.5 10

Fig. 13 Variations of system parameters during DLG: a DC voltage. b Active power. ¢ Reactive power

of 500V and 460V but when fault is cleared, it stabilizes
at normal value of 500 V. The active power is shown in
Fig. 15b, without SC the oscillations are between 280 and
500 kW. At the clearance time, oscillations are between
500 and 50 kW before it stabilizes at 378 kW. Also, with
SC it oscillates between 410 and 250 kW then returns
to rated value. The reactive power is shown in Fig. 15¢,
without SC it has a disturbance from 0 to 30 kVAR, also
it oscillates between 160 and — 200 kVAR at fault clear-
ance period. On the other hand with SC, the oscillations
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changes between 0 and 5 kVAR but, it stabilizes at zero
value after fault time.

Also, in case of applied 75% voltage dip at grid side
the impacts are shown in Fig. 16. DC voltage behavior
is shown in Fig. 16a without SC, it fluctuates between
700 and 430V. Also, at fault clearance time these oscilla-
tions continue for a time before returning to rated value.
The impacts of SC connection, it fluctuates between 510
and 475V but, at fault clearance it stabilizes at normal
of 500 V. The active power is shown in Fig. 16b, without
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SC the oscillation is varied between 490 and 120 kW. At
the clearance time this oscillation is between 450 and
0 kW value before it stabilizes at 378 kW. Also with SC,
it reduces to 120 kW then returns immediately to rated
value. The reactive power is shown in Fig. 16¢, without SC
it has a disturbance between 50 and 0 kVAR and it oscil-
lates between 160 and — 160 kVAR at fault clearance. At
the connection time of SC, the oscillation changes only
between 20 and —5 kVAR, but it quickly stabilizes at zero.

7 Conclusion

This paper studies the stability improvement of 400 kW
grid-connected PV system during faults. The simulated
of system is equipped with an ESS strategy to present a
solution for reducing the fluctuations of system param-
eters. The investigation of the stability system param-
eters as DC voltage, active and reactive power using
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Fig. 15 Variations of system parameters during 50% voltage dip: a DC voltage. b Active power. ¢ Reactive power

SCis studied. SC technique is mainly used to keep the
value of DC voltage at its maximum value accordingly
saves power balance between the generating and the
absorbing side. The SC model consists of an ultra-capac-
itor with a parallel resistance in connecting to a series
one. A bidirectional buck/boost converter circuit with
two IGBTs switches with a smoothing inductor, which
sets the operating mode of SC to charge or discharge
the extra power of system. The SCis connected in paral-
lel with the capacitor of DC link side. The impact of SC
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on system is studied under different types of the grid
faults. SC can control DC voltage of PV side at a constant
value during faults by charging power through a buck
mode of the converter, and then it discharges through
a boost mode. The results of system parameters with SC
shows an improvement in the system stability during
the applied of faults. The impacts of SLG, DLG, TLG and
voltage dip faults in cases of with and without SC are
studied for a period of 250 ms based on Egyptian grid
code. A comparison with or without the SC technique is
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Fig. 16 Variations of system parameters during 75% voltage dip: a DC voltage. b Active power. ¢ Reactive power

studied. It is noticed that during SLG fault without SC, DC
voltage fluctuates between 600 and 430 V over normal
value of 500V, active power is oscillated between 490
and 300 kW over the rated value 378 kW and reactive
power fluctuates between 30 and — 20 kVAR over zero
value, also these oscillations continue after the clear-
ance time the stabilization at its rated values. On the
other hand with connecting of SC, DC voltage fluctuates
between 510 and 470V, active power oscillates between
410 and 350 kW and the reactive power fluctuations are

between 10 and — 20 kVAR but, the fluctuations stabilize
at rated values immediately after fault time. The impact
of DLG fault without SC, DC voltage oscillates between
750 and 430V, active power changes between 420 and
50 kW and reactive power fluctuates between 150 and
— 180 kVAR, also at the clearance time these oscillations
will still for a period before returning to rated values.
However with applying of SC, DC voltage is fluctuated
between 510 and 484V, the active power decreases to
50 kW and the oscillations of reactive power are between
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80 and — 180 kVAR, while these fluctuations stabilize at
normal values at the clearance of fault time. TLG fault
without SC, DC voltage are between 780 and 430V,
the oscillations of active power are between 400 and
0 kW and reactive power fluctuates between 250 and
—370 kVAR, also after fault time all these oscillations
still for a time before stabilization. However with SC, DC
voltage fluctuates between 510 and 490V, active power
reduces to zero and reactive power oscillates between
100 and — 370 kVAR, then all parameters stabilize at its
normal values. The simulation results of 50% voltage dip
without SC show that, the oscillations of DC voltage are
varied between 600 and 430V, the real power fluctuates
between 280 and 500 kW, after fault the oscillations con-
tinue for a time. The reactive power oscillates between
0 and 30 kVAR but also, it fluctuates at the clearance
time between 160 and — 200 kVAR. Otherwise with SC,
DC voltage fluctuates between 500 and 460V, the active
power also changes between 410 and 250 kW, reactive
power oscillates between 0 and 5 kVAR and the stabili-
zation of all parameters occurs immediately after fault
clearance. Also, the applied of 75% voltage dip without
SC connection is analyzed, the oscillations of DC volt-
age are between 700 and 430V, active power fluctuates
between 490 and 120 kW, then the oscillations con-
tinue for a short time after fault time. The oscillations of
reactive power are varied between 50 and 0 kVAR but
also, it fluctuates again between 160 and — 160 kVAR
after the stabilization time. However with SC, DC volt-
age fluctuates between 510 and 475V, the active power
also reduces to 120 kW and reactive power oscillates
between 20 and —5 kVAR, and then the parameters are
stabilized at rated values after fault clearance time. The
obtained results have shown the validity of the proposed
technique in terms of rapidity and stability against the
grid faults.
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