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Model and simulation of the impact of the distribution grid-tied photovoltaic
(PV) system feeding a variable load with its control system have been
investigated in this study. Incremental Conductance (IncCond) algorithm
based on maximum power point tracking (MPPT) was implemented for the PV
system to extract maximum power under different weather conditions when
solar irradiation varies between 250 W/m? and 1000 W/m?. The proposed
system is modelled and simulated with MATLAB/Simulink tools. Under
different weather conditions, the dynamic performance of the PV system is
evaluated. The results obtained show the efficacy of the proposed MPPT
method in response to rapid daytime weather variations. The results also
show that the surplus power generated is injected into the grid when the injected

MPPT algorithm
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power from the PV system is higher than the load demand; otherwise, the grid
supplies the load.
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1. INTRODUCTION

The intense global effort to promote, develop, and implement renewable energy technologies is
a characteristic of the early twenty-first century. The primary objective of this policy drive is to reduce
the reliance on and use of increasingly non-replenishing fossil fuel resources to mitigate the emission of
greenhouse gases globally. In Q3 2019, the US added 2.6 gigawatts (GW) of solar photovoltaic power, which
bring the installed capacity to 71.3 GW, adequate to supply 14.5 million homes in America [1]. India sets
the highest global target of installing 175 GW of renewable energy generation by 2021-2022. It was reported n [2]
that 100 GW would be generated from solar energy, with a target of 40 GW of distributed rooftop solar PV
systems to mitigate grid losses and constant power interruptions in the country. South Africa has published
its 2019 integrated resource plan (IRP), a policy guide to becoming self-sufficient and competitive in its
future energy mix [3]. A significant focus is on wind and solar photovoltaic systems. By 2030, it is
anticipated that solar PV will contribute 10.5% of the country's total energy mix [4], as presented in Figure 1.
The gradual transition to a renewable energy future and the green economy are plausible and achievable.
The generation of solar energy from solar irradiation, one of the many alternatives for generating power,
has grown significantly owing to the ever-increasing demand for energy, providing a renewable as well as an
environmentally friendly energy source. Its source is intermittent and is heavily dependent on climate
conditions; also, the photovoltaic energy source is accessible only during the daytime [5, 6]. The challenge of
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integrating intermittent energy sources arises from the fact that the concept of the grid is around massive and
controllable power generators. Presently, a three-phase planning process is used by the grid operators to
ensure that utilities produce at the right time the right amount of electricity to meet efficiently and effectively
electricity demand. Since the grid has insufficient storage capacity, the equilibrium between supply and
demand for electricity must be sustained at all times to prevent a collapse and other rippling problems [7, 8].

Gigawatt (GW)

Wind Solar Gas Hydro Storage Coal

Figure 1. South Africa energy target until 2030 [3]

2. REVIEW OF RELATED LITERATURE

Reactive power and voltage control [9-13] and PV system power curtailment [14-16] are proposed
methods in the existing literature to improve the distribution grid voltage profile and reduce observed
overvoltage during variation of generated power by the grid-tied PV system. Since the power, the PV system
produces depends much on weather conditions, like solar radiation and temperature, which varies. Hence it is
crucial to implement maximum power point tracking (MPPT) technique to draw maximal power under
changing environmental conditions [17]. Some research studies on MPPT control methods have been
reviewed. MPPT algorithms for PV system based on particle swarm optimization (PSO) were investigated in
[18]; comparisons of results on maximum power point (MPP) behaviour under uniform and non-uniform
operating conditions to select the optimal duty-cycle were simulated in [19]. Experimental implementation
and simulation of a novel InCond MPPT variable step-size algorithm for the PV system were compared in
[20]. Comparative analysis of the perturb and observe (P&O) and incremental conductance (InCond) MPPT
algorithms was discussed in [21]. The simulation results show that the InCond method performs better than
the P&O algorithm. The PV system steady-state and dynamics performance improve with these algorithms.
Lately, some challenges have arisen in the grid-tied PV system, which needs consideration. These challenges
include the issue of power quality, maximum power extraction, and the issue of high-level penetration of
the PV system on the distribution network under varying weather conditions [22-24].

A comprehensive dynamic model and regulation of a grid-tied PV system that supplies variable
loads are investigated in this study. The proposed system consists of two PV systems that are integrated into
the grid at different locations to enhance the efficiency of the system. The motivation for this study is to
investigate PV systems performance under different climatic conditions, particularly variations in solar
radiation and temperature. The InCond MPP extraction algorithm is designed on the two grid-tied PV
systems to obtain the maximum power under varying weather conditions.

3. SYSTEM MODEL DESIGN

Figure 2 presents a schematic of the PV system concept. The proposed system has two different PV
power plants that penetrate the grid at different points, integrating the network on the 25 kV bus-bar via
a two-stage converter at the point of common coupling (PCC). The two installed PV power plants (systems A
and B) receive a different level of solar radiation at their various locations. The PV system injects power into
the grid with a plant of variable loads, which consists of six induction motor, each having 2 MVA rating.
The PV system feeds the network with surplus power when the PV systems generate electricity higher than
the demand for the load. Alternatively, the grid feeds the loads in combination with the PV system when
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the power from the PV system is less than the load requirement. Likewise, the grid supplies the loads when
the injected power from the PV system is not available.
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Figure 2. PV system model design

4. METHODOLOGY

The proposed methodology focuses on the control of the injected active power, reactive power, and
current into the grid. The PV system consists of a PV array, a DC-DC boost converter with an MPPT
controller, a three-phase voltage source inverter, a PWM block, an RL filter, and the grid with the load.
The grid-tied PV system has been modelled and simulated with Simulink.

4.1. Photovoltaic modelling

The PV array model presented in Figure 3 based on the Shockley diode [25, 26] was implemented
for this study. The model consists of PV panels connected in series to form a string, and the PV strings are
connected in parallel to create the PV array required for the boost converter input. The characteristic equation
of the PV array current and voltage is expressed in (1) to (4). The simulation curves of current-voltage (I-V)
and power-voltage (P-V) for specific solar radiation values were obtained and presented in Figures 4 and 5.

I
£

......

Figure 3. PV array model
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where I, is the PV array output load current (A), Iy is the saturation current, G is the solar radiation intensity,
N; is the number of series PV cells, and N, is the number of parallel PV cells. g is the electron charge; 4 is
the diode ideality constant, K is the Boltzmann constant. 7 [K] is the temperature of the p-n junction, T [k]
is the reference temperature, V is PV array output voltage (V), R; is series resistance, and Ry, is shunt resistance [5].
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Figure 4. Current verse voltage characteristic
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Figure 5. Power verse voltage characteristic for specific irradiation values
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Figures 4 and 5 presents the PV array estimated terminal characteristics derived by applying (2) and
(4) for the short-circuit current and open-circuit voltage. The detailed specification of each PV panel is given
in Table 1. The PV array short-circuits current is proportional to the solar radiation received, and the open-
circuit voltage slightly increases with increasing solar radiation. A PV array I-V and P-V characteristics are
nonlinear, as shown in Figures 4 and 5. The nonlinear behaviour is primarily due to the diode current's
nonlinear characteristics. Consequently, maximum power is extracted from the PV system when operating at
the maximum power point (MPP) voltage.

Table 1. Detail description of the PV panel used [6]

Description Parameter
Module type SunPower SPR-305-WHT
Voltage at Peak Power (Vi) 547V
Current at Peak Power (Inax) 558 A
Short-Circuit Current (Isc) 596 A
Open Circuit Voltage (Voc) 642V
Number of cell per module 96
Number of series module connect per string 6
Number of array per system 5
Maximum Power per array(Ppax) 100.6 kW
Peak Efficiency 18.7%
Power Tolerance +5%

4.2. Maximum power point tracking algorithm

The characteristics of PV cells determine the maximum available power to the DC-DC converter.
Still, this value often mismatches the load MPP due to moving cloud and changes in solar radiation, which
prevents the extraction of the maximum system power. The PV array MPP can be maintained at the maximum
point by implementing an MPPT algorithm in PV systems, which optimizes the PV system energy yield.
Incremental Conductance (InCond) MPPT algorithm was implemented in this study because it offers
exceptional performance under rapidly changing weather conditions [19]. The MPPT controller observes
the array output current and voltage to calculate the conductance and incremental conductance before
deciding to raise or reduce the output of the converter duty ratio. The InCond MPPT method relies on
the assumption that, at the maximum power point (MPP), the slope of the P-V curve is equal to zero.
Besides, the voltage power derivative (dP,/dVpy) is negative on the right of the MPP and positive on the left
of the MPP. The theory of the InCond algorithm is expressed in (5) to (14) [19].

P=I*V )

The product derivative sequence of P = [*V yield:

P _ 3 (1xp) (©)
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We define the decreasing conductance (—1/V) as G and the increasing conductance (d1/dV) as AG.
G=-1/V (10)

AG =06V (11)
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The InCond algorithm controls the PV point of operating voltage, where the conductance is directly
proportional to the incremental conductance. This concept is presented by (12), (13), and (14) and is shown
graphically in Figure 6. Figure 7 presents the InCond MPPT algorithm flow chart, while Figure 8 depicts
the Simulink model implementation of the algorithm.

oP >0, if G>AG (12)
oV
£=O, if G=AG (13)
oV
£<0, if G <AG (14)
oV

P

dPIdV = 0 (G =AG)

dP/dV < 0 (G <AG)

dP/dV = 0 (G >AG)
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Figure 6. InCond MPPT operation
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Figure 7. Incremental conductance algorithm flowchart
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Figure 8. PV MPPT control model

4.3. Inverter controller

This study utilized a three-phase two-level inverter to connect the PV system to the grid.
The inverter control system is shown in Figure 9. The Voltage-Source Control (VSC) technique is used to
regulate the voltage of the DC-link at a steady rate, to control the reactive power injected into the grid,
control DC bus voltage, and keep the PCC bus power factor at unity [27]. The d-q synchronous rotating
reference frame of the inverter voltage is defined as follows:
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Figure 9. The inverter control scheme
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The inverter controller's main components are the phase locked loop (PLL), the current control and,
the DC-link voltage controller. The PLL generates the grid voltage angle (¢) used for the transformation of
abc/d—q, and it synchronizes the inverter output voltage (Vapc-in) With the grid current and PCC bus
voltage [27], is shown in Figure 10. The system consists of a current control loop that allows the current
generated to the grid (I; and ;) to tracks the reference current (/; ..rand I, o) that is generated by the abc to
d-q transformation to keep the DC link voltage at a constant value. The inverter g-axis current reference
(14 rep) 1s set to zero so that the PV system can maintain the unity power factor. The DC link voltage (Vac)
compares with the reference voltage (Vic.r), and the error is input to a Proportional-Integral (PI) controller to
regulate the voltage. Thereafter, the inverter current (/; and /;) is compared to the current reference (/4 .- and
1, rop); then, the difference is inputted into the PI controller to generate the voltage reference component of
the inverter (Va ror and V, ). The voltage reference (Va ror and Vy o) is transformed into three-phase voltage
reference (Vape o) that is applied to the pulse width modulator (PWM) to generate the switching pulses for
inverter IGBT switches. Therefore, (/; and /,) can independently adjust the active and reactive power (P-Q)
fed to the grid, respectively [28] as expressed in (18) and (19).

P :%(Vqlq +Vd]d):%Vd1d (18)
3 3
Q :E(leq_l/qld):_EVqu (19)
Clark Park
Transformation Transformation V o
q_ref
Vase |abc Va >lap

ap Vﬁ

I 6§LI.

Figure 10. Phase-locked loop block diagram

5. RESULTS AND DISCUSSION

This section discusses the analysis of PV systems performance under different weather conditions,
such as solar radiation variations on the grid. The results of the PV system model simulation show that
the desired system performance was achieved successfully with the proposed control methods.

5.1. Performance of PV System
5.1.1. Comparison of with and without MPPT method

A comparison is made based on the effect of variability in solar radiation observed with and without
the InCond MPPT algorithm. It is observed that there is a significant improvement in the power injected from
the PV array with the MPPT algorithm as compared with the case when the MPPT algorithm is disabled.
The result is presented in Figure 11.

[ I [
With MPPT Without MPPT

Active Power (KW)

3
Time (s)

Figure 11. Injected active power from PV station with MPPT and without MPPT algorithm
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5.1.2. Performance of PV system (A)

The PV system (A) performance was investigated under changing solar radiation, as shown in
Figure 12. During the period of the simulation, the system surface temperature is presumed to be 25°C.
Figure 12(a) presents the variation in solar radiation; it shows the changes in irradiation during the day.
Figure 12(b) depicts the active power injected from the PV system into the grid. The power varies with solar
radiation, and the reactive power is zero at the unity power factor. The three-phase current injected is shown in
Figure 12(c). It was observed that as a function of the injected power, the inverter controller regulates
the current amplitude. Figure 12(d) shows the system controller's effectiveness. Consequently, the grid
voltage is in phase with the injected current owing to the unity power factor. The duty cycle keeps the output
voltage proportional to the set reference voltage. Once the peak power is detected, the MPPT algorithm
utilizes a variable duty cycle to reduce the oscillations in injecting power. Figure 13 depicts the boost
converter switching duty cycle.
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Figure 12. Performance analysis of the PV system (A), (a) solar radiation variation with time, (b) injected
active and reactive power, (c) current injected from the PV system A, (d) PV system (A) injected current
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Figure 13. Converter switching duty cycle

5.1.2. Performance of PV system (B)

In Figure 14(a) (see in appendix), the performance analysis of the PV system (B) under solar
radiation variability is shown. Figure 14(b) illustrates that irrespective of the solar radiation variation,
the DC-link voltage controller effectively regulates the DC-link voltage constant at a reference value (500 V).
At unity power factor, almost the same amount of active power gen.erated by the PV array is fed into
the grid, as indicated in Figure 14(c). The grid three-phase current is presented in Figure 14(d). The change in
the current amplitude indicates the power variation as the grid voltage remains constant. Figure 15 depicts
the load voltage at Bus B1; regardless of the solar radiation variation, the load voltage remains constant.

It proves the effectiveness of the implemented MPPT control algorithm in responseto sudden changes in
weather conditions and the PV system's injected power.
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Figure 15. Constant load voltage under weather condition variation

6. CONCLUSION

A grid-tied PV system model, simulation, and control have been investigated in this paper.
The system model has two PV systems penetrating the grid at different locations, supplying variable loads.
For both PV systems, the InCond MPPT algorithm was implemented to extract maximum power under solar
radiation variations. The PV array output performance under variable solar radiation has been investigated.
As shown, the voltage of DC output and the output current varies due to variable parameters of the input.
The converter, however, controls the voltage of the output to a constant value. The PV system's dynamic
performance was tested against different levels of solar radiation. The results of the simulation have
consistently demonstrated the reliability of the MPPT control method in response to sudden solar radiation
variations. Furthermore, the grid's variable load demands were efficiently met by the system power flow.
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APPENDIX
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