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Integration of significant amount of solar power, challenges the power system stability operation. Also power quality issue such
as total harmonic distortion (THD) has become an increasingly serious concern as more photovoltaic cells (PV) are integrated
into the grid system. This paper deals with the analysis on voltage stability and THD at the point of common coupling of a gridconnected PV system. The proposed configuration not only generates and boosts up the dc voltage, but can also convert the
solar dc power into high quality ac power by means of a PWM inverter. Further, a transient current limiter (TCL) circuit has
been employed here for power quality improvement as well as to ascertain the absolute stability of the overall interconnected
system. Simulation and experimental results are shown for voltage and current during synchronization mode to validate the
methodology for grid connection of renewable resources.

1. INTRODUCTION
Recently, with the ceasing fossil fuel and excessive
rise in pollution, PV technology has emerged as one of the
promising renewable energy sources due to its ability to
produce electricity without any pollution. Besides this,
given the strong government support, by most of the
developed countries, the price of the PV system has
decreased steadily over the years, especially for the gridconnected PV system. This has resulted in the rapid PV
market growth in the recent years [1–3]. Electricity
generated from PV power systems is one of the major
renewable energy sources which involves almost zero
greenhouse gas emission and doesn’t consume any fossil
fuel [4–6]. Generally, grid-connected renewable energy
resources have location constraints since they are
interconnected to the system via long transmission lines far
away from load centers [7]. Proposed PV system connected
with the grid is shown in Fig. 1. The work on PV
generation systems, such as PV array connected through the
first boost converter and three phase inverter to the grid, has
eventually increased in the last decade due to the rise in
demand for electric power. With the advancement and
growth of power electronics, the power generated from the
converters, especially the dc-dc converters and three phase
inverters, can be utilized and fed to the grid. The first stage
of this scheme is used to boost the PV array voltage and the
second stage inverts this dc power into high quality ac
power [8]. As the penetration level of photovoltaic
generation increases, it will have an impact on the voltage
characteristics and regulation of distribution system, and
may even cause voltage instability problems, especially at
those load centers [9, 10]. This paper presents the analysis
on voltage stability and THD at the point of common
coupling of a grid-connected PV system. This paper presents
one technique, known as the harmonic current reduction
control scheme for grid connected PV generation systems.
This control scheme reduces harmonic current in the PV
generation systems whose grid current is caused by voltage
distortions at the connected grid [11, 12]. For reducing
harmonic content, a transient current limiter (TCL) circuit
1

is implemented here. It also improves the quality of the
output power by minimizing the THD [13].

Fig. 1 – Schematic diagram of grid–connected solar PV.

2. DESCRIPTION OF THE PROPOSED MODEL
Physical model of the process under investigation is
consisting of two power plants of capacity of 1000 MW and
1 200 MW respectively, synchronized at line voltage of
11 kV using step-down transformers of each having
capacity 133/11 kV [14]. The schematic arrangement of the
model is shown in Fig 2. In accordance with the physical
model, a simulated model of the real process has been
developed using Simulink to improve the power quality and
ascertain the absolute stability of the overall interconnected
system. Here PV array acts as a constant dc source. The
detailed modelling can be found in [15, 16].

Fig. 2 – Model of proposed grid-connected
solar PV system with TCL.
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The power-conditioning unit is most frequently a dc/dc
chopper. It states that the boost converter is the most
suitable device for maximum power tracking. This dc/dc
converter is connected between the PV array and the dc-ac
converter [17]. The output of the PV array is also the input
of the boost converter. Simulink model of boost converter
is shown in Fig. 3.

Fig. 3 – Simulink model of boost converter.

The duty ratio of chopper ( α ) is given by equation
(1) and the chopping ratio (Y) is given by the relation ( 2 ) and
( 3 ), with t1 as the on-time of the chopper switch ( S ) and
T1 as the switching period of the chopper switch ( S ) [18].
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where v0 is the voltage across load and V is supply voltage
of converter.
Y=

α
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A 3 phase PWM inverter inverts this dc power of the
chopper circuit into high quality ac power which is
established here [19]. Simulink model of PWM is shown in
Fig. 4. The simplest way of producing the sinusoidal pulse
width modulation (SPWM) signal is by comparing a low
power sine wave reference with a high frequency triangular
wave. A PWM inverter yields better waveforms at no real
increase in cost.
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Table 1

Electrical parameters of PV system power circuit
PV module
No. of cells per module
Maximum power in watt
Open circuit voltage (Voc)
Short circuit current (Isc)
Maximum power voltage
Maximum power current
Boost chopper
Duty cycle
Time period
L
C
R
Inverter
Power electronic device
Number of bridge arms
Snubber resistance
Snubber capacitance
TCL
No. of thyristors
Resistance
Forward voltage
Snubber resistance

72
300
44.72 V
8.62 A
35.86 V
8.18 A
0.98
10e–5
0.3015 H
4.0232e–08 F
48.7 kΩ
IGBT
3
1e5 Ω
Infinity
6
0.001 Ω
0.8 V
500 Ω

3. RESULT ANALYSIS
As discussed in the preceding section, the output
voltage of the PV module is directly fed to the grid through
inverter and also a step-up transformer. As penetration level
of photovoltaic generation increases it may even cause
voltage instability problems. That is why Transient current
limiter circuit is implemented to reduce harmonics at the
point of common coupling of a grid-connected photovoltaic
system. The performance and stability analysis of the
process under investigation are carried out using the
simulated model, that is formulated, based on the physical
properties of the real process. Figures 5 to 10, illustrates the
impact of TCL on voltage stability of grid-connected
photovoltaic system by some conventional linear stability
analysis tools such as Bode, Nyquist and root locus.

Fig. 4 – Simulink model of 3 phase PWM inverter.

The rms ac output voltage

Vac = VS

pδ
→ VS
π

2p

δm
,
m =1 π

∑

where p = number of pulses and δ = pulse width.

(4)
Fig. 5 – Bode plot diagram
for line voltage stability of grid without TCL.
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Fig. 9 – Nyquist plot diagram
for line voltage stability with TCL.

Fig. 6 – Nyquist plot diagram for line voltage stability
of grid without TCL.

Fig. 7 – Root locus plot diagram for line voltage stability
of grid without TCL.

Fig. 10 – Root locus plot diagram
for line voltage stability of grid with TCL.

The study reveals that the implementation of TCL
with harmonic filters improves the stability of the process
by a suitable amount of phase and gain margin (14 dB and
infinite respectively) in comparison with interconnected
grid system without TCL.
For mathematical computation of FFT analysis, let

N = N1 ⋅ N 2 , N1 ⋅ N 2 ∈ N .

The discrete Fourier transform (DFT) of the vector

( x 0 ,....., x N −1 ) ∈ c N is given by
N −1

xˆk = ∑ x j e

−2πijk
N

.

(5)

j =0

Fig. 8 – Bode plot diagram for line voltage stability
of grid with TCL.

According to the stability criterion in: (i) Bode plot, a
system can be stable if phase margin and gain margin are
both positive, otherwise unstable; (ii) Nyquist plot, if TGH
contour does not encircle the critical point and the open
loop system doesn’t possess any open loop pole at the right
half of s-plane then the system is stable; (iii) Root locus, a
system may be stable if the loci corresponds to each root
belongs to the open left half for a sufficiently high value of
open loop gain k. It is evident from Figs. 5 to 7, the
interconnected grid system without TCL fails to comply
with the stability criteria i.e. gain margin: 1.2 dB and phase
margin: –304.3°, which make system unstable. Further,
similar type of studies was carried out for the
interconnected grid system with TCL and harmonic filter
and the results are presented in Figs. 8 to 10.

The pre-factor

1
is omitted, since this is usually done. It
N

can turn a one dimensional formulation of the DFT into a two
dimensional one with the following change of variables
j = j ( a, b) = aN1 + b; 0 ≤ a ≤ N 2 , 0 ≤ b ≤ N1
k = k (c, d ) = cN 2 + d ; 0 ≤ c ≤ N1 , 0 ≤ d ≤ N 2 .

It follows for x j = x(a, b), xˆ k = xˆ (c, d ) and wN = e

xˆ (c, d ) =

−2πi

N

,

N 2 −1 N1 −1
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Since w N

= w NacN = 1 and w NadN1 = w Nad . This can
2

168

photovoltaic system, value of maximum THD is reduced to
54.33 %.

be considered as calculating first N DFT values with length
N 2 (i.e.~
x (b, d )) and then calculating values with length

N 2 (i.e.~
x (b, d )) with new data ~
x (b, d ) .

FFT analysis of interconnected grid system with and
without TCL is carried out simultaneously and results are
presented in Figs. 11 and 12, respectively. Figure 11 shows
the peak magnitude spectrum of 3-phase voltages measured
in base peak with respect to the harmonic order. It is seen
from the figure, that the harmonic distortions are very
significant even for higher order odd harmonics. The effect
of third harmonics on the corresponding fundamental phase
voltages are very high. However, it is evident from Fig. 12,
that the implementation of TCL circuit and harmonic filter
has significantly reduced the harmonic distortion in 3-phase
grid voltages. All even harmonics become almost zero and
the magnitude spectrum for odd harmonics are significantly
reduced to a large extent.

Fig. 13a – Line voltage of grid without TCL.

Fig. 13b – THDv(max) = 149.52 % of line voltage without TCL.

Fig. 11 – FFT analysis (Peak magnitude spectrum)
of phase voltages without TCL.

Fig. 14a – Line voltage of grid with TCL.

Fig. 12 – FFT analysis (Peak magnitude spectrum)
of phase voltages with TCL.

Figures 13 to 16 shows the THD analysis of line
voltage and phase voltage without and with TCL
respectively. The expression for THD is,
∞

∑Vn2rms

THD =

n = 2, 3

V1 rms

.

(8)

The percentage of voltage THD (THDv%) and its
corresponding line voltage distribution is shown in Figure
13 panels (b) and (a) respectively. Figure 13b shows the
value of maximum THD is 149.52 % without TCL circuit.
The similar type of operation has been carried out with
TCL circuit and presented in Fig. 14b and a, respectively. It
is seen from the figure that, after implementation of TCL
circuit at the point of common coupling of a grid-connected

Fig. 14b – THDv(max) = 54.33% of line voltage with TCL.

The percentage of voltage THD (THDv%) and its
corresponding phase voltage distribution is shown in Figure
15 panels (b) and (a) respectively. Figure 15b shows that
the value of maximum THD is 375.55 % without TCL
circuit. The similar type of study has been carried out with
TCL circuit and presented in Fig. 16b and a respectively. It
can be clearly stated from the figure that, after introducing
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TCL circuit at the point of common coupling of a gridconnected photovoltaic system, maximum THD is being
reduced to 54.33 %.

in terms of THDv% are also measured. The study reveals
that the power quality has significantly improved by
reducing the harmonic distortion and at the same time the
overall stability of the interconnected system is increased to
a large extent in the presence of the TCL circuit in the gridconnected PV system.
Received on January 8, 2016
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Fig. 15a – Phase voltage of grid without TCL.

Fig. 15b – THDv(max) = 375.55% of phase voltage without TCL.

Fig. 16a – Phase voltage of grid with TCL.

Fig. 16b – THDv(max) = 86.85 % of phase voltage with TCL.
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