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Abstract
Installation of off-grid (stand-alone) photovoliaic (PV) generators as alternative electricity sources has
been on the increase in developing couniries, In Nigeria, the recent F ederal Govermment policy of
deregulating the electrical utility has brought the grid-comiected PV technology into a great attention.
However, possible transient consequences of using the technology are threats to its immediate adoption,
This paper therefore presents a study on the transient behaviour of grid-connected photovoliaic
generator. By experimenting with a simulated model of a typical grid-connected photovoltaic power
system, the generator's response o faults applied at its terminals was investigated. The resulting
waveforms reveal damped oscillatory behaviour of the terminal variables due to a symmetrical short
circuit, Applications of non-symmetrical short-circuit also resulted to instability at the generator’s
terminals. Nevertheless, following the clearance of each fault, the system resumes its normal operation
with the variables smoothly settled at their initial stable values. The investigation reveals that by
providing protective devices and standard means of fault isolation, the possible effect of the instability on
the entire system can he minimized.

KEYWORDS: Photovoltaic generator, voltage source inverter, grid-connected, LC filter, fault,
damped oscillation.

v Reference short-circuit current.
K Temperature coefficient.
Nomenclature T, Reference temperature.
G, Reference solar intensity.
I Photo-generated current of a solar I, Reverse saturation current at
cell. reference.
E Bang- ener of  the
1, Cell reverse saturation current. . g L &Y
. O semiconductor.
Ly xpnnen_l AR LV Solar cell’s output current, voltage.
a Blecoe ChGlle.., . 1 Phase shift in radians.
n Solar cell’s empirical ideality ;
a, f Numbers of parallel, series cells per
factor. aray
. E:nltzmann ’ mnstan.l. Iy Vi, Current, voltage output of the array.
Temperature coefficient of a solar s
cell Vae Inverter’s input bus voltage.
T Solar cell’s working temperature. Vac Inverter’s output terminal voltage.
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Ls €. Inductance and capacitance of the

filter,
R;  Parasitic resistance of the filter
T Voltage output of the filter.

14,1y Direct, quadrature controller input

current.
tailg, Direct, quadrature reference
current.
£..e; Direct, quadrature the error current.
Ve go Ve, Direct, quadrature filtered
valtage.

G4l5),G,(51 Direct, quadrature transfer

functions.
Mg, m, Direct, quadrature Output signals.

iy, Mg, g Modulating signals.

INTRODUCTION

Photovoltaic (PV) conversion of solar radiant
energy is gaining higher acceptance compared to
other resources mankind has hamessed to
generate electricity. Despite the relatively high
cost and low efficiency of the technology, 1t 15
significantly penetrating into the global enerpy
mainstream by the reason of the abundance.
accessibihty and environmental friendliness of
solar radiation. With the increasing demand for
electrical energy in Nigeria, the new trend 1s
Distributed Generation (DG) with intense focus
on renewable sources. This has resulted into a
progressive tendency in the application of solar
energy technology across the country, since PV
power can be extended for residential,
commercial, and agricultural uses to mention a
few.

The electrical resource of the sun is explored
using either off-grid (stand-alone) or grid-
connected PV techniques. Off-grid PV
generators are either used as stand-by alternative
power sources or employved in some other cases
to produce all the power requirements of a
facility, thus making the user of the technology
to be completely independent from the utility
company.

This paper is however concerned with the grid-
connected PV power system, which is a mode of
power generation that is possible in either non-

commercial or commercial sizes. Non-
commercial one 1s the small, single-phase
generation usually installed at the consumer end
which allows the use of PV generator to supply
most of the base load of the facility while using
the utility company only within the short peak
load hours, Excess PV power generated during
the peak solar window can be fed back to the
local utility provided net-metering technigue is
put in place.

Nonetheless, when PV power is to be generated
in commercial size. the supply is usually in
three-phase. This  therefore prompts the
integration of the PV generator with the
conventional utility gnid at either the sub-
transmission or the distnbution level, for a
convenient distribution of the energy so generated.
The grid-connected mode of PV technology has not
achieved prominence in Nigeria for technical and
economic reasons, Interfacing a PV generating plant
with the wtlity grid poses some transienl
consequences that must be taken into account or
resalved to ensure a good quality of operation: Thus
in the view of the increasing need for multi-megawati
PV peneration, and in response to the wtility
company’s concerns about the possible negative
impacts of grid-tied PV power systems on both
feeders and customers, the increasing pace of
investigations on PV system's dynamics properties
and transient performances 1s of great importance.

A large number of works have been done on
photovoltaic power system, which includes system’s
modeling, maximum power point tracking techniques
and transient study, Tsai et al. (2008) described
various  types  of  equivalent  circuil-based
mathematical description of solar cell (and array)
useful for modeling a PV system for transient studies,
The masimum power point tracking of PV systems
has been widely studied. Nikraz et al. {2003)
proposed a DSP-based tracking mechanism. In the
work, tracking control is provided by a 16-bit fixed-
point TI TMS320F240 DSP processor that provides
automatic adjustment of the array’s reference voltage,
resulting in an improved overall effectiveness. More
recently, Patcharaprakiti et al. (2008) adopted a
tracking approach that uses Adaptive Fuzzy Logic
Controller (AFLC), which provides more energy to
the utility grid at high power factor and with low
harmonics.

Integration of PV systems with distnbution networks
have been dealt with in certain technical literatures,
The works of Abo-Khalil et al. (2007) described the
modeling of single-phase grid-connected PV system
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to swdy its harmonic imteractions with the
distribution network. Yazdani and Dash (2008)
reviewed eleven different works on this aspect and
elegantly developed a mathematical model for the
performance evaluation of a single-stage three-phase
grid-connected PV system with provision for
islanding detection and protection. Ajewole (2010)
emphasized fault analysis on a grid-integrated PV
power system and surveyed the response of a
simulated PV system to faults applied at an arbitrarily
selected pomt on the system.

In this paper however, the transient response of a
grid-connected PV generator to short circuits that
occurs at the generator’s terminals is reported. The
study was carried out by simulating a model of a
typical grid-connected PV system on  the
MATLAB/Simulink power system  simulation
software. Current control of the system was adopted
for the simple circuitry and less mathematical
complexity of the method. The system was then
subjected to faults experimented at the terminals of
the PV generator. The voltage/current profile of the
generator’s response is given and analyzed in this
report.

I. SYSTEM CONFIGURATION AND
MODELING

Figure 1 was configured on the platform of the
cimulation software. It is a three-phase single-
stage  PV-source embedded  generation,
connected to the grid through a 415V/11kV
interface transformer. The array is a number of
PV cells connected in  series-parallel
configuration and subjected to the same
operating condition. Output of the array is
connected to the voltage source inverter (VSI)
through the link capacitor which stabilizes the
voltage. A relatively smooth DC voltage at the
input of the VSI allows good regulation which
results in a system that works well with high
accuracy.

The VSI is a universal type, employed to operate
in the voltage-source mode, with 1GBT/diodes
as the switching devices. In order to prevent the
spurious voltage output of the VSI's high-
frequency switching noises from disturbing the
distribution network, a low-pass LC filter is
included, whose output is serially connected to
the primary side of an interface transformer.
The transformer serves as the coupler between

the PV facilities and the grid, so providing
galvanic separation of the facilities from the
electric utility at the point of common coupling.
Finally. to serve as a means of isolating the
inverter from the grid during servicing or
installation, a circuit breaker is included.

Figure 1: Structure of a Grid-Connected Photovoltaic
Power System

I1.1. Modeling of the PV Array

With the standard operating condition (1000W/m’
and 300 Kelvin) taken as the reference, the PV cells
are assumed as ideal ones, in which there is neither
series loss nor leakage to the ground. That i, the

series resistance A, = 0 and the parallel resistance

R, = o far each of the cells, Therefore, the output

current and voltage per singular cell are:

. atr
1=l — L [exp(C ) — 115 (1)
[ el
e (2)

The photo-generated current, which
mainly depends on the solar radiation
intensity and the cell’s working temperature,
is described as:

Iy =l + K(T. — T,)]G, (3)
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I,., is determined from the cell’s conversion

efficiency, which is “the ratioc of the

maximum oulput power to the input power

of the cell. Likewise, the cell’s reverse

saturation current varies with the cell

temperature, which is described as:

o=l [ ew [ (2 - 2) )
For an array of ¢ parallel cell strings, with
cach string having P series-connected cells,

the current and voltage outputs of the array
are; '
l,.=al, —al; {m;‘-q%v— 1} (5)

' PP 8 TS _
IF,P,z;;i_:.,..-; o | (6)

Equations (6) was coded in the MATLAB
Editor and

exported to the simulink

environment to simulate the PV array.

1L.I1. Modeling of the VSI

With the assumption that the inverter is
of high efficiency with negligible loss, it is
modeled with its input/output inversion

ratio. The input DC voltage,V,., of the

inverter and its peak phase-to-phase output

voltage, v,_, are related by:

Ve = 2=V, (7
where m, 1s the modulation ratio commonly
used for the conventional VSI. R, is the

parasitic-resistance of the LC-filter, which is

included to account for inductor and
capacitor losses. The peak phase-to-phase
voltage output of the inverter i1s therefore
described by:

Vg = x'E[Rfi+L;§+r¢j (8)

Where . is the voltage output of the filter

as obtained across the terminals of the
filter’s capacitor. By substituting equation
(7) into (&) we obtain;

m=Z(Ryi+ LS+l )

Equation (9) describes the dynamic
behavior of the PV generator’s outpul, so
emploved for the svstem’s control.
However, by converting the time-dependent
variables of the equation into their DC
equivalents, the control process can be made
more convenient. Three-phase variables,
with the exception of their zero-sequence
components can be equivalently represented
by two-dimensional complex space vector
when transformed on a stationary d-q
reference frame as described below (Ryu et
al., 2005);

= ¥i e®= (3 +137)e” (10)

r
_vdq

where (8 = [ wdt) is the rotating angle of the
frame and «w denotes the fundamental

frequency or the angular velocity of the

reference field. y; and y; are the respective
direct and quadrature components of the
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reference frame vector y}.. Taking the

time-varying variables to have the sinusoidal

frequency w, of the grid, while the

9
fundamental rotating frequency of the

reference field is taken as w._, then at steady
state, the d-q components of the frame
become time-invariant (i.e. de equivalent) if
«, is made equal to w_ Therefore, when m
in equation (9) is projected on the reference
frame it becomes i,

Mg, = (mgz+ pmg Jel® (11)

- :
- {
49 = .t S e
L Fheg Jwe 8
9@ waek

I
L

Isdl':‘:'-'la'}

mxai g (res +jte, ) ] e/

= [R,:,:d +jis )+ L ““‘T + ;i—“‘} +

‘Ii"H

lgn

bl

1
jo, (g + 71, fjl + [, +j:{;jjf"lg
(13)
Separating the real and the imaginary parts

of equation (13), we obtain for the direct-

axis and the quadrature-axis respectively as;
and;
m, = 'E_[Rfiq + Ly ‘::_-q twlsig + r*aj (13)

i Ve

At each of the axis, the control inputs is

igand i , while the control output is m and

m, respectively. To operate the process as a

linear plant, the non-linearity introduced by

the w, is decoupled and compensated for

using  controllers. A conventional
proportional-integral-derivative (PID)
controller is employed for each axis. It gives
good transient as well as steady state
control. However, the input to a controller is
basically an error signal between the actual

and a reference signal, so reference currents

i, and 1, were introduced to track 1, and
i respectively. This results into error
signals e, and ¢, as inputs to the respective

controller of each axis.
Since the controllers are identical, they
were made to have the same parameters,

with the following transfer function:

HpS+R+Ka5"

G ls) =F—"— (16)
and;
G,(s) = ﬂ"‘_s_'h"_‘ (17)

K, K, and K, are proportional, integral and
derivative gains respectively and their

R L
values are taken as KT_, =L K= =
T T

and K, = -5 where 7 is the time constant.

The index for the control scheme is
therefore described for each axis as:
ty = [{Ed = E}:{s'l.'} - m,.f_fzq - r'l.d] (18)

and;
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m;. = I{E‘T £ '5.:_45?1 +wcdetg+ v (19)

With f. as the switching frequency
measured in hertz, the selection of the

filter’s inductance L, depends on the

current ripple . . . the switching

frequency, the DC-bus voltage, and is
obtained as (Singh et al., 2008):

Ly = —— V. (20)

120 ffzrwip

3

In this study, : 1s taken to be 5% as

crip-p
provided by the islanding control standards
(IEEE 929-2000), while @ is the overload
factor.

Conditioning a six-pulse type of VSI
requires three reference signals to be

compared with the carrier signal of the

PWM generator. Therefore, m, and m

were inverse-transformed into three signals
using dg-to-abc transformation frame as
given below:

my; = [md sin(w, t) = mqms[w,r] + ma]
m, = [ﬂrt‘= sin(w, t — T'} +:

mgcos(w, t — =)+ m,]

my = [m, sin{w,t + ) +
chastm,t + 'f} - mn]
(21)

my m, and m, are the modulating signals

that are compared with the triangular carrier

signal of the pulse-width generator to
produce the pulses that drive the gates of the
six swiiching devices of the inverter, The
continuous pulse width modulation (PWM)
usually generates lower ripples compared to

other designs of high-density modulator.

I1. SIMULATION AND

DISCUSSION OF RESULTS

The MATLAB coded script simulates the PV
array with substituted parameter values of the
GaAs/AlGaAs solar cell. Solar rradiation level
and working temperature were held constant at
0.9 kW/m’ and 315 Kelvin respectively. Each
simulation experiment lasted for a period of 200
milliseconds with fault applied at the terminal of

the generator at time : =% ap seconds and
cleared at time ¢ = E‘-'ﬁu seconds, Figure,2 {a) and

{b) shows the waveform of the terminal variables of
the generator under normal start-up. The generator is
regulated to produce an output voltage of 390 Vpeak
(415 Vrms) and current is 95 ampere that feeds the
primary side of the transformer.

As shown in figure 2 (¢} and (d). the terminal
variables are set into damped oscillation with the
application of a symmetrical short circuit. The
oscillatory nature is noticeable as voltage and current
in the three phases decay gradually to steady-states,
A physical explanation for this phenomenon is that
prior to the short-circuit, energy was initially stored
by the reactive components of the LC filter, which
was continually dissipated to the grid via the
interface  transformer. When short-circuited, the
energy is no more provided with a means of
dissipation, so became continuously transferred back

and forth between the capacitor Cf and the inductor

. of the filter. The motion is however not perpetual,
but short-lived with the presence of the finite-valued

2 ! R ;
parasitic resistance 7 of the filter, which acts as a
kind of electrical transfer agent. As the energy starts

. C
moving from 7 to Ly and vice versa, the agent
exacts a commission and before long the agent has
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taken all the energy, wantonly dissipating it until
every last joule is (eventually) completely damped-

out, such that % and Ly are soon left without a joule
of their own, and without voltage or current. The
final steady-state level is maimtained until the short-
circuit is cleared,

The response of the generator to a single ling-to-
ground short-circuit on the red phase is shown in
figure 2 (e) and (f). The terminal variables become
unstable and both current and voltage on the short-
circuited phase fall below their pre-fault values,

Om the applicaton of a line-to-line short-circuit
between the red and the wellow phases; the
" generator’s response is as shown in figure 2(g) and

(h). While the voltage waveform shows a drop by
579 of the pre-fault value on both phases, the current
waveform shows the red phase fall 1o zero level with
a reduction from 105A to 85A on the other two
phases.

In the case of a double line-to-ground short-circuit.
the red and the yellow phases are connected to the
ground. The response is demonstrated in figure 2(i)
and (j) which show the voltage drop by 57% of the
pre-fault value on the two phases and a drop of 19%
on the third phase. The current waveform shows the
red phase fall to zero level. while a reduction from
1054 1o 85A occurred on the other phases.
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{e) Voltage Behaviour under a Single Line-to-Ground Fault on the Red Phase.
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HIL SYSTEM PARAMETERS
Table 1: PV Generator Parameters:
Parameter Value | Unit Filter's capacitance, 330 ul
Area of a solar-cell, A 4x10™ m Time constant, T 1 jis
Number of cell string per array, o 32 - .
Number of cell per string, i 1000 - Table 2: Interface Transformer Parameter:

; Parameter Value Unit
Cell’s fill factor, y 0.864 - Rorial pwer 50 MVA
Cell’s ideality factor, n 1.93 - Transformation voltage 0.415/11 KV
Cell’s band-gap energy, E, 1.42 eV Primary impedance, Z, 0.09+0.002 | Q
Conversion efficiency of the cell 24.8 % Secondary impedance, Z, 12.5+{2.07 0 |
Cell’s apen circuit vohage, b, 1.03 LS Magnetizing impedance, 7, | 6.94j1.57 i

| Temperature coefficient, K LO001s | AVK =
Temperature of operation, T, 313 K _ Table 3: Utility Grid Parameter:
Solar intensity tl.lf operation, (&} 900 Wim® Parameter Value Unit
DC-Link capacitor, C : 3500 puF Generaler's nominal power 100 MVA
minimum DC-bus voltage, 17, 1020 v CGienerator’s nominal voltage 15 kV
V5l switching frequency, f 10 KHz Generator's mechanical power 1.0 p.u
Filter's resistance, &, 1 mi} Cienerator’s terminal voltage 0.73 p-u
Filter's inductance, [, 338 mH Generator’s internal impedance | 0.02+10.3 p.u
Owerload factor, a 12 z Distribution line length (L,=L.) 20 Km |
DC-bus voltage recovery ume,t | 325 msee Line resistance 0.7 £/km/ph.

| Filter's capacitance, 330 uF Line inductance 0.06632 | mH/km/ph.

V. CONCLUSION

The transient behavior and performance of a
simulated grid-connected PV generator has
been investigated in this paper. Following the
application of a three phase symmetrical
short-circuit for about &7 milli-seconds, the
terminal variables were seen to undergo
damped oscillations. At the point of common
coupling of the PV generating sub-system and
the grid, there was a total collapse of the 11kV
voltage with a corresponding current rise from
10A to 150A. While the grid voltage remained
undisturbed under the symmetrical short
circuit, the grid current shot up from 100A to
250A. A large dip was experienced on the
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