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Graphical abstract Abstract

I Reactive power is essential to control the power system's voltage
}""a" stability as the reactive power is directly proportional to the

voltage. Hence, every new solar photovoltaic (PV) plant installed
in the grid system must comply with the grid code requirements to
ensure that the electricity supply remains stable and reliable. As
Load the more penetration of PV plants, the electrical system will face
some challenges related to reactive power control and voltage
support. Thus, many countries including Malaysia have updated
their grid codes to permit a smooth inferaction between these
new plants with the grid system. The inverter of PV solar
connected to grid system are required fo supply rated power
lnverterw rodule oufput (MW) at point of common coupling (PCC) between the
J limits of 0.85 power factor lagging, and 0.95 leading follow to the

Malaysian Grid Code (MGC) requirement. Hence, this research

As the more exfensive scale of photovoltaic power plants is aims to design a controller for the PV inverter in Matlab/Simulink
being installed, the electical system can face some that able to absorb and supply the reactive power. Then, the
Ch“"qufhs related to f‘i?’di;e POWSV TCZT}EO', 003 V%”OQTG comparison will execute between the simulation results and the
B St Ieraetion betweon how power planss with  MGC requirement. However, due to power loss in the system, the
the transmission system. Therefore, the Inverter of Photovoltaic ~ PV inverter controller may not comply with the reactive power
(PV) Solar connected fo grid system are required to supply — capability as the MGC requirement. Thus, the PV system need to
rated power oufput [MW) af Point of Common Coupling PCC) e yrate with the capacitor bank as a reactive power

between the limits of 0.85 power factor lagging, and 0.95
leading follow the Malaysian Grid Code (MGC) requirement. compensator.

Pcc

O m A
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Keywords: Reactive power capability, Solar PV plant, grid
connected Solar PV, Inverter controller, Malaysian Grid Code

Abstrak

Kuasa reaktif adalah penting untuk mengawal kestabilan voltan
dalam sistem kuasa kerana kuasa reaktif adalah berkadar terus
dengan voltan. Jadi, setiap loji kuasa solar fotovolta (FV) baru
yang dipasang mesti mematuhi keperluan kod grid unfuk
memastikan bekalan elekirik stabil dan boleh dipercayai. Semakin
banyak penembusan loji FV, sistem elektrik akan menghadapi
beberapa cabaran yang berkaitan dengan kawalan kuasa
reaktif dan sokongan voltan. Oleh itu, banyak negara termasuk
Malaysia telah mengemaskini  kod grid mereka untuk
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membolehkan interaksi yang lancar antara loji baru ini dengan
sistem grid. Penyongsang untuk sistem FV  solar  yang
disambungkan ke sistem grid perlu membekalkan keluaran kuasa
(MW) pada titik penyambungan bersama (TPB) di antara faktor
kuasa 0.85 mengekor, dan 0.95 mendulu mengikut keperluan kod
grid Malaysia (KGM). Oleh itu, kajian ini bertujuan untuk
merekabentuk pengawalan penyongsang FV di Matlab / Simulink
yang mampu menyerap dan membekalkan kuasa reaktif.
Kemudian, perbandingan akan dilakukan di antara hasil simulasi
dengan keperluan kod grid Malaysia. Walaubagaimanapun,
disebabkan kehilangan kuasa dalam sistem, pengawalan
penyongsang FV mungkin fidak dapat mematuhi keupayaan
kuasa reaktif sebagaimana yang diperlukan oleh KGM. Oleh itu,
system FV perlu digandingkan dengan bank kapasitor sebagai
pemampas kuasa reakfif.

Kata kunci: Keupayaan kuasa reaktif, Loji Solar FotoVolta (FV),
Grid disambungkan ke Solar FV, kawalan penyongsang, kod grid
Malaysia

© 2021 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Dependence on fossil fuel as our primary source of
electricity is becoming a threat to the global climate
system's stability as it will increase carbon dioxide
emissions[1]. We need fo use independent and
environmentally clean energy, such as renewable
energy, fo overcome this problem. Renewable
energy is the energy produced by natural processes
that are continuously replenished, such as sunlight
and wind. This energy cannot be exhausted,
renewed continually, and did not emit greenhouse
gases info the air [2]. In this study, we will focus on PV
Solar connected to the grid system. The illustration of
a PV solar connected to the grid system is shown in
Figure 1. To supply electricity from PV solar to the
load, the DC power needs to be converted info AC
power using inverter because most of the loads
require AC power to operates. AC loads cause the
current and voltage are not in phase caused by the
existence of inductive and capacitive in AC loads.
When current and voltage are not in phase, it will
produce a real and imaginary component, which is
active power and reactive power. As the broader
scale of photovoltaic power plants is being installed,
the electrical system can face some challenges
related to reactive power contfrol and voltage
support. Malaysian Grid Code (MGC) as shown in
Figure 2 has set the reactive power requirement for
the system to be followed to maintain a smooth
interaction and voltage stability of the system.
Hence, a PV inverter must be conftrolled to have the
ability to supply or absorb reactive power, but due to
power loss, the inverter may not fulfii the MCG
requirement [3]. Hence a reactive power
compensation may be needed to able the system to
meet the MGC requirement [3].

PCC

O Oj X\

Generator Transformer

Inverter
PV Module

Figure 1 Solar PV Connected to Grid
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Figure 2 MGC requirement




49 Aida Fazliana et al. / Jurnal Teknologi (Sciences & Engineering) 83:2 (2021) 47-55

2.0 METHODOLOGY

2.1 Maximum Power Point Tracking

In this study, the Perturb and Observe (P&O) method
is used to implement the MPPT, and the algorithm is
based on the calculation of the PV array current and
voltage. P&O method is used to modify the
operating voltage of the PV panel using a voltage
sensor until the maximum power is obtained. The P&O
technique is demonstrated in Figure 3. Given a
voltage perturbation first, then V(k) and I(k) are
sampled at time k, and then calculate power
P(k)=V(k) x I(k). Compare P(k) with P (k-1); if power
increases keep searching in the same direction, while
if power decreases, search in the opposite direction
to get final oufput voltage, V.

2.2 Reactive Power Control Q(V)

Based on [9], when a Q-V droop is used, the inverter
measures the terminal voltage and compares this to
the reference value. The reactive power is adjusted
by altering the reactive component of the inverter
current. This reactive power adjustment is expressed
in Eqg. (2.1).

Q=Qo - nqg(Vo - V) (2.1)

Where Qo is the reactive power delivered/consumed
by the inverter at setpoint voltage, Vo and nqg is the
gradient of the droop, which determines how much
the reactive power Q will change in response to a
change in voltage V. Q(V) Droop confrol
characteristic can be illustrated as shown in Figure 4.
As the voltage increase, the confroller will be
supplying Q (leading) and if the voltage decrease,
the controller will absorb Q (lagging).

Measure

- Vik) I(k)
P(k) = Vik)<l(k)
AP = P(k) - P(k-1)

Decrease Increase Decrease Increase
Viref) Viref) Viref) Viref)
| 1 | |

Update

Vik-1)=V(k)
P(k-1)=p(k)

Figure 3 Flowchart of MPPT control

B Qmin Qmax> Q

Figure 4 Characteristics of Q(V) Droop Confrol

2.3 Active Power Control P(F)

The inverter will adjust its power accordingly by
comparing the measured frequency to a reference
(nominal grid frequency) value consequently, active
power adjustment is expressed as shown in Eq. (2.2)
where PO is the power delivered by the inverter at
setpoint frequency fo and kf is the gradient of the
droop, which determines how much the active
power P will change in response to a change in
frequency f [9].

P(f) = PO - (fo — f)kf (2.2)

Figure 5 shows the characteristic of P(f) control, as
the active power increase the frequency decrease.

N\
f

V

P

Figure 5 Characteristic of P(f) Droop Confrol

24 Voltage and Current Conirol

Voltage and current controllers are designed to reject
high-frequency disturbance and provide adequate
damping for the output filter [11].

25 Phase Lock Loop Control (PLL)

According to [12], PLL is used to match the frequency
of the inverter with the grid and lock on to that
frequency (50 Hz). The basic construction of PLL control
is shown in Figure é. The reference signal of the sine
wave is a system frequency of the ufility grid, and the
other input of the feedback system is the inverter
output frequency. The two input will be fed intfo the
block phase detector to compare both input and
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generate an error. The error will compute how much
the frequency of the two input is out of phase. If they
are in phase (same frequency), there will be zero error.
Then the error fed info the Low Pass Filter (LP Filter) fo
filters out the high frequency that generated in the
phase detector. The voltage-confrolled oscillator is to
convert DC input from the LP Filter info an equivalent
AC output. If the dc input of the voltage source
oscillator is Ov which mean 0 error, it will generate 50 Hz
sinusoidal waveform output. If the input if positive DC, it
will generate higher than 50 Hz output of the AC
waveform and if the input is negative DC, it will
generate less than 50 Hz output of the AC waveform.

Phase Voltage Controlled
Detector LP Filter Oscillator
Locked
Reference Error Frequency
Ov DC Input
= 50 hz out
Input of the Feedback System

Figure 6 Basic construction of PLL control

2.6 Pulse Width Modulator (PWM)

Based on [12] Pulse Width Modulation or PWM
fechnology is used in inverters to give a steady output
voltage irrespective of the load. The Inverters based on
the PWM technology are more superior fo conventional
inverters. The use of MOSFETs in the output stage and
the PWM technology makes these inverters ideal for all
types of loads. In addition fo the pulse width
modulation, the PWM Inverters have additional circuits
for protection and voltage control.

2.7 Park’s Transformation

According fo the article [10], Park’s transformation is
used to transform three phase AC quantities (ABC) into
two DC quantities (dg0). The 0-component is zero for
the balanced systems. The DC quantities facilitate
easier filtering and easy to control the three-phase
system. Active and reactive power can be conftrolled
independently by confrolling the dg components. The
three-phase output voltage and current, x in the abc
frame of the inverter can be represented, as shown in
Eq. (2.3) [10].

X, C0s (wt)

Xg 2
[xb _ |xmcos (wt — ?) (2.3)

Xe

2n
X,,C0S (wt + ?)

where Xm is the maximum magnitude of voltage or
current, @ is the angular frequency. The three-phase
stationary coordinate system can be transformed into
the dg0 rotating coordinate system by Park’s
transformation as described as Equation (2.4). The real
power and reactive power can be expressed as in
Equation (2.5) and (2.6) [10].

n 2m
7| cos (wt) cos (wt—?) cos (wt+?)

Tubc—r dg = 3

2 n
sin (@t) sin (ot - ?) sin (wt + ?)
(2.4)

3
P =S [vglg + val] (2.5)

3. _
Q= E[vqid_vdiq] (2.6)

2.8 Simulation in Matlab/Simulink

PV Solar connected to the grid system is designed using
Matlab/Simulink, as shown in Figure 7. The system
consists of a PV Array, DC fo DC boost converter,
inverter (IGBT diode), RLC filter, loads, circuit breaker,
fransformer, line impedance and grid. The parameter
of the system is shown in Table 1.

BOOST CONVERTER
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Figure 7 PV Solar connected to grid system
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Table 1 Parameter of the PV Solar connected to grid system

PARAMETER VALUE
Py maximum actual power 100kW
Load 1 15k + 10ki
Load 2 75k + 20ki
RLC filter L=04e-3R=002,
C =2500x10"°
Capacitor bank 10kVAR
Line impedence 0.01 + (1.27x107%)i
Transformer 13.8kv : 280v

To get the maximum power from the PV panel,
MPPT control (P&O method) is used in the simulation in
Maftlab/Simulink, as shown in Figure 8.

MPPT
Parameters

Param
Lb Enabled

G 4 o )
v MPPTCONTROL
!
Boost Converter
MPPT (P&0 METHOD) CONTROL (Average Model)
D + g
Boost
<V P X (Average)

Figure 8 The MPPT (P&O method) in Matlab/Simulink

2.9 Inverter Control

Inverter control consists of a PWM generator, reactive
power controller, active power confroller, current
confroller and voltage controller is designed in
Maftlab/Simulink, as shown in Figure 9. The parameter of
the inverter control is shown in Table 2.

ACTIVE POWER CONTROLLER

VOLTAGE AND CURRENT CONTROLLER
P_ref £
14
< delta_ref” |
14
PK
" Ud_ref £
{uabc
= Ug_ref £
vd ( REACTIVE POWER CONTROLLER
vaf a_ref K
Juet P 14

Uref - P —p- veie_ref

PWM GEMERATOR

Frea P

Figure 9 Inverter control in Matlab/Simulink

Table 2 Parameter of Inverter control in Matlab/Simulink

PARAMETER VALUE
Kp KP1=0.05, KP2 = 098,
KP3 =0.031, KP4 =10.62
Ki KIl =142, KI2 = 2.46,
KI3=11.8, KI4=19.26
Frequency droop 0.8xX107%
Voltage droop 0.3¥107°
Qref 0.85 lagging to 0.85 leading

2.10 Reactive Power Compensator (Capacitor Bank)

The capacitor bank is added fo the system in Matlab
Simulink, as shown in Figure 10. The value of the
capacitor bank is determined by the comparison with
previous work which is 10 percent from the maximum
actual power.

A a A a

dLn

< 1 c c
FILTER INVERTER CIRCUIT BREAKE

-2 © ouUTPUT

=
§l LOAD1

= <= o
= % CAPACITOR BANK
== |10 kvar

Figure 10 Capacitor bank is added in Matlab Simulink
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3.0 RESULTS AND DISCUSSION
3.1 Malaysian Grid Requirement (MGC)

Photovoltaic (PV) Solar connected to the grid system
should be able to supply rated power output (MW) at
any point between the limits of 0.85 power factor
lagging and 0.95 power factor leading. For this study,
the maximum real power of the solar PV is 100 KW,
from the calculation, the inverter must able to provide
the reactive power in between 61.96 KVAR lagging fo -
32.86 KVAR leading. The result of the calculatfion of P
and Q follows the MGC requirement is tabulated in
Table 3, and the data is plotted into P VS Q graph, as
shown in Figure 11.

Table 3 MGC requirement of 0.85 lagging fo 0.95 leading
power factor

P/EW QEKVAR
100 61.96
20 6196
0 ]
20 -32 86
100 -32 86
PV5Q
120
80
60 g‘-
o
40
W
80 &0 40 20 0 -20 -40
Q/KVAR

Figure 11 Graph of MGC requirement for maximum power =
100 KW

3.2 Peak Load: P VS Q without Capacitor Bank

From Table 4, with different penetration of active
power, P injected atf the inverter, the system can
absorb (lagging) and supply (leading) reactive
power, Q at PCC. The highest Q it can absorb is 18.73
kW, and most top Q it can supply is -13.44kVAR

Table 4 Data of Peak Load without capacitor bank

INVERTER. (INJECTION) PCC (MEASURE)
P/KW PKW QKVAR |V/PU
Lagging/Overexcited
47 39 6 0.12
10.7 116 0.92 0.2
363 342 73 0.44
924 928 16.2 0.9
120 120 18.73 1.05
Leading/Underexcited
PKW PEW QKVAR |V/PU
104 106 -13.44 1.05
76.4 781 -11.64 09
19 20 -5.91 0.44
31 37 3.0 02
0.3 0.08 4.1 0.12

PVSQ

Y

MGC requirement

—+—Measured

~ a/xvar

Figure 12 Graph P VS Q for peak load without capacitor
bank

From the data in Table 4, graph P VS Q has been
plotted in the same graph as the MGC requirement,
as shown in Figure 12. As you can see from the
figure, the inverter control is capable of supplying
and absorbing reactive power but it not adequate
fo fulfil the Malaysian Grid Code requirement of 0.85
power factor lagging to 0.95 power factor leading.

3.3 Lightload : P VS Q Without Capacitor Bank

From Table 5, with different penetration of active
power, P injected at the inverter, the system is able to
absorb (lagging) and supply (leading) reactive
power, Q at PCC. The highest Q it can absorb is 8.08
kW, and most top Q it can supply is -13.87 kVAR
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Table 5 Data of light load without capacitor bank

INVERTER. (INJECTION) PCC (MEASURE)
PEKW PEW QEVAR | VPU
Lagging/Overexcited
03 0 02 02
46 45 27 0.25
224 21.6 6.08 0.53
82 838 123 1.01
104 101 8.08 11
Leading/Underexcited
PEKW P/KW QEKVAR | VPU
109 107 -13.87 1.09
80.08 82.46 -1235 0.935
2042 215 6.3 0.47
3.29 3.87 311 03
0.27 0.12 -4.07 0.12

PVSQ

Table é Data of Peak Load with a capacitor bank

P/RW

MGC requirement

+— Measured

a/Kkvar

Figure 13 P VS Q for light load without capacitor bank

From the data in Table 5, graph P VS Q has been
plotted in the same graph as the MGC requirement,
as shown in Figure 13. As you can see from the
figure, the inverter confrol is capable of supplying
and absorbing reactive power but it not adequate
to fulfil the Malaysian Grid Code requirement of 0.85
power factor lagging to 0.95 power factor leading.

3.4 Peakload: P VS Q With 3kvar Capacitor Bank

From Table 6, with different penefration of active
power, P injected at the inverter and added of the
capacitor bank, the system is able to absorb
(lagging) and supply (leading) reactive power, Q at
PCC. The highest Q it can absorb is 13.4 kW, and
highest Q it can supply is -13.66 kvar.

INVERTER (INJECTION) PCC (MEASURE)
PEKW PKW ‘ QKVAR ‘ V/PU
Lagging/Overexcited
01 03 03 0.14
6.09 5.38 33 027
24 22.02 5.76 05
873 80.69 11.26 0.95
117 109 13.4 1.1
Leading/Underexcited
PKW PKW QKVAR | V/IPU
104 98.66 -13.66 1.05
76.66 726 -11.85 09
19.11 18.71 -6.12 0.44
316 342 -3.11 0.18
02 0.06 -4.14 012
PVSQ
00—

P/KW

MGC requirement

+— Measured

Q/KVAR

Figure 14 P VS Q for peak load with capacitor bank

Table 6 showed the data when a capacitor
added to the system. The graph P VS Q have been
plofted in the same graph as the MGC requirement,
as shown in Figure 14. As you can see from the
figure, the inverter confrol is capable of supplying
and absorbing reactive power. However, even when
the capacitor bank is added to the system, it sfill not
adequate to fulfil the Malaysian Grid Code
requirement of 0.85 power factor lagging to 0.95
power factor leading.

3.5 Light Load: P VS Q with 3kvar Capacitor Bank

From Table 7, with different penefration of active
power, P injected at the inverter and added of the
capacitor bank, the system is able to absorb
(lagging) and supply (leading) reactive power, Q af
PCC. The highest Q it can absorb is 14.3 kW, and
highest Q it can supply is -14.08 Kvar
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Table 7 Data of light load with a capacitor bank

INVERTER (INJECTION) PCC (MEASURE)
BEKW PKW QEKVAR |V/PU
Lagging/Overexcited
0.62 02 03 0.15
4.56 4.49 237 0.25
2354 22.65 6.078 0.53
86.98 8427 1211 1.01
114 117 143 1.16
Leading/Underexcited
PEW PEW QEKVAR |V/PU
107 107 -14.08 11
81 814 -12.54 0.95
205 21.25 -6.5 0.47
37 42 -3.08 0.17
0.19 0.1 -4.08 0.12

PVSQ

PIKW

MGC requirement

a— Measured

Figure 15 P VS Q for light load with a capacitor bank

The data in Table 7 are plotted into the graph P
VS Q as shown in Figure 15. From the figure, even
when the capacitor bank has been added to the
system, the inverter confrol stil was not able to
absorb and supply reactive power follow the MGC
requirement but the result shows that it improved its
capability at lagging side (positive side) compared
to without capacitor bank in Figure 13.

4.0 CONCLUSION

In this study a grid-connected PV inverter conftroller
that able to absorb and supply reactive power have
been designed using Matlab/Simulink. Through this
study, the capability of the inverter to absorb and
supply reactive power follow the Malaysian grid
code requirement (MGC) is being analysed, and the
result shows that the inverter's controller not
adequate to absorb and supply reactive power
follow the MGC requirement. Last but not least,
through this study, the PV solar system with reactive
power compensator (capacitor bank) is analysed
and compared with MGC requirement. The result
shows that even with the capacitor bank, the
confroller sfill not capable of following the MGC
requirement. For the future work, the further
investigation and simulation will be carried out with

other types of reactive power compensator such as
STATCOM and SVC.
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