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Abstract—The installation of large-scale grid-tied
photovoltaic (PV) systems are rising fast around worldwide.
This rise is because the system relies on a widely available green
source (sun). Furthermore, many developments were carried
out to increase the PV system efficiency and decrease its total
cost, which encouraged electrical companies to install large-
scale PV systems. Many components must be used to construct
an efficient system, including a PV array, two power electronics
converters, filter and transformer. Additionally, two controllers
are usually in the design. One is in charge of maximising the
power for the PV modules in the array, and the second one is
used to ensure the voltage is constant. The paper introduces a
PV system design that can reach 1 MW connected to the grid
through different stages to match up with the required voltage
and frequency of the grid as a requirement for the final year
project in electronic and electrical engineering department,
University of Sheffield. The whole grid-tied PV system was
designed and simulated using MATLAB/SIMULINK.

Keywords—Boost  converter,  dg-controller, Grid-tied
Photovoltaic system, LCL filter, Maximum power point tracker
(MPPT), Three-phase inverter

[. INTRODUCTION

Generating energy using renewable energy resources can
tackle future energy demand, which is expected to happen due
to the limited availability of fossil fuels. One of the best
alternatives considered is large-scale grid-tied photovoltaic
(PV). Nowadays, researchers increase the PV system
efficiency and decrease its total cost, encouraging electrical
companies to install large-scale PV systems. Moreover, it
mitigates the excessive usage of fossil fuels. There are already
many PV power plants that were installed around the world.
According to the latest renewable capacity statistics made by
an international energy agency, the global generating capacity
of PV systems jumped by 115 GW in 2019 to reach 627 GW.
The overall contribution of the PV system in generating
energy demand was approximately 3% of the worldwide
energy demand [1]. Additionally, 59% of the energy generated
from renewable sources was from the PV system, mainly
because of how cost-efficient the PV systems have become
[1]. In 2020, Sheffield solar estimated a 13 GW of total
cumulative capacity of a PV system installed in the UK, which
supplies about 13% of the total energy demand in the UK. The
all-time peak power generation from the installation reached
about 9.68 GW in April 2020 [2]. Those numbers show how
well trusted grid-tied PV systems are seen as a future solution
for worldwide energy security.

There are two topologies for the grid-tied PV system;
single-stage and two-stages. The difference between the two
configurations is that the two-stage system has one more
component added to it, called DC/DC converter; thus, the two
stages are more expensive and more complicated to design
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than the single-stage. For the single-stage system, the inverter
is directly connected to the PV system. Where two objectives
are carried across the inverter by the same controller, the first
objective maximises the power extracted from the PV using
the maximum power point tracker (MPPT). The second
objective of the controller is to generate the pulse width
modulation (PWM) for the inverter to regulate the voltage [3].
However, this imposes some difficulty in getting the required
DC voltage, which leads to some restrictions in extracting the
maximum power. To overcome this issue, a DC/DC converter
can be added before the inverter; therefore, two controllers are
required, one for the DC/DC converter to carry the MPPT and
the second is for the inverter to regulate the voltage; this will
enhance the MPPT operation [3]. The focus of this paper will
be on the two-stages topologies, whereas the single-stage
system will be mentioned solely for some comparison
between the PV array construction of the two systems.

This paper aims to show how to construct a full grid-tied
PV system in MATLAB/SIMULINK and show how each
component of the system contributes to obtaining the required
parameters for the system. Moreover, the paper will also
include some comparisons between the single-stage and two-
stages PV system configurations. Hence, the target is to design
the entire system of a IMW grid-tied PV system, as shown in
fig 1. to fulfil the requirement of the final year project. The
project was individual, and last year we had a difficult time
due to COVID-19, where we had a continuous lockdown
which was one of the obstacles to cover all the project
requirements. Nonetheless, the student did excellent work and
accepted the challenge.
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Fig. 1. Block diagram of grid-tied PV system
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After this introduction, the system description is introduced
in section II. Section III presents the design to achieve the
required specifications. This section includes the data for the
selected components. Section IV presents the design
evaluation using MATLAB/SIMULINK and a detailed
discussion of the system outcomes. The conclusion is given in
section V.

II. SYSTEM DESCRIPTION

Several components must be installed and connected to
produce significant power to construct a large-scale grid-tied
PV system, as shown in Fig. 1. Those components include PV
array, DC/DC converter, inverter, filter, and transformer. The
PV array is built using several PV modules, and it is the



system's power source [4]. The PV array behaviour depends
mainly on two things: solar irradiance and temperature. The
PV array produces a smaller current and lower power when
solar irradiance is reduced [5]. Changing the temperature
would mainly change the PV array output voltage, and the
higher the temperature, the lower the power [5].

The PV array must be operating at the maximum power
point at all times; this can happen using MPPT controllers.
There are several types of MPPT; one of the most suitable
algorithms of MPPT is Perturb and observe (P&O), which has
good tracking behaviour, and it is less complex to design in
comparison to other topologies [6]-[8].

The second component is the DC/DC converter. Several types
can be used in the PV system. Eleven of them were mentioned
in literature [9]. Each has its benefits and drawbacks compared
to the others. The most common converters are boost, buck,
buck-boost converters. The buck steps down the DC voltage
to a lower value; hence it is suitable for low battery
application. Secondly, the boost converter can step up the DC
voltage to higher voltage; thus, useful for high load
application. Lastly, the buck-boost can either step up or step
down the voltage depending on the polarity setting. Literature
[9] mentioned that buck-boost is the most efficient converter
between the three; however, it only operates efficiently with
low load and is not helpful for large systems. Therefore the
best choice for the proposed system would be the boost
converter due to its stepping up ability. Between the boost and
the inverter, there is a capacitor bank which is also called DC-
link. It is used to minimise the DC voltage fluctuation before
passing it to the inverter [10].

The voltage coming from the boost can then be converted
from DC to AC using an inverter to match up with the AC
grid. The inverter in the PV system can be controlled using a
closed-loop dq controller. This dq controller has two cascaded
loops, the inner and the outer loop. The inner loop regulates
the current at the grid; therefore, it is responsible for power
quality and current protection. On the other hand, the outer
loop manages the DC voltage at the capacitor bank; thus, it is
responsible for the power flow [11]. This controller transfers
the three-phase grid voltage and current into a DC value to
simplify the controlling and filtering. Moreover, the DC
voltage of the boost converter is compared to the reference
value set inside of this controller, which helps maintain a
constant voltage in the system [11].

The AC voltage produced by the inverter usually
contains large harmonics; hence, a filter needs to get rid of
them. According to reference [12], three simple filter
topologies can be used: L-filter, LC-filter, and LCL-filter. The
best of the three is the LCL filter because it has a low
switching frequency and does not rely on the grid impedance
due to its decoupling ability [12]. After minimising the
harmonics to a tolerated amount, the voltage is stepped up
using a transformer that matches the system voltage with the
large grid voltage.

III. SYSTEM DESIGN

The design of the full grid-tied PV system requires that
each component be designed and tested individually, then
connect the components to form the whole system. This helps
to check if the parts are behaving as expected or whether it
requires more adjustment. The design requirements and
constraints are listed in Table I.

TABLE I: Design requirements

Parameters values

PV Atrray configuration
(parallel x series)
PV Array power at
(25 °C and 1000 W/m?)
Boost converter voltage
Filter voltage (phase to phase) 730V
Transformer Turn ratio nlmn2 =730 V: 11 kV
Grid voltage 11kV

Parallel modules: 159 (V,,=750 V)
Series modules: 20 (I,,= 1333 A)
1 MW

1500 V

The first part of the design was to build the PV array by
calculating the total number of series connections of the PV
modules (Ny) and the total parallel string (V,) using (1) and

2.

V,
Ny =2
= M
()
Np —_ v 2
Inp

Ppac 1s the maximum power obtained under nominal
temperature (25°C) and nominal solar irradiance (1 kW/m?).
The targeted power is 1 MW. V), is the targeted PV array
voltage (750 V), I, and V,,are the maximum current and
voltage of the selected PV module (TSM-315pal4a) [13].
The parameters of the selected PV module is illustrated in the
Appendix. Based on (1) and (2) and design requirements, the
number of modules in series are 20, and the number of
modules in parallel is 159.

The boost converter components and the DC-link
capacitor are calculated using (3) to (5) [14][15].

V;m X (Vboost - V;m)

L = 3
boost fs X AIL X Vboost ( )
D
Cin = v )
Rload X fs X (To)
2XP
Ciink = ( ) Q)

2
Vmin X fgrid

The boost converter is shown in fig. 2. The value Lpgos is the
boost converter inductor, Cj, is a capacitor between the PV
array and boost converter, and Ci is the DC-link capacitor
between the boost converter and the inverter., Note for a large
PV system, there is a need for a large DC-link capacitor
(Ciink), and it is formed from a group of series and parallel
capacitors to achieve the required value. The designed
capacitor is 0.04 F and 1500 V. This rating achieves settling
time 0.63s, ripple voltage 7.3 V, and ripple current 1.2 A. To
accomplish this, select 68 capacitors from ALS70A1: (10000
pF, 500 VDC) [16], where the string consists of four
capacitors connected in series to add safety margins and 17
capacitors connected in parallel. The total capacitance will be
43 mF which satisfies the requirements.
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Fig. 2 Boost Converter

The switching scheme of the boost was manipulated using
a duty cycle generated by the perturb and observe (P&O)
MPPT controller. Fig, 3 shows the flowchart of the controller.
Table II illustrated the designed values for the boost
converter.
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Fig. 3. Flowchart of P&O MPPT

TABLE II: Boost Converter Design values

Component value
C., (capacitor connected to PV module) 8.9 mF
Boost inductor 70.3 mH
C-link (capacitor links boost and inverter) 42.5 mF
Switching frequency 2 kHz
Duty cycle 0.5s

The next stage is to design the three-phase inverter to
convert the DC voltage at the DC-link to AC. The inverter
was controlled using a dq controller illustrated in Fig. 4. Two
PI controllers are used. The values for proportional gain K,
and integral gain K;used in the PI were found using trial and
error. Furthermore, a phase-locked loop (PLL) was
implemented to ensure the controlled current is in phase with
the grid voltage. The reference for the reactive power was set
to zero, assuming that the system has a unity power factor. At
the same time, the DC voltage reference is assigned to the
required value 1500 V.

Next, the LCL filter ensures that the AC voltage produced
is free from the high harmonics. Equations (6)-(9) were used
to obtain the values of the filter parameters [17]. The filter
arrangement is shown in fig. 5.

Veria
i v,

abc
dg0 —> V4
9_E:
abc
PR— dg0 > 1|,
Igrid

Outer control Loop

Inner control Loop

dq0 /| DWWk
abc

Fig. 5. LCL filter connected to the inverter terminals

Cr =0.05 %
4 v,? (6)
P X angrid
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L is the inductor to the inverter side, and A7, is the accepted
ripple current.

1
—+1
ka (®)

LZ -
Cr x 2f,”

L, is the inductor connected to the transformer side. The value
ka represents the attenuation factor, and f; is the switching
frequency.

1

3 X Cf X Wresonance

R, 9)

Ryis in charge of eliminating underside resonance.

Table III illustrates the values of the designed filter

TABLE III: Boost Converter Design values

Component value
L; (inductor to the inverter side) 2.42x10“* H
L2 (inductor to the transformer side) 1.45x10* H
C; (Filter capacitor) 3x10* F
R (filter resistor) 0.39 Q
Fresonant 972 Hz

Once the high harmonics are eliminated, the PV system is
connected to the transformer, which matches the voltage with
the 11 kV grid voltage. The grid is simulated as an infinite
bus bar. The full PV system is implemented using



MATLAB/SIMULINK. If the boost converter is removed,
the system is considered a single-stage PV system.

IV. DESIGN EVALUATION AND DISCUSSION

The PV array has 3180 modules arranged in series and
parallel. To evaluate the designed PV, check the design
requirement given in table I. At the nominal condition of 1
kW/m2 and 25 °C. Fig. 6a demonstrated how the PV array
reacted to that condition and generated a maximum power
equal to 1 MW. Accordingly, the maximum capacity 1| MW
was then maintained at this point with the aid of the MPPT
controller, as shown in Fig. 6b.
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Fig. 6. PV power Power at 1 kW/m2 and 25 °C (a) Power versus voltage
for the PV array, and (b) PV array output power with MPPT

Check different conditions of the solar irradiance and
temperature and how the system would be affected. Fig. 7
parts () to (d) shows the effect of varied solar irradiance and
constant temperature condition. The solar irradiance applied
to the PV array varies between 1 kW/m2, 0.8 kW/m2, and 0.5
kW/m2 as shown in part (a). Part (b) shows the power output
from the PV corresponding to different irradiance values,
while part (c) indicates the voltage of the PV array and boost
converter. The voltage across the boost converter is
maintained at 1500 V. The overshoot is due to the PI
controller response. Fig. 7d shows the current. It is clear that
at 1 kW/m2, the current is 1333 A, while at 0.5 kW/m2, the
current drops to 670 A.
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Fig. 7. Effect of solar irradiance at constant temperature (a) Solar
irradiance variations (b) PV output power, (c) PV voltage and boost
converter voltage, (d) PV current and boost converter current.

The varied temperature and constant solar irradiance
condition are shown in Fig. 8. Part (a) shows the stepped

temperature variation (0°C, 15°C, and 25°C). Part b

illustrates the PV power, which records the highest value of
1.09 MW when the temperature is set to 0°C. The DC voltage
had a different behaviour for PV array and boost converter,
where the PV array voltage varied and decreased as the
temperature increases. In contrast, the boost converter
maintained the steady-state value of 1500 V at all times
despite the temperature variation, as illustrated in part (c).
Part d shows that the PV current is constant at 1333 A with
minor overshoot behaviour at each step. On the other hand,
the current passing through the boost converter decreased as
the temperature increased mainly to keep the boost voltage
constant.
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Fig. 8. Effect of temperature at constant solar irradiance (a) Temperature
variations (b) PV output power, (c) PV voltage and boost converter
voltage, (d) PV current and boost converter current.

The relationship between the varied conditions with current
and voltage are normally represented by (10), where 1, is the
photocurrent made by the solar irradiance. The equation
clearly demonstrates that the more 7,5, the more the current.
Furthermore, the equation also shows that the more the
temperature applied to the PV module, the less the voltage
produced by the PV module [18].

qv + RSI)) 1

1
C,AKT (10)

I = Cplyp — Cply [exp(
Fig. 9 shows the inverter stage as the input is 1500 V (DC-
value). Part a indicates the inverted voltage waveform full of
high-frequency components, as shown in part (b).
Subsequently, the LCL filter eliminates those harmonics and
creates a clear sinusoidal waveform with a line to line AC
voltage equal to 730 V as shown in part c; thus, the filter
obtained the specified value. Moreover, the FTT analysis of
the filter voltage shown in part d demonstrates that the THD
reduced to approximately 2%, satisfying the IEEE standard
519 [20]. Fig. 10 illustrates how the transformer matches the
grid voltage, which equals 11 kV.

To have a single-stage system, remove the boost converter.
In this case, the PV module arrangement should be modified
to have 1500 V. A 3200 modules are required. Forty modules
are connected in series per string, and 80 strings are
connected in parallel to satisfy the design requirements. This
results in an increase of series PV modules in each string,
which imposed an issue in comparison to the two-stages



system. A failure in one module will stop the operation of an
entire string. In the case of single-stage, it had more series
modules, therefore higher risk of losing the operation and
becoming unstable. Fig. 11 shows the PV array voltage and
current at nominal conditions of 1 kW/m? and 25 °C. The rest
of the system has the same results as the two-stage system.

FFT analysis
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Fig. 9 DC to AC converter (a) Inverter output voltage (b) FTT analysis
for inverter output voltage, (¢c) LCL output voltage, (d) FTT analysis for
filter output voltage.
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Fig. 11 Single-stage PV system: (a) Voltage across PV array, (b) Current
through PV array

The complete grid-tied PV system shown in fig. 1 is designed
and tested. The design requirements are achieved. Despite
meeting all the required parameters, the system could have
used one extra component like a battery or other storage
system charged within the PV system. This storage system
aims to provide power even if there is no solar irradiance
applied to the PV array. Due to the limited space, the cost
analysis is out of the scope of this paper.

V. CONCLUSION

The Electronic and Electrical engineering Department; the
University of Sheffield proposes a third-year undergraduate
project to design the entire system of a IMW grid-tied PV
system. The project includes the following tasks distributed
between two semesters, design of the PV array capable of

delivering the required power (I MW), design of dc-dc
converter with MPPT, and controlled three-phase inverter
stage connected to passive filter and transformer then
connected to the grid. The whole grid-tied PV system was
designed and simulated using MATLAB/SIMULINK. The
methodology used to accomplish the project is to design each
component and test it individually. Hence, the whole system
is combined and tested. The first component was the PV array
which produces a voltage approximately equal to 0.75 kV and
current equal to 1.33 kA at nominal conditions, achieving a 1
MW power output from the PV. The effect of irradiance and
temperature is also investigated. The boost converter is used
to step up the voltage to 1.5 kV. The MPPT controller
maintains the maximum power for each condition.
Subsequently, the three-phase inverter operated as needed by
converting the voltage and current at DC-link into AC. The
dq controller is used to keep the DC voltage applied to the
inverter constant despite the varied conditions of solar
irradiance and temperature; hence, a constant voltage is
injected into the grid. The LCL filter was able to eliminate
the high harmonics and keep the THD value within the
required standard. The last stage is the step-up transformer to
have voltage 11 kV, which matches the grid. The required
functionality of each component was obtained just as needed.
A single-stage system was implemented to be compared with
the two-stage system. It was shown that more PV modules
are required for the single-stage system. Therefore, there is a
trade-off between stability and overall system cost.
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Appendix
Parameters of TSM-315PA14A.08 [13]
Parameters values
Cells per module 72
Open circuit voltage (Vo) 46V
Short-circuit current (Zsc) 8.86 A
Current at maximum power point (Z,,,) 838 A
Maximum power 315W
The voltage at maximum power point 379V
(Vmp)
Area 1.92 m2
Ki (temperature coefficient) 0.05




