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Abstract

One main concern of power quality is harmonics because the distorted waveforms of current and
voltage have a huge effect on electrical equipment. Due to the continuous increase of grid con-
nected photovoltaic (PV) and nonlinear loads, as a result of the fast development and growth of
power electronics application, power quality becomes more important since it introduces har-
monics to the power system. This paper presents a power quality study to the isolated northwest
grid of Saudi Arabia in presence of PV system and battery storage. Moreover, the study includes
nonlinear loads for more analysis regarding harmonics penetration and the design procedure for
passive filters to eliminate the harmonics.
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1. Introduction

Supplying energy at constant frequency and magnitude of voltage is always the objective for any electrical utili-
ty. This can only happen in ideal power system but in practice this condition is hard to achieve. Many studies are
required for planning and operation of power system in order to assist system performance, reliability and safety.
Power quality is one important aspect of power system. It is the concept for many types of power disturbances
such as voltage variation, and transient and harmonic distortion. The most unlikely condition for power quality
is the harmonic distortion as it is a steady state condition. With high growth of installing grid connected photo-
voltaic (PV), power quality becomes more important as the DC-AC inverter can affect the quality of the power
delivered to the grid due to the switching mechanism responsible for additional harmonics. Moreover, the wide-
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spread nonlinear loads due to power electronics applications result in distorted current and voltage in transmis-
sion and distribution networks. A solution for this power quality issue can be achieved by using harmonic filters
which are designed to reduce the harmonic penetration to the network [1].

All appliances that use diode rectifiers to convert AC to DC have a nonlinear characteristic that can lead to
introduce harmonics. Examples of nonlinear loads include television, computers, fluorescent lamp and adjusta-
ble speed drives (ASD) for air condition and heat pump. Harmonic distortion is unwanted phenomena as it can
cause additional line losses and interference in communication system. Therefore, analysis of harmonics and
nonlinear loads is vital. A common way to analyze and study harmonics is to represent a load by linear model,
then adding nonlinearity by using voltage or current harmonic sources [2].

This paper presents a complete study of power quality for the isolated northwest grid of Saudi Arabia. A de-
tailed PV model with battery storage is modeled and a combination of nonlinear loads is introduced. Also, the
paper includes filter design to reduce harmonics. The outline of this paper is as follows. Section 2 shows PV and
battery model. Section 3 explains the filter design. Section 4 describes the nonlinear load modeling. Section 5
provides a brief description of the test system. Section 6 shows the simulation results.

2. PV and Battery Model
2.1. PV Model

Figure 1(a) shows a diagram of a three phase grid connected PV system with battery storage. It consists of a PV
array, Inverter and 3 phase reactor which is connected in series with the ac terminal of the inverter. The PV ar-
ray is connected in parallel to the dc link capacitor and the dc terminal of the inverter. The inverter is controlled
by voltage source converter (VSC) modulation strategy based on sinusoidal pulse-width modulation (S-PWM).
The main element of the PV array is the solar cell, which has a very small power. In order to increase and have
sufficient power to supply a load, single cells are connected in series to form a module. Therefore, PV array is a
combination of parallel Np module and series Ns module. By increasing Np PV current increases and the PV
voltage rises by increasing Ns. the Capacitor Cyis used to reduce the harmonic produced by the PV system.
Figure 1(a) illustrates that, synchronizing the VSC and control to the grid voltage is achieved by a phase-locked
loop (PLL). Also, the error between the V. reference given by MPPT and the dc-link voltage is passed through
PI compensator whose output provides the d-axis reference current (%/ ) Then, the dg-frame current loop
control is fed by i, to force d-axis current to track the i, . to control the PV output power, for unity Power

factor the g-axis reference current i, is set to zero [3].
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Figure 1. (a) Single line diagram of PV system; (b) PV control; (c) Battery control.
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2.1.1. Phase Locked Loop

The PLL is used to synchronize VSC’s output voltage with electric-grid angular frequency in order to make dq-
frame transformed variables constant and by regulating v, to zero the PV system active and reactive power
are controlled as follows:

3 .
P:E‘}sdld (1)

0= —%vsdiq 2)

From (1) and (2), controlling the active power is archived by regulating i, and the reactive power is con-
trolled by regulating i, .

2.1.2. DC Voltage Control

The control of the dc voltage link is achieved by simply comparing the dc voltage with the reference value. This
reference is calculated from MPPT strategy to ensure that the PV works at its maximum output power. The error
between these two signals is passed through a PI compensator whose output provide i, , which will be the in-

put for the current controller as seen in Figure 1(b). i is set to zero to achieve unity power factor.

qref
2.1.3. Current Controller

The current controller is comparing the dg-reference currents with the actual ones to obtain the modulation sig-
nals (md,m q) the control scheme is achieved by

4

L% = —Ri, +Lwi, + Vgc m,—v,, 3)
di . LV

Ld—Z:—qu—Lw1d+%mq—vsq “4)

o and
v,, are disturbance inputs. The d-q frame dynamics is coupled and nonlinear due to the Lw term. Hence, it
must be linearized according to the following control principals [3]:

The state variables of (3) and (4) are i, and i, while the input control signals are m, and m, . v

m, :Vi(ud —Lwi, +v,,) (5)
dc
m, =%(uq+Lwid+vsq) (6)

By substituting (5) and (6) into (3) and (4), two control inputs produced which can control i, and i inde-
pendently, respectively, as following:

dL: =—Ri,+u, 7

di, .
LE:—qu+uq (8)

However, the m, and m, signals is converted back to abc reference-frame to generate the reference sig-
nals for the VSC. These reference waveforms are compared with a triangular carriers to generate the pulsing
signals to modulate the VSC [4].

2.2. Battery Model

This paper used the developed battery model in PSCAD [5]. Details of this battery model are described in [6]. It
is modeled by a control voltage source with a series resistance. The charging and discharging process is con-
trolled by constant current charging mode. Positive current reference is for charging process while negative ref-
erence is for discharging process. When the battery reaches a certain level of state of charge (SOC), the refer-
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ence current is set to zero to keep the voltage at that level. From Figure 1(c), the DC/DC converter is operating
in current control mode; the error signal is passed through a limiter and then compared with a triangular wave
carrier to generate the pulse signals for the converter [7].

3. Filter Design

One way to improve the power quality of power system is to resolve the harmonics issue. This can be done by
many approaches described in [8]. One common way for harmonic filtering is to use passive filters, these kinds
of filters are designed to provide low impedance path at the tuned frequency to prevent the harmonic current of
flowing into the system. In this paper passive filter is used because it is one of the cheapest and economic way-
for harmonic filtering [1]. Harmonic filters are used to reduce the harmonics penetration in power system. A
well designed harmonic filter is important to keep the harmonic within acceptable level. One of the most types
used of passive filter is the single tuned filter, which is a capacitor designed to eliminate a certain harmonic by
adding a reactor so that X¢ = X} at the tuned frequency (f1) [9]. The tuned frequency for harmonic filter design-
ing usually should be between 2% to 10% below the desired harmonic frequency to avoid parallel resonance and
near short circuit at tuned frequency as the filter provides low impedance. However, since the passive filters also
provide a reactive compensation, they can also provide a power factor correction to a desired level in parallel to
its filtering action.
For a tuned harmonic (A4n) with a capacitor (QC) , the capacitor reactor at f is

2
X = KV ©)
QL’
And to eliminate the 4n harmonic, the reactor size should be
XC
X, = e (10)
The reactance resistor can be calculated as follows
h X
R=—""L (11)
0

where Q is the quality factor and its typical value is between 30 and 100 [10].

4. Nonlinear Load Model

The increase of nonlinear loads due power electronics applications has introduced more effect on power system
quality. Therefore, analysis of nonlinear loads and its affects is important. In power system, one common way to
model a nonlinear load is to model it as a load for the fundamental current and as a current source for the har-
monics current [11]. Figure 2 shows the configuration of the nonlinear load. In this paper three types of nonli-
near loads are used, which are fluorescent lamp, computer and adjustable speed drive (ASD). ASD is used to
represent air condition and heat pump. One important parameter is the individual harmonic distortion as it shows
the contribution of each harmonic frequency to the distorted waveform. And by knowing the contribution of
each harmonic frequency for a specified load, a harmonic current source can be used to inject the magnitude
current for each harmonic frequency. Hence, the nonlinear behavior can be modeled by doing so. The contribu-
tion of each individual harmonic distortion for the three types of the nonlinear loads is shown in Table 1.

5. Study System

Saudi Arabia grid is divided into four operation areas, West area (WA), East area (EA), South area (SA) and
Central Area (CA). Each one has its own control center and operation however they are now under interconnec-
tion projects. The WA consists of two parts, the west part and the northwest isolated area which has Tabuk re-
gion and its surrounding towns. The grid data was provided from Saudi Electricity Company, Tabuk sector. Line
and Peak load data are shown in Table 2. It observed form Figure 3 that, the grid has 12 buses with voltage lev-
el of 132 KV, 10 substations are distributed around the city and two substations are connecting two different
towns, Timma and Albir. It has two generation stations at bus 1 and 5 with a capacity of 102 MW and 857.2

O
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Figure 2. representation of nonlinear load.

Figure 3. Tabuk Substations.

Table 1. Harmonic Number h (n) VS Individual Harmonic distortion [12] .

IHD (%)
H (n)

Fluorescent lamp Computer ASD
1 100 100 100
2 0.3 33 4.12
3 13.9 87.2 0.78
4 0.3 5.1 1.79
5 9 64.1 35.01
6 0.2 1.6 0.215
7 33 41.1 2.62
8 0 0 1
9 32 17.9 0.06
10 0.1 1.1 0.73
11 10.3 9.99
12 0.3 12 0.03
13 1.7 10.3 0.19
14 0.3 0 0.48
15 1.9 10.3 0.07
16 0.3 0 0.52
17 0.8 5.1 4.85

THD (%) 18 118.3 373
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MW respectively. Figure 4 provides an over view of the power consumed in the city for a summer and winter
day.

6. Simulation Result

The PSCAD software is used to build and simulate the grid with a detailed PV model and Battery storage. A
peak loading condition for a summer day, 07/16/2013, with a total load of 720 MW is selected for the simulation.
Bus 5 has been selected as a slack bus due to its largest capacity. The PV Farm is connected to bus 6 because it
has enough land that can accommodate two PV farms connected in parallel with a total capacity of 40 MW, 20
MW each. The battery is assumed to have a capacity of 50% of the total PV Power. A harmonic current source
is used to represent the nonlinear loads; the harmonic injection based on Table 1 is placed at the substation, at
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Figure 4. Load Profile for Tabuk. Solid lines is daily load, dashes lines is
temprature.

Table 2. Line and Peak load data.

Fg‘l’f:‘ BT:;S ( Ohnlf/Km) X (Ohm/Km) i Peak Load (MW)
1 2 0.0493 0.2408 1 106
1 4 0.0493 0.2408 2 94
2 3 0.047 0.25 3 55
2 5 0.0773 0.4682 4 62
2 7 0.08606 0.5062 5 1
3 10 0.0493 0.2408 6 37
4 5 0.0773 0.4682 7 60
4 6 0.093 0452 8 67
4 8 0.0493 0.2408 9 134
4 9 0.047 0.25 10 12
5 6 0.094 0.458 1 33
5 7 0.0794 0.4671 12 8
5 12 0.08 0.47
6 9 0.0493 0.2408
6 1 0.149 0.497
10 8 0.0493 0.2408
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the low voltage side 13.8 KV. At each bus the load is divide into 80% linear load and 20% nonlinear load. The
nonlinear loads that used are ASD, to represent air condition and heat pump, fluorescent lamp and a personal
computer with percentage of 18%, 1% and 1% respectively. All loads at each bus has the same procedure there-
fore the highest load at bus 9 is selected to show the result of including the nonlinear loads, Figure 5(a) illu-
strates the distorted load current after adding the nonlinear loads. Also, Figure 6(a) shows that, the total har-
monic distortion (THD) of the total load current is above the limits therefore a single tuned filter has been de-
signed to eliminate the highest harmonic component which is the 5th component as shown in Figure 6(b). Fig-
ure 5(b) shows the load current after installing the passive filter. Hence, Figure 7 provides the THD for each
bus during the simulation and it observed that as seen in Table 3 the distortion is within the limits based on
IEEE standard [13]. The initial irradiation applied for the PV is 1000 W/m® with initial SOC of 70% for the bat-
tery. Figure 8 shows the different stages of PV penetration with battery storage. At 3 second, the charging
process starts and stops when the SOC reaches 80% at 16 second. The SOC kept constant until the discharging
of the battery begins at 18 second. During the discharge process the irradiation drops by 250 W/m? at 25 second
and 30 second. The THD of the PV current injected to the grid for all penetration stages is within the acceptable
limits. It is oscillating around 2.5% as observed from Figure 9; the two high values at the second 16 and 18 are
instantaneous due to the switching of the reference current of the battery to keep the SOC at 80% and to start the
discharging mode.

One advantage of the Battery model in PSCAD is that, it allows the user to define the characteristic charge
and discharge curves. And since the PV farm output power is high and so the dc voltage link,it is hard to find a
battery with such voltage level therefore a characteristic charge and discharge curve of lead acid battery has
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Figure 5. (a) Load current without filter of bus 9; (b) Load current with filter of bus 9.
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Figure 6. (a) THD at bus 9; (b) Harmonic component.

Table 3. Load current THD compared with the standard Limits.

Bus No. 1 2 3 4 5 6 7 8 9 10 11 12
0,
THD% forload 1196 503 218 5.87 233 190 197 198 5.63 1.83 2.49
current
I
= <0 <20 <20 <20 50<100 20<50 <20 <20 <20 50<100 <20 <20
L
o
[EEElimit % for 5 5o/ 5500 2500 25% 6% 4%  25% 25% 25% 6% 25%  2.5%
132 KV level




H. Albalawi, E. Makram

L] = up L=
280 PO
200 i 20,
e 150 e 1D
o 10 o 1
[ 080 = 8150)
000 = 0w =
e gp 50 100 B0 0 HO A0 BO Tre g0 50 100 B0 200 XH0 DO KO
(@) ()
=3 = [«
28— a2 |
2 [ 24
. 1D o 1D
% 1M % 1.00
(= 050 =4 050
in) - om =
Te  0p 50 100 160 0 XHO A0 KO Te o 50 100 150 200 S0 00 FHO
(© ()
650 L I 298 ‘ H
o 20 [r
< em o 18
2 o 2 -
= 350 = 050
319 = om o
Tme 00 50 100 150 200 260 00 B0 e g0 50 100 150 M0 HO WO HO
(© ®
250 L m > B | =
2my, 2001
o 150 . 1D
o 1o o 1o
£ o= (=L
Wy = om =
Tme 00 60 100 150 200 250 300 360 Te  gp 50 100 150 20 H0 IO HO
(@ (h)
= el
257~ 50,110 |
2, = Jf"'
o B o 4oy
2 1 = 30
2 20
=R %51} =
000 =l 00 =
e 00 50 00 BO 20 B0 N0 FHO Te oo 50 100 180 A0 ZH0 A0 HO
Q) )
R -2 [
250 m 30T ‘
200 Z0
I 2001
g 180 g 1y
g 1w I 10
£ o= R
000 = (ol03] =
Te  op 50 100 150 M0 250 300 3B/O Te o 50 100 150 200 20 A0 FHO
k) 0

Figure 7. THD for all loads currents with filter. (a) THD of load current at bus 1; (b) THD of load current at bus 2; (¢) THD
of load current at bus 3; (d) THD of load current at bus 4; (¢) THD of load current at bus 5; (f) THD of load current at bus 6;
(g) THD of load current at bus 7; (h) THD of load current at bus 8; (i) THD of load current at bus 9; (j) THD of load current
at bus 10; (k) THD of load current at bus 11; (1) THD of load current at bus 12.
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been scaled up to match the DC link voltage and defined in the battery model. For the control scheme, the ref-

erence current for the battery can be obtained based on the DC link voltage and the amount of power to be stored.

Since the battery assumed to have 50% of the PV power, the battery reference current is calculated as follows
PV x50%

Ibatrgf = % (12)

dc

From Figure 10 it observed that, the battery current follows the reference for both charging and discharging
modes, for the discharge process a negative reference is applied. Also, when SOC of the battery reaches 80% the
reference current is set to zero to keep the SOC of constant as seen in Figure 11. The battery power is shown in
Figure 12.
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7. Conclusion

This paper presents a power quality study for the northwest grid of Saudi Arabia in presence of PV and battery
storage. Different PV power penetrations with battery storage are introduced and the THD of PV current is
within the acceptable limit for all penetration stages. Also, nonlinear load has been included for more analysis
and it shows that the harmonic impact of introducing such loads has been solved by designing passive filters. It
also discusses the passive filter design producer.
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