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1. Introduction

Abstract. Compared to multistage grid-connected photovoltaic systems (GCPVSs),
complexity in monitoring and controlling scheme in a single-stage GCPVS is much
increased, as maximum power point tracking and power sharing with the grid need to
be considered simultaneously in the same stage. An efficient technique for performing
the aforementioned functions, simultaneously, in a single stage system, by adjustment of
the voltage phasor of a voltage source inverter, is presented. Active and reactive powers
flow from the inverter is regulated by the adjustment of amplitude and phase angle of the
inverter output voltage with respect to the grid voltage.

An algorithm is also developed for automatic active and reactive powers sharing for
the intended applications in the single stage GCPVSs. A typical 2.8 kWp, 368 V (DC)
nominal photovoltaic array based GCPVS is modeled and simulated to analyze proper
load matching for different ambient and grid voltage conditions. Performances, like the
efficiency of the inverter and the total harmonic distortion of the inverter output voltage
and current, are studied, with variations in ambient conditions and the modulation index
of a sinusoidal pulse width modulation of the IGBT based inverter. Simulation results have
been included to show the feasibility of the proposed technique.

© 2014 Sharif University of Technology. All rights reserved.

photovoltaic systems (GCPVSs) in recent years. The
Current-Voltage (I — V) and Power-Voltage (P — V)

The continuing decline of the cost of the photovoltaic
(PV) modules, along with the advancement of power
electronic and semiconductor technology, is the major
factor for the widespread installation of grid-connected
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characteristics of PV modules are nonlinear, and vary
with solar insolation, ambient temperature and output
voltage [1,2]. There is a unique point on the P — V
characteristic, called Maximum Power Point (MPP),
at which PV array produces its maximum power
output [3]. An appropriate Maximum Power Point
Tracking (MPPT) method maintains the PV array’s
operating point at its MPP [1,3]. One advantageous
feature of GCPVS is that they do not need battery
back-ups to ensure MPPT [4].
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GCPVSs are broadly classified as multi-stage sys-
tems and single-stage systems [5]. Multi-stage systems
usually employ two stages. The first stage comprises a
boost or buck-hoost type DC/DC converter with one
of its tasks being the application of the appropriate DC
voltage on the PV array so that it operates at the MPP;
and the second stage comprises a DC/AC inverter [6-8].
Multistage GCPVSs are in frequent use, but suffer from
drawbacks of higher part counts, larger size and lower
efficiency, etc. [4]. In the single stage, only a single
power electronic stage between the PV array and the
grid performs all the functions, namely, the electrical
MPPT, boosting and inversion leading to a compact
system [9,10].

Most of the conventional GCPVSs include a
transformer which supports operation at low level PV
array voltage input for the inverter and isolates the
energy source from the utility grid. Systems including
a transformer either use a line frequency or a high
frequency transformer. Line frequency transformers
are generally avoided due to increased size, weight and
price [11]. Systems with high frequency transformers
include several power stages and are pretty complex.
To avoid a transformer, a single stage system has
to configure high PV voltage with a string of series
connected modules to make voltage output compatible
with the grid interface [12].

Recent research reveals that uncontrolled PV sys-
tems connected to an electrical grid can have an adverse
affect on the normal behavior of the system [13,14].
Voltage rises beyond the limits when the PV produc-
tion is high and the load demand is low. Extensive
voltage distortion is caused by distorted PV current
under weak insolation conditions [15]. The islanding
operation of the PV system may occur during the loss
of utility supply after the occurrence of a fault [16]. The
need for voltage regulators and phase balancers can be
eliminated by properly introducing PV systems into
the electricity grid, reducing, in that way, the capital
and maintenance costs [15,17]. Clearly, a study on the
impact of penetrating PV systems is important, and an
appropriate controlling algorithm is required to avoid
the unwanted consequences of the large deployment of
PV systems [18,19].

The reactive power causes voltage and current
loading in AC circuits, but does not result in aver-
age (active) power consumption, and is, in fact, an
important component in all AC power networks [19].
The reactive power is essential for creating the needed
coupling fields for AC energy-coupling devices (e.g.,
transformers, AC motors and generators). But ex-
cessive amounts of reactive power can overload the
AC generators, causing voltage rise or fall, with ref-
erence to rated voltage in the transmission system,
and can lead to collapsing the system [20]. To make
transmission networks operate within desired voltage

limits, methods of making up or taking away reactive
power (hereafter, called reactive power control), are
required [20-22]. Different approaches such as reactive
power compensation and phase shifting have been
applied to increase the stability and security of the
power systems [18,23].

Inverters are the key element of GCPVSs which
do not only transfer the DC power of the PV array to
the AC grid, but also realize the MPPT function, so
that the system yields maximum electricity power [5,9-
11].  The majority of inverters that are currently
used in GCPVS are Current Source Inverters (CSI),
operating with a unity power factor, which indicates
that they are capable of providing only active power
to the grid system [7-10,24]. Thus, the reactive power
required by the system is supplied by the reactive power
compensator (e.g., shunt compensator, series compen-
sator, FACTS controller, etc.) installed at the primary
distribution system or at the substation [20,21,25].
When the insolation is weak, such CSI based systems
lose their power-sharing capacity and the electrical grid
has to supply directly to all loads. However, if the
Voltage Source Inverter (VSI) is used instead of the
CSI, reactive power can be supplied/absorbed under
weak insolation condition, also, in accordance with the
requirement of the grid.

This paper presents an efficient technique for
a single stage GCPVS to compensate the reactive
power and, simultaneously, to share the active power
with the grid. The reactive power compensation and
active power sharing are based on the adjustment of
magnitude and phase angle of inverter output voltage
with respect to the grid voltage. Inverter voltage
magnitude is changed by varying the Modulation
Index (MI) (0 < m < 1) of the Sinusoidal Pulse
Width Modulation (SPWM) and the phase angle is
adjusted by varying the starting instant of SPWM
with respect to the zero-crossing of the grid voltage.
An algorithm is also developed for execution in the
controller of the inverter (e.g., dsPIC [26]) to regulate
load sharing automatically based on the proposed
technique of power sharing. A MATLAB/Simulink
based model is developed for a 2.8 kWp, 368 V
(DC) nominal PV array based single stage GCPVS to
analyze the feasibility of the proposed technique and
algorithm.

2. System description

The proposed GCPVS is realized using a string of series
connected modules followed by an H-bridge inverter.
The output of the inverter and grid are separated by
a reactance, X,. As the power output of the inverter
oscillates at twice the line frequency [7,27], Cqy. is a
DC buffer capacitor across the H-bridge inverter. D is
the reverse current blocking diode. Inductor L; and



A. Datta et al./Scientia Iranica, Transactions D: Computer Science & ... 21 (2014) 885-897 887

String of
PV modules

Figure 1. Schematic circuit of a single stage GCPVS.

capacitor Cy form low-pass filter in the output of the
inverter. The system is synchronized with the grid and
depicted in Figure 1.

Selection of different system components is as
follows.

2.1. DC-link capacitor (Cqy.)
Cy. can be calculated using the expression [28]:

P,
Cuc = , (1
‘ Q’A‘/;%rip-P”’V;lzlin .pv2‘ﬂ—'f’i
where P, , is the nominal PV array output power,
AVoip.py 15 the percentage of the ripple in the PV
array output voltage, Vinin po is the minimum allowable
PV array output voltage, and f; is the grid fundamental

frequency.

2.2. AC filter capacitor (Cy)
Cy can be calculated using the expression [29]:

1

Cp=———
T T anr 2Ly

(2)
where f. is the allowable cut-off frequency of the low-
pass filter of the inverter.

2.3. Filter inductor (Ly)
Ly can be calculated using the expression [29]:

‘/;:.T‘?YLS 'AI

L, =
TN A

(3)
where V; ,ms is the rms value of inverter output
voltage, ATl is the ripple instant factor depending on
minimum allowable MI of SPWM, f.,, is the frequency
of SPWM, and AI; is the allowable ripple in the
inverter output current.

2.4. Grid connecting inductor (Lgy)
The value of L, can be calculated from Eq. (12) as:

W. max.p- vg n- sin 61113)(

L, =
g Pg.max~2~7r~fi

; (4)

where Vi max .p i the inverter output voltage corre-
sponding to maximum active power transfer, V, ,, is the
rated grid voltage, and ;. is the allowable maximum
phase angle.

3. System analysis

Solar PV modules must be connected in series-parallel
combinations to match the required voltage and current
ratings. The I — V equation for an array formed by
Nse X Np, identical modules is [2]:

I =Ipy.N,, — Iy.N,,

V—i—Rs.(%;:).I_l

exp V,.a.N..

_V—i—RS.(]J\\,fgz).I )
R (i)

Npa

where Ipy and I, are the photovoltaic and saturation
currents, respectively, of a PV module. R, and
R, are the equivalent series and parallel resistances,
respectively, of a module. V; is the thermal voltage of
the module, and ‘a’ is the diode ideality constant.

The output characteristics of solar PV array de-
pend on the solar insolation and ambient temperature.
The photovoltaic current of the solar cell can be
expressed by the following equation [2]:

G

Ipv = (Ipv.sTc + KI’AT).GST(J

(6)

where Ggrc and Ipy.grc are insolation and light-
generated current, respectively, under Standard Test
Conditions (STC); K is the short circuit current
temperature co-efficient; AT =T —T,, (T and T,, being
the actual and nominal temperatures, respectively);
and G is the actual insolation.

The DC output of the PV array is variable with
solar insolation and temperature, and is expressed
as [30]:

G(t)

Pdc(t) = PSTC.GSTC.

[1 - a.AT], (7)

where P,.(t) is the available DC power at any time
t. Pstco is the maximum output at STC. ‘a’ is a co-
efficient that expresses the power reduction due to the
temperature rise of the PV array.

The amplitude of the fundamental component of
the inverter output voltage is:

Vli = m~va7 (8)

where m is the MI of SPWM.

The simplified circuit diagram of the GCPVS is
shown in Figure 2, where V,(0° is the grid voltage
phasor (reference), and V;(é is the inverter output
voltage.
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Figure 2. Simplified circuit diagram of the GCPVS.

Current from the inverter to the grid through X,
is:
[ Vilé — Va0

9 X, /900 ©

Arrow directions in Figure 2 are the assumed positive
directions of the currents.

Apparent power transferred from the inverter to
the grid is [26]:

Sg =Py +jQq =ViLé1,, (10)

where P, and @, are the active and reactive powers,
respectively, transferred from the inverter to the grid.

V.46 =V, 20

Py = jQy = Vid* I, = Vid = 6.5t
g

(11)

Separating real and imaginary parts from Eq. (11):

ViV,
P, = —2 sin¢, (12)
g Xg

V2o V.Y,
Q, =+ — . cosé. (13)
X, Xy

If Sp(= Pp + jQL) is the load connected directly to
the output terminal of the inverter, the inverter output
power is:

Si:Pi+jQi:(Pg"‘PL)"’j(Qg"‘QL)' (14)

4. Inverter power losses and efficiency

Solar inverters are composed of power-electronics de-
vices and different passive elements. Losses associated
with system components and harmonics generation due
to nonlinear characteristics of semiconductor devices,
mainly affect the performance of the inverter. Total
losses in the inverter, including losses in all passive
elements, are the sum of losses incurred in its individual
components [31]:

-F)loss.total :Psw + -F)anti.diode + Pdc.cap + Pﬁlter.ind

+ Pﬁlter.cap + Pgrid.ind7 (15)

where:
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P, = power losses in switches;

Panti.diode = power losses in anti-parallel diodes;
Pyc.cap = power losses in DC-link capacitor;
Phiterina = power losses in filter inductor;
Prilter.cap = power losses in filter capacitor;

Pyrid.ina = power losses in grid connecting inductor.

4.1. IGBT and anti-parallel diode losses

Losses in any semiconductor component involve con-
duction losses and switching losses. The conduction
losses depend on the magnitude of the inverter output
current, and switching losses depend mostly on the
switching frequency of power switches.

4.1.1. Conduction losses (P.oy)

Conduction losses are losses due to the device’s DC
electrical characteristics. The conduction losses depend
on current through the device and the device’s DC
electrical characteristics.

If the inverter output current is perfectly sinu-
soidal, instantaneous inverter output current (i), the
duty ratios for active-stage devices (d,) and zero-stage
devices (d,) are expressed as [32]:

i(t) = Iy, sin(wt), d.(t) = msin(wt),

d.(t) =1 — msin(wt), (16)

where I,,, is the peak inverter current, w is the angular
frequency of the inverter output current, and m is the
MI of SPWM.

The conduction loss of IGBT (Peon.ight) and the
conduction loss of the anti-parallel diode (Peon.diode)
are computed as [32]:

™

1 .
Paansutn = 5= [ von(@ic(0d.(0)dot
0
m 2m,
—im e ]2 - 1
Uero +1,rc 35 (17)
17 | .
Peon.diode = 7 /z(t)vD(t)zD(t)(l — msin(wt))dwt
T

0

1 m 5 1 2m
=Imvpo \ = |+ { =5 )
! (18)

where vog(t) is the instantaneous collector-emitter
voltage; ic(t) is the instantaneous collector current;
vego represents IGBT on-state zero-current collector-
emitter voltage; rc represents collector-emitter on-
state resistance; vp(t) and ip(t) are instantaneous volt-
age across the diode and diode current, respectively;
vpo is the diode on-state zero-current voltage; and rp
is the diode on resistance.
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4.1.2. Switching losses (Psy)
Switching losses depend on switching frequency, the
current through the device, and the device’s dynamic
characteristics.

Turn-on duration of IGBT is the sum of rise
time (¢.) and reverse recovery time (¢,.) for the free-
wheeling diode [33,34].

Turn-on energy of IGBT:
byt
EIGBT,on = Uce(t)zc(t)dt (19)

0

Turn-off duration of IGBT is the sum of turn-off
delay time (t4), fall time (t7), and tail time ().

Turn-off energy of IGBT:
tattsttiai

EigBT0f = Vee(t)ic(t)dt. (20)

0

Switching losses in IGBT are the product of switching
energies and the switching frequency (fsw):

Psw.igbt = (Eon.igbt + Eoﬁ".igbt)~fsw~ (21)

Switching losses of the anti-parallel diode can be calcu-
lated as for IGBT. The turn-off loss of the anti-parallel
diode due to reverse recovery, can be approximated
as [34]:

1
Piiode ot = ZerVrfsw7 (22)

where @), is the reverse recovery charge, and Vj is the
reverse blocking voltage.

In modern fast recovery diodes used with IGBTs,
the turn-on loss is negligible (less than 1%) compared
to the turn-off loss [33].

4.2. DC-link capacitor losses

The DC-link capacitor losses depend on the equivalent
series resistance (Rpsr) value of capacitance, and
charge and discharge currents through the capacitor.
If Ieh.rms and Ige,ms are the charge and discharge
currents through the capacitor, respectively, power loss
in the capacitor is [31]:

(]ch.rm52 + Idc.rm32)~RESR~ (23)

4.3. AC filter capacitor losses

Dielectric loss of an AC capacitor depends on equiva-
lent series resistance (Rgsr) and the frequency of the
current through it. Dielectric loss of the AC filter
capacitor of the inverter is:

Pdc.cap.loss =

I?.PF

27{']01'.Cf7 (24)

2
Pac.cap.loss = Ii RESR =

where I; is the rms current through the capacitor,

and PF and Cy are the power factor and capacitance,
respectively, of the capacitor.

4.4. Filter and grid connecting inductor losses
The rms value of the inductor current is [34]:

) Al?
I1 vms = A\J13, + 12, = ]f+1—21, (25)

where I,. is the AC inductor current, I, is the DC
inductor current, I,. is the AC inductor current, I;
is the RMS value of the fundamental inverter output
current, and AJ; is the inverter output current ripple.

Power losses in an inductor are Pogsnd =
Pe.ore (core loss) + Py, (wire loss caused by DC re-
sistance) + P,.. (wire loss caused by AC resistance).
These losses can be expressed as:

Pcore = kfgabﬂ‘/ea Pdcr = I§C~Rdc.ind7

Pacr = Isc‘Rac.inda (26>

where, k is a constant for core material and depends on
core material, b is the peak flux density, a is frequency
exponent, § is flux density exponent, V. is effective
core volume, and Ry, inq and Rgcing are the DC and
AC registances of the inductor, respectively.

Losses in the grid connecting inductance (L ) can
be calculated using the same expressions used for filter
inductor losses.

The efficiency of a solar inverter is not constant,
as power losses consist of a constant part and a load-
dependent part [30]. The constant part includes the
power needed for control circuitry, IGBT drivers and
other auxiliary parts of the inverter. Moreover, core
losses in the passive components of the inverter are
included in the constant part, as voltage variation in a
solar inverter is small compared to the current. The
load-dependent part includes all current dependent
losses in the passive components of the inverter, the
conduction and the switching losses in the power
switches (e.g., IGBT) of the inverter. The load
independent part of the inverter losses, in terms of
percentage of inverter nominal power, is given by [35]:

1 10 1
Phr=—.|————-9}, 27
’ 99 (7710 100 > ( )

where 1719 and 7190 are the efficiencies at 10% and 100%
of the inverter nominal power.

Power losses of the inverter, in terms of the
percentage of nominal power, are given by:

-Pinv.loss = PO + k~P27 (28)
where:
1 -Pinv.out
k=— —Py—1,  P=—ovout 29
7100 0 -Pinv.rated ( )



890 A. Datta et al./Scientia Iranica, Transactions D: Computer Science & ... 21 (2014) 885-897

8————
gaL.{f..;

92+

% efficiency

90_“...5, ........ S ........ ......... ........ TSR R S e

| —— Solar Konzept, 2 kW
;| —=— Sunways, 3.6 kW

881 | —— SMA, 5 kW
| ——SMA, 11 kW
86 i i i i . ; ; ?
0 20 40 60 80 100

% of rated input

Figure 3. Efficiency of various solar inverters as a
function of the percentage rated DC power: (a) Solar
Konzept, 2 kW; (b) Sunways, 3.6 kW; (c) SMA, 5 kW;
and (d) SMA, 11 kW.

Table 1. Py and k of the efficiency curves.

Inverters Mo Moo Py k
(%) (%)
Solar Konzept, 2 kW  95.6 95 0.0041 0.0485
Sunways, 3.6 kW 93.4 944 0.0065 0.0528
SMA, 5 kW 93.4 95.2 0.0066 0.0438
SMA, 11 kW 97 96.3  0.0027 0.0357

Piv.out 18 the inverter output power at a particular
ambient conditions, and P,y rated 1S the rated power of
the inverter.

Therefore, inverter efficiency is expressed as:

P

S E— 30
P+ DPy+k.P? (30)

Ninv =
The efficiency curves of various solar inverters as a
function of percentage rated DC power are shown in
Figure 3. Table 1 shows Py and k of the efficiency
curves in Figure 3.

An inverter with relatively low power, during
sunrise and sunset or during cloudy days, will operate
at low efficiency. On the other hand, an inverter with
relatively large power will lead to a waste of energy
when the available PV array power is larger than its
rated power [30,35].

5. Harmonic distortion

Harmonic currents generated by the PV systems down-
grade the quality of the electrical grid and alter the
performance of other electrical equipment. Harmonic
distortion in inverter output voltage or current is
associated with: the switching mechanism in semi-
conductor devices, variation of solar insolation and
variation of grid frequency [36]. Compared to voltage
harmonics, current harmonics are strongly dependent

on the fluctuations of insolation [37]. The high current
distortion observed at the low power input of the
inverter implies the inability of the control circuit
and sensors to measure and maintain the sinusoidal
shape waveform of the output current [38]. Generally,
the effect of harmonics is not so prominent at low
concentrations of PV systems, but the situation may
get worse as the PV capacity increases.

The individual harmonic distortion for current at
the kth harmonic order is given by [38]:

DI, = 2, (31)
L
where, I, is the rms value of the kth harmonic order
component and [; is the fundamental component of the
inverter output current.

Total Harmonic Distortion (THD) in inverter

output current is expressed as:

where n is the highest harmonic order.

Similar expressions for harmonic distortions are
also valid for inverter output voltage.

As per the IEEE standard 519-1992 [39], the
maximum allowable THD for the consumer (voltage
and current) must be limited to 5%. The maximum
individual harmonic components must be limited to 3%
for voltage lower than 69 kV.

6. Reactive power compensation and active
power sharing

At any value of ¢, active and reactive powers supplied
by the inverter are balanced by the active and reactive
powers drawn by the load and grid. Neglecting
conductor and leakage losses, as per the active and
reactive powers balance principle, separate equations
are: P+ Pr+ P, =0and Q;+Q1+Q, = 0. Variations
of active and reactive powers sharing with the variation
of ¢ for a constant connected load of 500(0° VA in the
range of 6, —30° to +30°, are depicted in Figure 4.

The concept of load sharing/balancing is with the
following conventions:

e Supplied active power is positive and con-
sumed /received active power is negative.

e For the inverter and transmission line, absorbing
reactive power (inductive) is positive and supplying
reactive power (capacitive) is negative.

e For load, inductive reactive power is negative and
capacitive reactive power is positive.

Referring to Figure 4, active power supplied by the
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Figure 4. Variations of active and reactive powers with
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Figure 5. Active and reactive powers sharing with the
variation of phase angle for V; =220 V, 230 V and 240 V
with V;, =230 V, X, =10 ©, and Sz = 500(0° VA.

inverter at point ‘A’ is zero, and, for § less than at
point ‘A’ the inverter active power becomes negative.
As the inverter cannot draw active power, the system
should not operate for ¢ less than at point ‘A’. With
the increase of 6 from ‘A’ (towards the leading side),
the active power supply from the inverter gradually
increases.

Inverter generates capacitive reactive power in the
range of §: ‘A’ to ‘B’. At ‘B’, reactive power is zero.
Further increase of § (towards the leading side) causes
generation of inductive reactive power. In other words,
the inverter absorbs reactive power (inductive VAR
injection) from the grid in the range of §: ‘A’ to ‘B,
and supplies reactive power (capacitive VAR injection)
in the range of 6 greater than at ‘B’ towards the leading
side.

Figure 5 shows load sharing for three different
inverter voltages: V; = 220 V, 230 V and 240 V, with
constant grid voltage, V; = 230 V. It is observed that
for V; =230 V and V; = 240 V (i.e., V; > V), the

-500

-1000

Powers (active, reactive, apparent)

-1500 i i i ;
0 50 100 150 200 250

Inverter output voltage (V)

(2)
2000 : :

1500H

1000L oo

500}

Z500k.

-1000

Powers (active, reactive, apparent)

-1500 1 i i i
0 50 100 150 200 250

Inverter output voltage (V)
(b)
Figure 6. Variation of active and reactive powers with
inverter output voltage (V;) at (a) 6 = 5° and (b) 6 = 15°
with V, =230 V and Xy = 10 €.

inverter injects inductive VAR and active power to the
grid with the adjustment of 6. Whereas, for V; = 220 V
(i-e., Vi < V,), the inverter injects capacitive VAR at
low values of § and inductive VAR at higher values of
6, with active power to the grid.

Figure 6(a) and (b) show variations of active
and reactive powers supply from the inverter with
variations of inverter output voltage at a constant value
of 6. Reactive power supply (capacitive) is maximum at
Vi = (V,4/2).cosé (where, 9Q,/dV; = 0) and gradually
decreases with the increase of V;. Reactive power
becomes zero at V; = V;.cosé. Further increase of V;
causes increased reactive power (inductive) absorbtion.
Thus, reactive power compensation and active power
sharing in a VSI based GCPVS can be regulated by
adjustment of the inverter output voltage and phase
angle.

7. The proposed algorithm

Sensing parameters:
PV voltage, V,,,

PV current, I,,,
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Inverter output voltage, V;,
Grid voltage, V,

Distribution line current, Ipy,,

The signal sensing topology for the control unit
of the inverter is shown in Figure 7. An algorithm is
developed for power factor controlling and active power
sharing, sensing the above mentioned quantities, and
depicted in Figure 8.

With the change of § at constant magnitudes of
Vi and V,, variation of reactive power is less compared
to active power. Similarly, variation of active power is

Sub IprL —p Distribution Ene
station Vy,IpL
S TR
dsPIC | %Xg

Vev, Irv U

| pojac |1V
conv. H

PV array - E——

Inverter a

a

d

Figure 7. Signals sensing topology of the dsPIC for the
proposed algorithm.
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No
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n
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>
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Figure 8. The proposed algorithm.

less compared to the variation of reactive power with
the change of inverter voltage magnitude at constant
6. The algorithm is based on adjusting reactive
injection/absorption by adjustment of inverter voltage
magnitude first, and then adjusting active power by
adjustment of . The MPPT function of the PV system
is based on the adjustment of §, by trial and error, for
which PV array output power (Ppy ) is maximum at a
particular ambient condition.

The algorithm is based, for reactive power com-
pensation and active power sharing, by trial and error,
on the following principles:

o After changing inverter voltage magnitude by a
small value (£AV;), dsPIC compares ¢pew with ©o1d
(only value not sign) and sets ¢ for the smaller one.
p is the phase angle between the distribution line
current (Ipr,) and grid voltage (V).

e After changing 6 by a small value (£A6), dsPIC
compares new PV array power ( Py, pew) With previ-
ously measured PV array power (P, o1a) and sets ¢
always for the greater one. The dsPIC calculates PV
array output power (F,,) by measuring PV array
output voltage (V,,) and PV array output current
(Lpu)-

8. Results and discussion

A MATLAB/Simulink model for a typical 2.8 kWp, 368
V (DC) nominal PV array (14 numbers KC200GT [40]
modules in a string) based GCPVS is presented in
Figure 9. Values of Cy. (16 uF), Cy (3.2 pF), Ly
(6.4 mH) and L, (56.7 mH) are calculated for the
simulation model using Eqgs. (1) to (4), respectively,
with: the derating factor for Ppv.nominat = 80%,
the derating factor for V; is 80%, AViyippv = 5%,
Vinin po = 200 V, AT = 041, AL, = 10% of rated
inverter output current, dma.x = 40°, f, = 50 Hz,
fsw = 10 kHz, and f. = 1000 Hz. Derating factors
for Ppy and V; are used as practical working condition
their values, which hardly reach rated values but are
less than rated values. I —V and P —V characteristics
of the PV array are shown in Figures 10 and 11,
respectively. To justify reactive power compensation,
a variable RLC (resistor-inductor-capacitor) load is
connected with V in the simulation model and RLC
load is adjusted for different ¢pefore values. @pefore 18
the angle between V,; and variable RLC load current
before connecting the inverter with the grid. Then, the
inverter is connected in parallel to the variable RLC
load, as shown in the simulation model (Figure 9). A
local load (Sp) is also connected directly to the inverter
output terminals. Before connecting the inverter, Vj
and @pefore are adjusted for different values. After the
inverter is connected for particular ambient conditions
i.e. temperature (T') and insolation (G), V; is adjusted
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Figure 9. MATLAB/Simulink model of single stage GCPVS.
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Figure 10. [ — V characteristics of 2.8 kWp, 368 V (DC)
PV array.

for a minimum value of ¢, and ¢ is adjusted, for which
Ppy becomes maximum. Minimum value (V; i) and
maximum value (V;max) of V; are chosen to be 200
V and 235 V, respectively. The choice of V; i, and
Vi max values are restricted mainly by the voltage
tolerance of the local load connected directly to the
inverter output terminals. A ¢ value should not
occur corresponding to a negative value of inverter
active power. Simulation results of reactive power
compensation and active power sharing at different
ambient conditions are tabulated in Table 2. V,,,,
Pmpp7 Vvia 67 Pi7 Qia Pg7 Qg7 ¢afte1‘7 Tlinv, THDv and
THD; are measured after connecting the inverter with
the grid. Results show that @arer (phase angle between
V, and variable RLC load current) values are decreased
due to reactive power compensation by the inverter.
The significance of positive and negative signs of active

Figure 11. P —V characteristics of 2.8 kWp, 368 V (DC)
PV array.

and reactive power is discussed in Section 6 of the
paper. At high PV power generation, ¢ becomes
comparatively greater to transfer large power to the
grid. In this condition, the reactive power contribution
from the inverter is less and active power sharing is
more. But, at low PV power generation, the inverter
can supply comparatively large compensating reactive
power.

Figure 12 shows variation of inverter efficiency
with different insolation levels at constant temperature
and MIs of SPWM. As per Figure 12 and results in
Table 2, the inverter efficiency is high whenever input is
near the rating of the inverter, and vice versa. Inverter
efficiency is higher at higher values of MI.

As per Figure 13 and results in Table 2, the
THDs of the inverter output voltage and current are
not constant. THD increases with the decrease of
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Table 2. Simulation results at different ambient conditions.

Sl no.

Insolation (G), W/m?

Ambient temperature (T'), °C

Grid voltage (V3), V

MPP voltage (Vinpp), V

MPP power (Pppp), W

Inverter output voltage (V;), V

Phase angle (§), Deg.

Inverter output power (S;), VA

Active power supplied by inverter (F;), W
Reactive power supplied by inverter (Q;), VAR
Active power transferred to grid (P;), W
Reactive power transferred to grid (Qg), VAR
Inverter local active load (P), W

Inverter local reactive load (Qr), VAR
Modulation index (m)

Ppefore (£LVy, IDL), Deg. (before reactive
power compensation by inverter)

Dasier (£LVy, IpL), Deg. (after reactive
power compensation by inverter)

Inverter efficiency (9inv), %

THD of inverter output voltage (THD,), %
THD of inverter output current (THD;), %

1 2 3 4 5 6
1000 1000 800 500 1100 500
25 40 25 15 40 40
200 210 220 230 210 235
368 342 364 378 341 332
2800 2596 2230 1437 2859 1263
235 230 228 220 230 210
27 25 24 12 29 10
2602 2290 1984 1157 2684 968
2334 2141 1913 1152 2441 856
1335 812 540 -109 1116 -450
-2134  -2041  -1913  -1052  -2342  -856
-1335  -912 -540 109 -1066 450
-100 -100 0 -100 -100 0
0 100 0 0 -50 0
0.9 0.92 0.88 0.82 0.95 0.89
-30 -15 -12 3 -25 9
-12 -1 0 0 -1 3
93 89 91 81 100 79
3.8 4 4.5 4.7 3.7 5

4.6 4.6 4.9 5.1 4.4 5.3
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ol : : —
90
851
80
75

% efficiency

TO e cevws s e i st s st e s s et e s
65 : : — .
/) | —e—(T = 25°C, MI=0.8)
310 ] - [T SN i | ——(T = 25°C, MI=0.6)|
i |—e-(T = 40°C, MI=0.8)
Bi5: |- o s s ol frell s i s e s s i i =% -(T = 40°C, MI=0.6)|
50 fr i i i i i
0 200 400 600 800 1000 1200

Insolation (W/mz)

Figure 12. Variation of the inverter efficiency with the
variation of insolation with SPWM at 10 kHz.

PV generation. The THD of the current is greater
compared to that in the voltage. In fact, for very low
PV generation, THD can exceed IEEE-519 standard.
At higher values of MI, the THDs of both inverter volt-
age and current decrease. However, over modulation
of SPWM causes a significant third harmonic current
component, resulting in higher THD at the grid side.

50 ! : ; : .
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s U SR S AT~ 44, vt g b
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R * I + THD(MI=0.6) [1
35 % . : 2 e IS STUUSTURURUITE VRO
o 30fe ......... ; e S :
50 5
: L0 .
15 b OO R B 4
F0 ) SRR O renenchonns S O UOTE OSRO
. . : 't H
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0 500 1000 1500 2000 2500 3000

Inverter output power (W)

Figure 13. %THD in inverter output voltage and current
with the variation of inverter output power [V = 368 V].

9. Conclusion

An efficient technique of reactive power compensation
and active powers sharing based on the adjustment of
voltage magnitude and phase angle of a VSI in a single
stage GCPVS is presented. Moreover, an algorithm,
based on the proposed technique, is developed for
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the intended application in the single stage GCPVSs.
According to the strategy, during sunlight, the PV
system sends active power to the grid and, at the
same time, compensates for the reactive power of the
grid.

A simulation-based study is performed for the
following objectives:

a) To ascertain the acceptability of the proposed
technique and algorithm,;

b) To ascertain the impact of penetrating PV systems
into an electrical grid, so that attention can be
paid to avoid all possible unwanted consequences
of penetrating PV systems.

The simulated results have shown how the algorithm,
based on the proposed technique, adjusted the power
angle and the amplitude of the inverter voltage, and,
consequently, controlled the active and reactive powers
supplied to or absorbed by the grid. The results also
confirmed that the proposed technique and algorithm-
based system performed well for the analysed PV
system.
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Appendix

Parameters of KC200GT module [40] under STC are
presented in Table A.1.

Table A.1. Parameters of KC200GT module under STC
(25°C, 1.5 AM, 1000 W/m?).

Maximum power current, I, 7.6 A
Maximum power voltage, Vip 263V
Maximum power, Puax 200 W
Short circuit current, /. 8.2 A
Open circuit voltage, Vo 329V
Diode ideality constant, a 1.3
Number of cells per module, N, 54
Temperature coefficient of V,e, K, -0.1230 V/K
Temperature coefficient of /5., Kr 0.0032 A/K
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