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ABSTRACT

This paper investigates the operation and optimization of photovoltaic (PV) power plants,
focusing on the implementation of Proportional-Integral-Derivative (PID) controller to
minimize waveform distortion and achieve a pure sinusoidal output. PV power plants consist
of crucial components such as photovoltaic cells that convert solar radiation into direct
current (DC) electricity, inverters that transform DC into alternating current (AC) for grid
use, mounting systems for optimal panel orientation, charge controllers to manage power
flow, battery storage systems for energy conservation, transformers for voltage regulation,
and protective devices to ensure system safety. Despite these sophisticated components,
fluctuations in solar radiation and grid disturbances can lead to harmonic distortion, affecting
power quality. This study explores how PID controller can be employed to stabilize the
output voltage, thereby reducing harmonic distortion and enhancing waveform quality. By
continuously monitoring system parameters and adjusting control settings, the PID controller
ensures the maintenance of a clean sinusoidal waveform, improving both the performance
and reliability of PV power plants.
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INTRODUCTION

Alternative energy sources are being investigated for energy
generation as a result of the growing energy demand brought
on by population growth, industrial expansion, and
technological advancement. Most research on renewable
energy technologies is primarily motivated by environmental
problems such as greenhouse gas emissions, global warming,
and the gradual depletion of finite natural resources
including coal, natural gas, and fossil fuels'. Renewable
energy has been defined as the power harnessed from
resources that are replenished by nature, such as wind, solar
radiation, precipitation, geothermal heat, and ocean tides®.
Photovoltaic generation of electricity plays a very important
role in the global movement towards renewable sources of
energy. These systems use photovoltaic cells to directly
convert sunlight into electrical power. The PV system
generates electricity without any emission of greenhouse
gases or other harmful pollutants, hence environmental-
friendly and sustainable. Besides all the ecological benefits,
PV power plants have a number of advantages?. Inherently
decentralized and modular, their applications range from a
small residential installation to utility-scale power plants.
Additionally, PV systems can be quickly deployed and
scaled up as needed, making them highly adaptable to
changing energy demands. Despite these advantages, PV
power plants face challenges such as intermittent due to
variations in sunlight intensity, limited efficiency of
photovoltaic cells, and initial investment costs. Overcoming
these challenges requires ongoing research and innovation in
areas such as materials science, system design, and energy
storage technologies. In this context, this paper aims to
contribute to the understanding and improvement of PV
power plant systems®“. By exploring topics such as system
modeling, design optimization, and control strategies, this
paper seeks to enhance the efficiency, reliability, and
sustainability of PV power generation, furthering the
transition towards a cleaner and more resilient energy
future®. In the quest for efficient and stable operation of PV
power plants, the utilization of advanced control strategies
has become imperative. Among these strategies, the PID
controller stands out as a widely used and versatile option for
regulating various aspects of the plant's operation. In this
context, the integration of MATLAB Simulink models plays
a crucial role in simulating and analyzing the behavior of PV
power plant processes under different operating
conditions®. Combining PID control with other advanced
control methods, such as Fractional Order PID (FOPID) or
Adaptive FOPID (A-FOPID), can improve robustness and
reference tracking accuracy in PV system. Long Short-Term
Memory (LSTM) networks can be used to compensate for
time delays in PV systems. This approach can significantly
improve the frequency performance of PV ancillary services.
MIMO PID controllers can be designed to handle multiple
inputs and outputs simultaneously, making them more
suitable for complex PV systems. Also, by implementing
Self-Adaptive Virtual Synchronous Generator (SDVSG)
Control or Advanced Optimization Techniques, the
limitations of traditional PID controllers in complex PV
power plants can be overcome, leading to improved system
performance, stability, and efficiency. To address the critical

issue of energy storage in overcoming the intermittency of
solar power:

1. Implementing battery storage solutions, such as
lithium-ion batteries, can capture excess solar energy
during peak production times for use during low or no
sunlight periods. This helps maintain a consistent
energy supply and prevents sudden power shortages.

2. Solar energy storage systems play a pivotal role in load
balancing by storing excess energy and making it
available for later use. This reduces the burden on the
grid and helps avoid voltage fluctuations or blackouts.

3. Increased Self-Consumption: Energy storage allows
homeowners and businesses to maximize their use of
solar-generated electricity, reducing reliance on the
grid and potentially lowering electricity costs.

4. During power outages, stored solar energy can provide
backup power, enhancing energy security and
reducing dependence on external power sources.

The primary objective of employing PID controller in PV
power plant systems is to minimize distortion and ensure the
stability of the system while converting the generated
current. By continuously monitoring and adjusting control
parameters, this controller aims to mitigate fluctuations in
solar irradiance, grid disturbances, and other external factors
that may affect the quality of electricity output. Additionally,
they play a crucial role in optimizing energy conversion
efficiency, maximizing power output, and ensuring the
reliability of the entire PV power plant infrastructure &°.

PHOTOVOLTAIC SYSTEM

As seen in Figure 1, PV power plants are made up of a
number of essential parts that work together to efficiently
generate electricity. At the center of the system are
photovoltaic cells, which are usually composed of
semiconductor materials like silicon and absorb sunlight to
produce an electric current through the photovoltaic effect.
To optimize exposure to sunlight, these cells are grouped
into modules and panels, which are frequently installed on
buildings like rooftops or ground-mounted arrays. In order
to be compatible with the electrical grid and the majority of
household appliances, the direct current (DC) electricity
produced by the solar cells must be changed into alternating
current (AC). Inverters, which also control the electricity's
voltage and frequency to meet grid standards, are used to
accomplish this conversion. To
guaraee optimum performance and safety, PV power plants
have other crucial pntarts in addition to solar modules and
inverters8. These could be mounting structures to hold the
solar panels in place, tracking systems to align the panels for
optimal exposure to sunlight, monitoring and control
systems to regulate power output and identify issues, and
energy storage devices like batteries to store extra electricity
for use when demand is high or sunlight is scarce. Figure 2
illustrates the varieties of solar cell systems.
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Figure 2. Photovoltaic system types

Inverters, which also control the electricity's voltage and
frequency to meet grid standards, are used to accomplish this
conversion. To
guaraee optimum performance and safety, PV power plants
have other crucial pElectric drives and industrial automation
applications frequently use inverters, which are devices that
can convert direct current into alternating current. Even
while the fundamental function of all inverter types is the
same (DC to AC conversion), as shown in Figure 3, their
architecture and design vary depending on the particular
application®. Most of the inverters have basic protection
features such as anti-islanding protection and ground fault
circuit interruption, and all of them have conversion
efficiency of 90% or better. Most of the systems featuring
these ensure that the PV system turns itself off during a
power outage for safety reasons *°. In addition to carrying out
this conversion, the inverters also control the voltage and
frequency of the electricity to meet grid standards. Besides,
PV power plants have several other protection functions that
are very important for optimal performance and safety.
PWM regulates how the power electronic components of a
three-phase inverter switch in order to produce a three-phase
AC output from a DC input. PWM's primary goals in
inverters are to control the output voltage, reduce switching
losses, minimize harmonic content in the output waveform,
and increase efficiency*'2,
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Figure 3. inverter

The implementation of PWM in three-phase inverters
involves several key components working together to
convert DC power into a stable, three-phase AC output. The
DC input source provides the necessary DC power to the
inverter. The power switches, typically six IGBTs or
MOSFETs, are arranged in a three-phase bridge
configuration to handle the switching required for the
conversion process. A PWM controller is employed to
generate the PWM signals based on the chosen PWM
technique, such as Sinusoidal PWM (SPWM) or Space
Vector PWM (SVPWM)®. The PWM controller generates
PWM signals by comparing sinusoidal reference signals with
a triangular carrier signal. These PWM signals are then
amplified by gate drivers to drive the power switches. The
power switches turn on and off according to the PWM
signals, creating a modulated output that approximates a sine
wave. Filters are used to smooth the PWM output, producing
clean three-phase ACS. Inverters, which also control the
electricity's voltage and frequency to meet grid standards, are
used to accomplish this conversion. The maximum power
point tracking (MPPT) converter is the first crucial
component of the inverter to be observed, following the input
side. MPPT converters are DC/DC converters designed to
optimize the PV generator's single power output. It should be
noted that this particular device maintains the direct current
mode while converting the electrical parameters'
characteristics at the input into the required ones (usually
increasing or decreasing the input voltage). In actuality, the
site's climate primarily its temperature and irradiance have a
significant impact on the PV module's output >%. An I-V
curve, such as that shown in Figure 4, representing the
relationship between current and voltage across the solar
cells of any PV module or string may be used to characterize
it for maximum power point conditions (Imp, Vmp).
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Figure 4. 1-V curve

This curve typically appears on the datasheet of the PV
module. The data is determined under STC: that is,
irradiance of 1000 W/mz?, temperature of 25°C, and an air
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mass of 1.5. When the actual temperature and irradiance
deviate from the STC values, the voltage and current also
change, leading to 1-V curves that differ from those obtained
under STC. The PV modules generate only DC electricity;
hence, all the grid-connected PV generation systems are
interfaced with the electrical grid through an appropriate
inverter. Figure 5 shows the configuration of a grid-
connected PV system. Here, the PV array is connected to the
DC bus through a DC/DC boost converter, which in turn is
connected to the AC grid through a DC/AC inverter. It plays
a very important role in the operation of the system: one
boost converter for maintaining the operation of the PV
system at the maximum power point, and another grid
inverter that controls both the active and reactive power to
operate stably at the AC bus®>4,
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Figure 5. Configuration of the grid-connected PV
generation system

The system will suggest a PV generation system of 20 solar
modules connected in series and 200 strings in parallel, as
shown in Figure 5. Since all the PV arrays produce direct
current power, it is necessary to make use of power
electronics to convert it into alternating current for grid
integration. The PV array should operate at the maximum
power output for the efficiency of the system. It is achieved
through a Maximum Power Point Tracking algorithm. This
ensures that the system draws the maximum available
power from the solar panels, even when sunlight conditions
change. In the case of a two-stage PV configuration,
MPPT—using the Perturbation and Observation
algorithm—controls the DC/DC boost converter.
Meanwhile, the primary task of the DC/AC inverter will be
to feed the current into the utility grid, keeping the DC bus
voltage stable at 400 V. In general, the power management
strategy includes the regulation of active and reactive
power to provide appropriate energy flow control in the
grid. To enhance performance across diverse climates,
several techniques can be utilized, including temperature-
sensitive coatings, automated adjustments to panel tilt, and
hybrid systems that integrate solar with other renewable
energy sources. Ensuring proper installation, optimal tilt,

and correct orientation of solar panels, along with
consistent maintenance and cleaning, is crucial for
maximizing energy production under varying climatic
conditions'2,

CONTROL SYSTEM DESIGN

The principle of the PID controller is described as the
feedback control system for maintaining output through the
manipulation of control inputs using the error-the difference
between desired setpoint and measured variable-as
illustrated in Figure 6. A basic PID controller contains three
components :

Proportionate (P): An output proportionate to the current
error value is produced by the proportional term. It aids in
lowering the error magnitude and rising time.

Integral (I): The accumulation of previous mistakes is the
focus of the integral word. By modifying the control input to
bring the error sum to zero, it removes steady-state error.
Derivative (D): The derivative term uses its rate of change
to forecast future mistake. It enhances system stability and
lessens overshoot.

PID controller can be used to control the PWM (Pulse Width
Modulation) signals in a three-phase inverter. This approach
is commonly used to improve the performance and accuracy
of the inverter's output, particularly in applications requiring
precise control, such as motor drives and renewable energy
systems!>18,

Figure 6. block diagram of PID controller
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PID controllers play a crucial role in enhancing the
performance and reliability of PV systems. By effectively
regulating the operating conditions, they ensure maximum
power output and stable operation under diverse
environmental conditions.

Implementation Steps 192

1. Measurement: Measure the actual output parameter
(voltage, current) using appropriate sensors.

2. Error Calculation: Calculate the error as the difference
between the desired setpoint and the measured value.

3. PID Computation: Use the PID algorithm to compute the
correction needed based on the error.

4. PWM Adjustment: Adjust the duty cycle of the PWM
signals based on the PID output to correct the error. The
Benefits of Using PID Control for PWM: -

- Improved Stability: Reduces oscillations and provides
smoother control.

- Reduced Steady-State Error: Integral action eliminates
long-term deviations from the setpoint.
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- Faster Response: Derivative action improves the speed of
response to changes.

- Versatility: Can be tuned for various applications, from
voltage regulation to motor speed control.

A PID controller can be employed to adjust the operating
voltage and current precisely, aiming to optimize power
output. The Perturb and Observe (P&O) method, illustrated
in Figure 7, is an iterative approach widely used for
achieving the Maximum Power Point (MPP) and is a
popular MPPT algorithm. The algorithm begins by
measuring the initial operating voltage, Vp(t1), and
current, Ip(t1). Subsequently, a second measurement of the
operating voltage, Vp(t2), and current, ln(t2), is taken.
Using these voltage and current measurements, APpy iS
computed?>?, If APy, is positive, the operating voltage
should be adjusted in the same direction as the
perturbation. Conversely, if APpy is negative, it indicates
that the system's operating point has shifted away from the
MPP, and the operating voltage should be adjusted in the
opposite direction of the perturbation, as outlined in Table
1. The operating voltage is perturbed by a constant value,
C. A perturbation step value of 0.1 V for C is often deemed
suitable for the iteration process?4%,

Implement adaptive algorithms that use variable step sizes
proportional to the distance from the maximum power point
(MPP). This allows for faster tracking when far from the
MPP and finer adjustments when close. Combine traditional
methods with artificial intelligence or machine learning
techniques to improve tracking speed and accuracy under
dynamic conditions.

SIMULATION RESULT AND DISCUSSION
Maximum power point tracking (MPPT)

This section shows the simulation of DC-DC (boost
converter) by using MATLAB Simulink?™%® as given in
Figure 8, and the parameters used in this simulation are
shown in table 2. Figure 9 shows how the |-V changes
according to temperature?-%° and irradiance (1000 w/m2)
values. Obviously, the maximum power point will also
change, so the MPPT algorithm always looks for this point
in order to maximize the power output. Figure 10 and table
3 show simulation results and values of the solar cell with
irradiation of 1000 W/m2 and temperature of 25°C.

Beginning

r
Measure: Vi, (1)), ()
Vier = va(r[)

I

pp\'(fl) = va(fl }!p\'(fl)

l

Measure: VP\.(Ig), -’pv(fz)
Veer = va(IZ)

]

| Poul12) = Vo) Ipn(12) |

| APpy(12) = Pyu(ta)~Ppy(ty) |

APpy(12)>0

Viellts) =
Vref(IZ) -C

Vierlts) =
Vet +C

Figure 7. P&O-based MPPT method.

Table 1 Control Actions for Various Operating Points in the
P&O Method

. Voltage
3 AP
§ AV | AP NG -grra(eccli:gg control
action
Good Increase V by
! * * * direction AV
2 ) + Bad Increase V
direction byAV
3 + Good Decrease V by
direction AV
4 + } Bad Decrease V
direction byAV

Table 4 and figure 11 demonstrate how the boost converter
efficiently increases the input voltage to the desired output
voltage level, ensuring that the PV system can deliver
maximum power to the load. The performance of the boost
converter is critical in maintaining the efficiency and
stability of the PV system 3133,
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Figure 8. Block diagram of DC — DC (boost converter)

Table 2 The parameters of PV array and boost converter

Parameters of PV array Input parameters for boost converter
Parameters Value Parameters Value
Maximum power (W) 2131
Parallel strings 15 Light - generated current I {A) 786
Series-connected modules per string 10
Cells per module (Negl) 60 Dipde saturation current In (A) 2.92e-10
Open circuit voltage V.. (V) 363
Short circuit current T (A) T34 Diode ideality factor 0981
Voltage at maximum power point VIP{v) 29
Cutrent at maximum power point IMP (A) 735 | Shuatresistance Ru, (ohms) 313.05
Temperature coefficient of VOC (%o/'deg,C) -0.360
Temperature coefficient of Isc (%/deg.C) | 0.102 ones resistance R, (ohms) 39381
Array type: User-defined;
10 series modules; 15 parallel strings M
150 — 7T —T— = .
3f
2 ~
: Y
A\WRH]
U i}

ﬂ | 3 L L
0 50 100 150 200 250 300 350 400 0 50 100 150 2200 20 300 3}0 400
Voltage (V) Voltage (V)
Figure 9. 1-V and P-V curve of a PV module
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Table 3. output of solar cell

Parameters
PV Power array
Vpv

Ipv
Irradiance
Temperature

1000 —

600
400—

200

200 | |
0

r L
[ [ —— 30 KW PV Amay \V_PY
— 30 KW PV Aray |_PY
I 30 KW PV Array.|_diode
30 KW PV Array.Imadiance (Wimz2)
30 KW PV Array. Temperature (deg C)

Value
30 KW
340.6 V
-45.26 A
1000 W/m?
25 deg.c

1 2 3 4 6 7 B8 9 10
Figure 10. Output simulation of solar cell array
Table 4 shows the output results of boost converter
Parameter Vout lout Pout
value 3251V 29.56 A 9607 w

asof—

Current Measuremen! t1
- DG -DC Boost Converter Voltage | —|

Figure 11. Output of the Boost Converter

5 & 7 8 ] 10

Simulation results of PV power system without PID
controller

A complete Matlab/Simulink simulation3+3¢ of the grid-

connected PV system, incorporating the MPPT algorithm

and active and reactive power control of the grid-side

inverter without the PID controller, has been performed.
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Table 5, present the fundamental parameters of the solar
cell, as well as the input and output values after the
converter and MPPT. These values include the maximum
power, voltage, and current at the maximum power point
(MPP), as well as the open circuit voltage (\Voc), short
circuit current (Isc), irradiance, and temperature. The
results of the simulation give the electrical performance of
the PV generator when an irradiation level of 1000 W/m?
and a temperature of 25°C, applying MPPT control

Table 5. The parameters of solar cell panel

Parameters of PV array

voltage versus current characteristics. There is just one
unique point where maximum output power is provided
under specified atmospheric conditions. Figure 14 illustrates
the simulation of active power and reactive power control
inside the PV system. By observing the error values of P and
Q, the performance and stability of the system can be
analyzed in different operating scenarios 3%,

Input parameters for boost converter

Parameters Walue Parameters Walue
Maximum power (7w 2502
Light - generated current Ir. {A) B.706
Cells per module (Ncell) a0
Open circuat voltage Voo (W) 373
Diode saturation current Io (A4 4. 157e10
Short-circuit current Isc (A0 8.66
Woltage at maximum power point Vi) 30.7
Diode 1ideality factor 1.01
Current at maximum power point Inm (A) 8.15
Temperature coefficient of Voo (2o/'deg. C) -0.369
Shunt resistance Fap (ohms) 240.60
Temperature coefficient of Isc (26/deg C) 0.0869
Irradiances W./'m?2 [1000 300 250]
Series resistance R (ohms) 02373
Temperature(deg ) 25
Array type: User-defined;
20 series modules; 200 parallel strings
20007 " - 10
- TR
gy -~
< 1500} 13
; 5
% 1["]'] [ ]5 k |f|||}lm2 1 g ar
O 50025 i’ 1t
D , | ] Oy 1 L
0 100 200 300 400 50 600 700 800 0 100 200 300 400 500 600 700 800
Voltage (V) Voltage (V)
Figure 12. 1-V and P-V curve of a PV module with constant
temperature

Figure 12 presents the family of characteristics curves of the
PV array at different levels of solar irradiation while keeping
the temperature constant at 25°C. Similarly, the
characteristic curves in Figure 13 are for various cell
temperatures whereby the solar irradiation is fixed at 1000
W/mz. Figure 12 also shows that a PV array shows nonlinear
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Array type: User-defined;

20 series modules; 200 parallel strings A0°
2000 ‘ ——— : : -
2 10t - C
< 1500 N 1o : \
¢ AN |2 BC ¥ \ \
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Figure 13. I-V and P-V curve of a PV module with irradiation solar constant
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Figure 14. the error of active power (P) and reactive power (Q) over the simulation period

This configuration significantly impacts the performance of
the photovoltaic system. Series connection increases the total
voltage of the system, allowing it to achieve higher levels of
power output. The results obtained, including the voltage and
current generated by the station, are illustrated in table 6. The
simulation results for the station are illustrated in Figures 15
and 16. In Figure 15 the results before 0.02, where the power
has not yet reached its peak. Subsequently, we notice a
stabilization in the wave, and after some time, once a stable
wave is achieved, we observe that the wave has a slight break
and that there is noise and energy loss. This is what we aim
to improve after adding the controller in the second part

Table 6. Output voltage and current of PV cell

Parameter Vpy lpv

Value 739.6 V -8564 A

SIMULATION OF PV SYSTEM WITH PID
CONTROLLER

Figure 17 shows the full Matlab/Simulink simulation 4245
of the grid-connected PV system, including MPPT
algorithm and active and reactive power control for the
grid-side inverter. The first simulation was done without
any controller, and it was possible to observe some energy
losses in the system. The controller was thereby
implemented into the solar station model in order to
address the problem, as illustrated in updated simulation
results below, in Figures 18 and 19. Immediately after
reaching the MPP at approximately 0.02 seconds, the
waveform began to stabilize and became much noisier to
indicate appropriate action of the control strategy at work
Total Harmonic Distortion (THD) analysis illustrates the
differences in system performance with and without the
PID controller as presented in table 7. The results with the
PID controller show an improvement in the system, as the
THD was less whereas it was greater than 1% without it.

Figure 15. Responses of the output before 0.02s
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three phase output voltage
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Figure 16. PV output three phase current and voltage
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Figure 17. Modeling and simulation of grid-connected photovoltaic generation
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Figure 19. PV System voltage and current Output

Table 7. Total Harmonic Distortion (THD) results

Paramet With PID Without PID
er controller controller
la 0.3147 2.581
Iy 0.3111 1.919
Ic 0.3115 2.127

The results obtained from the simulation of the solar power
plant are presented as shown in Table 8, with a comparison
between the first phase, where the system operated without
any controllers, and the second phase, where a controller was
introduced to improve performance. The results clearly show
a significant improvement in system efficiency and an
increase in the energy produced after the controller was
applied. The analysis also reflects that the system became
more stable and efficient, leading to substantial
improvements in overall performance and increased
productivity compared to the first phase.

CONCLUSION

The work hereby describes a structured approach to
designing and managing the grid-connected PV generation
system, outlining its components and operational
framework. A Maximum Power Point Tracking algorithm
has been implemented, using the Perturb and Observe
technique, so as to ensure the optimum conversion of the
available solar energy. The method will keep the PV array at
the maximum power deliverable to the utility grid at any
given time. The paper further proceeds with the presentation
of control strategies applied to a DC-AC inverter that are
very essential in the control of both active and reactive power
at the point of grid connection.

Table 8. Comparison of all Results with and without PID
Controller in PV system.

Parameter  \yjth pp Without PID
Perror(W) 611.3 2235
Qerror(Var) 1923 405.8
Vv (V) 6.178 739.6
v (A) 1739 8564
VA 41.29 8.869
Vabc (output) Vb -272.3 ~221.6
Ve 231 212.9
la 4129 868.9
|abc Ib -3619 4713
lc -3767 -5582

The results of the simulation, which are performed in a
Matlab/Simulink environment, prove that the mechanisms
are effective in managing the system to operate in stability
and efficiency. The future extension of the MPPT might be
done to this algorithm. Since it was structured in the
traditional approach itself, the incorporation of an Al or ML-
based algorithm would do a great amount of development
and improvement in terms of tracking precision and
efficiency, which would still be much good in dynamic
conditions-for example, sudden changes within solar
radiation and temperature that result in much adaptation in
energy handling.
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