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Abstract - Photovoltaic energy is one of the attractive
candidates for green power generation. This paper investigates
the connection of a solar photovoltaic (PV) system into an AC
grid by modeling the system in Electromagnetics Transients
Program (EMTP-RV). In this model, the popular single diode PV
cell electrical model, based on the Shockley diode equation is
used. Also, the two most commonly used Maximum Power Point
Tracking techniques (MPPT), namely, Perturb and Observe
(P&O) and Incremental Conductance (IC) are developed and
compared. The direct control strategy employs a simple PI
controller for the active/reactive power. However, it suffers from
coupling of the two controllers and any change in one affects the
other. Simulation results are presented to demonstrate the
impact of sudden changes in atmospheric conditions and other
disturbances on system performance. The simulation study
performed shows that the system is robust against faults and
other disturbances
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L. INTRODUCTION

Studies have shown an exponential rise in the global solar
PV market from $2.5 billion in 2000 to $71.2 billion in 2010
which corresponds to an annual growth rate of 39.5%. Power
Electronics (PE) technology is increasingly being leveraged to
integrate renewable and distributed generation (DG) systems.
Recent developments in PE have resulted in enhanced control
techniques for grid connected PV systems and have mitigated
the negative effects of large penetration of PV systems on
existing power systems [1, 6]. In this paper, such a system is
modeled with the EMTP-RV simulation package.

The grid connected PV systems interface with the grid via a
cascaded combination of DC/DC boost converter and DC/AC
inverter. The boost converter steps up and regulates the DC
voltage produced by the PV system so that the PV system can
be interfaced to the inverter. Maximum power output from the
array is achieved by MPPT techniques [2]. The algorithm
systematically adjusts DC/DC converter switching and
performs impedance matching until the maximum power point
is found. The inverter then converts the fixed DC output
voltage of the boost converter to AC and injects it into the grid
at 600 VLL~

The paper is organized in the following manner: Section II
discusses the components that make up the grid-connected PV
system briefly. Sections III and IV explain the simulated PV
module and compare the MPPT techniques that are utilized to
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extract maximum power from the PV module, respectively.
Section V and VI discuss the 3-legged, 6-switch voltage
source inverter (VSI) and its direct control strategy that
controls the real power flow into the distribution network.
Sections VII and VIII present the simulation results. The
response to simulated disturbances such as changes in
atmospheric conditions and various faults is investigated.
Finally, conclusions and future work are discussed in section
IX.

II. SYSTEM DESCRIPTION

Fig. 1 shows the one-line diagram of the modelled system.
The PV array consisting of 300 cells in series and 20 cells in
parallel is used to obtain the required voltage and current
output for conversion. The specifications of the simulated PV
module are provided in Table.1 in the Appendix. The PV array
output is fed to a DC/DC boost converter via a DC disconnect
and fuse protection. The output of PV arrays is dependent on
the level of solar irradiance and surface temperature.
Therefore, the MPPT must be employed to operate the PV
array around its MPP. The task of MPPT is to adjust DC/DC
converter switch and match the load impedance to the ratio
between voltage and current of the array at the MPP. The
DC/DC converter outputs a DC voltage of 600 V. to feed into
the 3-legged 6 switch voltage source inverter (VSI) which
outputs 600 V;; A low-pass LC filter is employed to remove
harmonics, before being fed to an isolation transformer to
connect to the grid at the point of common coupling (PCC) via
an AC disconnect switch, over-current fuse protection and AC
Breaker panel.

1.  MODELING OF PV MODULE
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Fig 2: PV cell Model

The equivalent circuit of a PV cell is shown in Fig.2. It
includes a current source, diode, series resistance and shunt
resistance. A PV array is a group of several PV cells which are
electrically connected in series and parallel circuits to generate
the required current and voltage.
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Fig 1: One Line Diagram

The following non-linear mathematical equation
determines the relationship between voltage and current
supplied by a PV module [7, 8, 9, 10].
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where Ipy is the light-generated current or photocurrent, I
is the cell saturation of dark current, ¢ = 1.6 x10™"? C is the
electron charge, k = 1.38 x192J/K is Boltzmann’s constant, 7
is the cell’s working temperature, 4 is diode’s ideal factor, Rgy
is the shunt resistance, Ry is the series resistance, Np is the
number of PV cells in parallel, and Ng is the number of PV
cells in series.

The current, /py produced by the photoelectric effect can be
calculated as follows

Ipy = [Isc + KI(TC - Tref)])L )

where Isc is the cell’s short-circuit current at reference
temperature: 25°C and reference irradiance: 1 kW/m?, K; =
0.032 is the cell’s short-circuit current temperature coefficient,
T, is the cell’s reference temperature and A is the solar
insolation in kW/m?.

The cell’s saturation current varies
temperature, which is described as

with the cell
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where Ipg is the cell’s reverse saturation current at a
reference temperature and irradiance, and Es is the band
energy of the semiconductor used in the cell.

The reverse saturation current at reference temperature can
be approximately obtained as

Isc

Igs = W “

aVoc \_
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where Voc is the cell’s open circuit voltage.

To illustrate and verify the nonlinear /-V characteristics of
the PV array, model was simulated for different irradiance and
temperature.

|-V characteristics of P\ module at different temperature
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Fig. 3: I-V Characteristics of PV module with varying cell temperature

Fig. 3 shows the /-V characteristics with the variation in
temperature level at a constant solar irradiance of 1000W/m’.
It can be seen that the I-V curve shift to the right and open
circuit voltage reduces with the increase in temperature, while
there is a very little change in short circuit current.
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Fig. 4: I-V Characteristics of PV module with varying irradiance

Fig.4 shows the effect of the change in solar irradiance
level at constant cell temperature of 25°C on IV
characteristics of the PV module. It can be seen that the short
circuit current increases with increase in insolation level,
while there is very little change in the open-circuit voltage.

IV.  MAXIMUM POWER POINT TRACKING (MPPT)

The two most commonly used MPPT techniques, namely,
Perturb and Observe (P&O) and Incremental Conductance
(IC) were developed and compared in EMTP. The aim is to
perform impedance matching by controlling the PV array’s
output voltage by controlling the duty cycle of the DC/DC
Boost Converter switch [3].
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Fig. 5: Maximum Power Extraction Operation

Both algorithms have their own advantages and
disadvantages but P&O algorithm was used in the simulation
of the complete system since it can be easily implemented by
digital circuits.

A. Perturb and Observe (P&O) Algorithm

P&O algorithm is widely used in PV systems. It operates
by continuously perturbing the PV array’s terminal voltage

and comparing the output power with that of the previous
perturbation. The P&O operation flowchart is shown in Fig. 6.

Measure V(k), I(k)
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Fig. 6: P&O Operation Flowchart

If the output power increases with the perturbation, the
algorithm continues in the same direction, otherwise the
terminal voltage is perturbed in the reverse direction. Once the
MPP is reached, the operating point oscillates around it. The
tracking speed and the oscillations depend on the perturbation
size and perturbation cycle. The tracking speed increases as
the perturbation size is increased. However, the amplitude of
the oscillations also gets larger resulting in power loss.
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Fig. 7: P&O Operation implementation

The P&O algorithm (Fig. 7) starts its cycle by measuring
the present array terminal voltage and current. The power is
then calculated and compared with power at the end of a
preceding perturbation cycle using the ‘delay’ block in EMTP.
The perturbation size and cycle used in the simulation are 0.01
V and 10 us, respectively. The algorithm then carries out the
dP > 0 test. According to the result of this check, the
algorithm performs the control action using the ‘select’ block
to perturb the array terminal voltage.



B.  Incremental Conductance Algorithm
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Fig. 8: IC Operation Flowchart

IC algorithm (Fig.8) can overcome some of the drawbacks
of P&O algorithm but its implementation is more complex.
The IC algorithm is based on the fact that at the MPP, the
derivative of the power with respect to the voltage is zero.
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Fig. 9: IC Algorithm Implementation

The IC algorithm implementation (Fig. 9) starts its cycle by
measuring the instantaneous current and voltage values, and
then calculates the incremental values, dI and dV using the
‘delay’ blocks in EMTP as show in Fig. 9. The algorithm
carries out the main check by comparing the dI/dV against —
I/V. Using the ‘select’ block in EMTP, the reference voltage
(Vyep) provided to the MPPT converter is adjusted based on this
check and equations (5)-(6). If dI/dV = -I/V, then the algorithm
does not change the V., and the adjustment stage is bypassed.
The algorithm performs dV=0 check before the main check to
determine whether the system is already operating at the MPP
in the preceding cycle (dV=0). If dV=0, then the algorithm
bypasses the main check, dI/dV = -I/V entirely and instead
checks if dI=0 to determine whether the atmospheric
conditions have changed. If change is detected, the algorithm
once again utilizes the ‘select’ block and adjusts the V.
depending on whether dI is positive or negative.

V. VOLTAGE SOURCE INVERTER
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Fig. 10: Voltage Source Inverter
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The 3-legged, 6-switch DC to AC inverter (Fig.10) takes 6
signal inputs that are fed to the switches. The sub-circuit
block on each leg of the DC to AC inverter is a combination of
a switch, inverse connected diode and a RC snubber.

A capacitor connected on the DC side of the VSI acts as a
DC voltage source. The IGBT based VSI uses Pulse-Width
Modulation (PWM) technique to synthesize a sinusoidal
waveform from a DC voltage. The 60 Hz sinusoidal waveform
is synthesized by a technique called unipolar voltage
switching. Harmonics are cancelled by connecting an LC filter
with corner frequency of 120 Hz at the AC side of the VSI.

VI. VSI CONTROL STRATEGY

The steady state active power P and reactive power O
flowing between the PV System and AC system is given by

_ Vgria*Viny sin(8)

p = o IO ™

Q = (M) (Vi c05(8) — Viria ) ®)

where Vs is AC system voltage, Vi, is the inverter’s
output voltage, J is phase angle between Vg, and V;,,, and Xs
is the transformer reactance.



From the above equations, it can be seen that the active
power provided by the inverter depends on transmission angle,
0 and magnitude of inverter’s output voltage. The AC system
voltage can be considered as constant in case of strong AC
system. The only input to the converter is gate pulses to the
converter valves. By controlling the phase shift of PWM
pulses, the active power injected into the network can be
controlled. This method is also called coupled Watt-Var or P-
0O method because the active and reactive powers are coupled
and any change in one affects the other.
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Controller
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Fig. 11: Inverter’s Control System

A Phase Locked Loop (PLL) [6] is utilised to lock on the
grid frequency and provide a stable reference synchronization
signal for the firing unit (Fig.11). The inverter’s control
strategy maintains the power exchange with the network [5].
System parameters are provided in Table 2 in the Appendix.
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Fig. 12: Watt-Var PI Controller

The controller measures the real power being injected into
the grid and employs a PI controller (Fig.12) to control the
phase shift of the reference synchronization signal for the
firing unit. This simpler method was employed since the main
focus of the paper was the implementation of the MPPT
blocks in EMTP. This method is now obsolete as it suffers
from coupling of the real and reactive powers. However, a
system with a decoupled control method based on the d-q
transformation theory which allows for independent control of
watts and Vars is being implemented in EMTP in the future.

VII. SIMULATION RESULTS
A. Step Change in Temperature (Fig.13)

In this study, a step change was imposed in the operating
temperature of the PV module. At the beginning of the
simulation, the temperature is set to 298° K. At 0.25s, a step
change of 15° K was imposed.
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Fig. 13: Step Change in Temperature

Fig. 13 shows that MPP voltage reduces as /-V curve shifts
to the right with the increase in temperature, while there is a
very little change in short circuit current. The DC link voltage
also drops as a result of the change in input voltage. The
current injected into the network is shown in Fig.13(c). A FFT
of the current waveform showed the presence of 7"
harmonics. Since the load is purely resistive, the reactive
power consumed by it is zero. In Fig. 13(d), it can be seen that
the load requires 300 W; of which 150 W are delivered by the
PV system. The remaining real power demand is supplied by
the utility. Ripples in the Real power are due to the 5", 7" and
11™ harmonics present in the Bus Voltage.

B.  Step Change in Irradiance (Fig.14)

At the beginning of the simulation, the irradiance is set to 1
KW/m?®. At 0.25s, a step change of 0.15 kW/m? was imposed.
The system response is shown in Fig. 14.
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It can be seen in Fig. 14(a) that there is very little change in
the PV module’s output voltage. PV array current is heavily
dependent on the irradiance. It drops to 29.3 A from its initial
value of 34.1 A. This causes the maximum theoretical power
to drop to 4.25 kW. The DC link voltage also drops but stays
within the 10% limit. The current injected into the network are
shown in Fig 14(c). The control strategy maintains the active
power at a constant value. Therefore, the PV system’s
operation remains stable as the irradiance changes.

C. Step Change in Active Power demand (Fig.15)
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Fig. 15: Step Change in Active Power Demand

Fig. 15(c) shows that the power injected into the network
follows the reference power commands with considerable
accuracy. It can also be seen that the slight change in the bus
voltage causes a slight dip in the power consumed by the load.
The DC link voltage is robust against step change in power
command as shown in Fig. 15(b).

VIII. FAULT ANALYSIS

The operation of the distribution system’s protective relays
can be interrupted by the distributed generation systems. For
instance — if a DG system is connected between the substation
and the point of fault location, it will contribute to the fault
current. It could result in an under reach situation and the
protection relay would not be able to detect the fault.
Therefore, it is very important to study the behavior of DG
systems under fault conditions.
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Fig. 16: Fault Location

A. Single Line to Ground fault
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Fig. 17: Single Line to Ground Fault



A single phase to ground fault is simulated at location F
shown in Fig. 16. The fault occurs at 0.25s and is cleared at
0.4s. The fault results in reduction of the phase A bus voltage,
also known as voltage sag. The phases B and C voltages
remain at their nominal values. The injected current does not
increase and makes no contribution to the fault current. It can
be seen in Fig. 17(c) that the boost converter’s output voltage
increases but then stabilizes at a value equal to the one before
the fault. In response to sag in primary bus voltage, the DC-
AC inverter’s control system adjusts its output in order to
maintain the required real power flow. The real power
supplied by the PV system is shown in Fig. 17(d).

B. Three Phase to Ground fault (Fig.18)
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A three phase to ground fault is simulated at location F
shown in Fig. 16. The fault occurs at 0.25s and is cleared at
0.4s. It causes a voltage dip in all 3 phase voltages. To
regulate the boost converter’s input voltage, the controller
performs impedance matching which causes the DC link
voltage to increase up to 625 V as shown in Fig. 18(c). The
voltage stabilizes at 620V within 0.1s. The transients in the
injected sinusoidal AC currents shown in Fig. 18(b) take about
0.08s to mitigate. The injected current by the PV system does

not increase and makes no contribution to the load current as
in the case of single phase to ground fault. The real power
injected into the grid is shown in Fig. 18(d). The real power
controller regulates the real power injected to a constant value
equal to the one before the fault. In Fig. 18(e), it is evident that
when the fault occurs, the reactive power consumed by the
load also suffers from transients. The transients damp out in
less than two cycles.

IX. CONCLUSION

In this paper, the control and interfacing of a PV generation
system with utility grid is investigated. The MPPT keeps the
PV array operating at the optimum point under changing
atmospheric conditions and the DC/DC boost converter’s
output voltage stays within the 10% limit. The control strategy
maintains the active power at a constant value in case a step
change in active power demand is imposed. However, as the
results show the active and reactive power are coupled and
any change in one affects the other. The PV system showed
good performance under fault conditions. The operation
remains stable and no contribution to the fault current was
made by the PV system. It is beneficial as the protection
equipment ratings or even settings would not have to be
changed to accommodate PV systems.

X.  APPENDIX

Table 1: PV Module Specifications

Characteristics Specification
Open circuit voltage 185V
Short circuit current 38.376 A

Voltage at peak power 1422V
Current at peak power 349 A
Peak Power 4.96 kW
Temperature co-efficient 0.032A/°C
of short circuit current
Series Resistance, Rg 0.604 ohms
Shunt Resistance, Rgy 140 ohms

Table 2: Parameters of the System

Parameter Specification
Switching Frequency for PWM 540 Hz
Power System Rating SkVA
DC Voltage 600+40V
Proportional gain for power le-6
controller, k,
Integral gain for power 0.00025
controller, k;
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