UNIVERSITY OF SCHOOL OF
LEICESTER EINEERING

(Control System Design and MPPT tracking of PV panels

under different conditions)

Module code: EG7020

Module name: MSc Individual Project

Date of submission 27/Sep/ 2022

Author(s): Qusay Hatem Issa Alsultan
Student ID(s): 209013733
Degree: Advanced electric and electronic MSc

Tutor/Project supervisor: |Dr Andrea Lecchini Visintini

SUPERVISOR’S COPY/EXAMINER’S COPY [For 3rd/4'" year projects only - delete as appropriate]



https://blackboard.le.ac.uk/webapps/blackboard/execute/launcher?type=Course&id=_3900_1&url=

Summary

Recently, renewable energy sources have grown as the population to cover all their daily needs.
One of these environmentally friendly sources is photovoltaic solar cells, whose I-V and P-V depend
on the weather conditions. The challenge is making this source produce or work at the maximum
power point (MPP). Although some previous studies have discussed this problem, some of their
results have poverty in performance. Therefore, a new method is introduced in this project to track
the MPP under two scenarios, one by fixing the temperature and irradiance changes, and the second
one is the opposite. The proposed model is implemented using MATLAB Simulink. In addition, the
DC-DC boost converter and (p&o) algorithm with two Pl controllers are used to control the solar
system. Before that, the system's controllability, observability, and stability are satisfied
appropriately. The results show that the proposed system did very well. The chosen design's
performance, speed, efficiency, and oscillation are significantly better when compared with the
previous method mentioned in the literature. Although this project can be installed and applied in
reality, partial shading is not considered because it needs a complex control design to achieve the
desired goals.
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1 Introduction

Nowadays, there is a tendency to rely on renewable energy sources since they are
environmentally friendly and have low maintenance costs, such as Solar energy, wind energy and
hydrology power (Fuentes et al., 2020). A photovoltaic (PV) solar system is an electronic circuit that
receives sunlight and converts it to electricity (Taha et al., 2011). The output power of the solar cell
depends on certain conditions, such as sunlight intensity and temperature. Baimel et al., 2019 found
that varying irradiance affects the PV voltage, while the current is more sensitive to temperature
changes, which led to the fact that the relation between PV power and external conditions is
nonlinear. Due to this nonlinearity, each panel has one maximum power point (MPP) under specific
conditions (Anoop et al.,2018). At this point, the maximum power and efficiency can be achieved
from the solar panel. In a country like the UK, the irradiance and the temperature change rapidly
during a short time (Barrow et al., 1996). Therefore, making the solar panel works at the MPP can
be considered a challenge.

1.1 literature studies

Recently, some studies have been done to track the maximum power point of solar cells. For
instance, Kandgaonkar, R. et al.,2013 obtain a pulse width modulator (PWM) as a control input into
a single-phase inverter to track the MPP. Esram, T. et al.,2007 discuss some control algorithms and
compare them. Murtaza, AF et al. (2013) Compare (p&0), incremental inductance and fractional
open voltage algorithms. Furthermore, Verma, D et al.,2022 introduced a new method by matching
the impedance of the panel and the load using a DC-DC converter. However, these studies have
complexity, high cost, and oscillation issues. In this paper, a new method will be used by using two
PI (proportional and integral) controllers with the P&0O MATLAB algorithm to control the duty cycle
of a dc-dc boost converter.

1.2 The structure of the solar cell

The equivalent photovoltaic circuit can be represented in fig 1 (Taha et al., 2011). A diode is
connected parallelly with a current source. Physically, the solar cell consists of two semiconductor
layers. These layers absorb the radiation from the sun and transfer it as energy for its electrons.
With this energy, the electrons inside the semiconductor flow from one layer to another, producing
the electric current. The output power increases with the irradiance increase and decreases with
the rising in the temperature. Practicality, one single solar cell produces approximately 2 watts.
Therefore, a group of solar cells can be connected parallelly or serially to approach the required
power. Different solar panel modules depend on their provider company. Each company has a
standard specification written on the panel's datasheet.
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Figure 1.Solar cell circuit

1.3 Main problems

1.3.1 Tracking the maximum power of a solar panel system

Solar panel power, current, and voltage are affected by changes in external conditions (Irradiance
and temperature). Hence, the problem is that the MPP will change with the input parameters
change. MPP can be achieved when the load's impedance is equal to the impedance of the solar
panel system (Nguyen et al., 2020). However, matching the load and the internal impedances of the
PV array is impossible. Because of that, the control algorithms are causal to increase efficiency.

1.3.2 Tuning the PI controller

Conclusively the work at the MPP, a proportional and integral controller can control the boost
converter's duty cycle. However, choosing the values of the PI gains (Kp, Ki) is difficult. The
appropriate tuning of one PI controller performs well for tracking the maximum power point (Anto
E et al., 2016). However, tuning one PI controller only works when the Irradiance is more than 500
W/m2. In other words, the maximum efficiency cannot be produced when the sun intensity falls
beyond the threshold value. Therefore, two Pl controllers could be tuned to solve this problem and
ensure that the solar panel array produces maximum power under different disturbances.



2 Method

2.1 PV solar model

As mentioned above, the solar cell circuit can be formed as a photocurrent source parallel to one
diode. Fig 2 shows the equivalent circuit of the photovoltaic cell after adding the series and parallel
resentences (Abd El-Basit, 2013).
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Figure 2.the equivalent circuit after adding the series and parallel resentences

Applying Kirchhoff's current law for the circuit shown above, the output current can be written as
the equation below.

) ] &

I =1Ln— I [exp( 7
T

Where | = output current, I; = saturation current, V= output voltage, R, = series resistance, n =

quality factor of silicon about 1.1, V= thermal voltage which equal to

KT,
VT = <
q

(2)

K= Boltzmann's constant 1.38 - 10-23 J/K
T.= whether temperature
q= charge of the electron 1.6 * 1071% ¢

Equation (1) does not accurately depict the solar panel's performance under changing
environmental conditions. For this reason, Ry is used with R; for more practical accuracy. As
shown in Fig 2, an extremely high value of Ry, is in parallel with the diode, while R is minimal
(Kashif | et al., 2011). The current equation after adding becomes as shown below (Rikesh S et
al.,2013).

= oo ) ] (22

The photocurrent (I,,) is more sensitive to the change in sunlight intensity and the working

temperature of the photovoltaic cell, as shown in the equation below (Pandiarajan N et al., 2011,
Rikesh S et al.,2013).



G
Iph = [Isc + Kl(Tc - Tref)] G P (4)
re

Where I, = short circuit current of the panel; K;= temperature constant at short circuit current,
Tyrep= the standard temperature of the solar cell; G = irradiance from the sun in W/m?, Gref=
reference sunlight intensity in W/m?2. On the other hand, the saturation current in equation (3) is
affected by the temperature change, as described below.

3
T gE,( 1 1
Iy = L <m) exp |~ T T (5)

Where E; = threshold voltage for the silicon 1.1V, I,.; = dark reverse saturation current, and it can

be derived below, Vo is the open circuit voltage (zero output current).

I
Is = = (6)

ex () ~1

The power-voltage and current-voltage characteristics of the solar panel can be found by
implementing the equations mentioned above in MATLAB Simulink. Figures 3 to 5 show the block
diagram of each equation.
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Block digram of reverse saturation current
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Figure 4.block diagram of reverse saturation current

Setting the values of reference irradiance (G;.s) to 1000 W/m?and the reference temperature(
Trer) to (273 + 25 c), these two parameters are considered standard solar cell conditions. On the

other hand, G and T, are chosen as variables to show their effect on the maximum power point of
the photovoltaic.

Shunt current equation photo current

T
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r
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Figure 5.shunt current and photocurrent block diagrams
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Figure 6.Photovoltaic mathematical model

After completing the mathematical model of the solar cell, it comes to choosing the solar panel
module and its rated power. For this framework, the 1soltech 1sth-215-p solar panel module has
been chosen. Practically, the rated desired power under slandered conditions (G= 1000 W/m?,
Temp=25c) is 100 KW. Table (1) shows all the parameters set in the Simulink variables to produce
the desired power (Solar Hub - PV Module Details: 1STH-215-P - by 1Soltech, 2022).

Table 1.the parameters of the PV system

Power at STC (W) 215
Power at PTC (W) 189.4
Bifacial No
N 47
n 10
Power Density at STC (W / m?) 136.943
Power Density at PTC (W / m?) 120.637
Vmp: Voltage at Max Power (V) 29.0
Imp: Current at Max Power (A) 7.35
Voc: Open Circuit Voltage (V) 36.3
Isc: Short Circuit Current (A) 7.84
Nominal Operating Cell Temp (°C) 47.4
Open Circuit Voltage Temp Coefficient (% / °C) -0.361
Short Circuit Current Temp Coefficient (% / °C) 0.102
Max Power Temp Coefficient (% / °C) -0.495

11



2.1.1 The effect of Irradiance (constant temperature 25 c)

The most significant parameter affecting the solar cells' performance is the irradiance (G). it is the
light intensity that comes from the sun. It is measured in Watt/m2. As mentioned above, PV current
is more affected by the change in irradiance. From equation (4), when G increases, the PV current
increase while it decrees by minimizing the radiation. This varying solar panel current will change
the position of the maximum power point. Because of this change, the control system is casual. Fig
(7) shows the P-V and I-V characteristics of the solar cell with different irradiances and constant

temperatures.
Array type: 1Soltech 1STH-215-P;
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Figure 7.P-V and I-V characteristics under different radiations (constant temperature)
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2.1.2 The effect of temperature (constant irradiance 1000 W/m?)

In addition to the sunlight intensity, the temperature can play an essential role in the behaviour of
the maximum power point of the photovoltaic system. For instance, in figure (8), PV voltage is more
sensitive to temperature changes. In contrast to the irradiance, the temperature has inverse
proportional to the power and voltage. Its raising produces less performance and efficiency. The
reason is that the saturation current is temperature depends, and that is clear from equation (5)
that Is has cubic direct proportional with the temperature. Increasing in Is leads to minimizing the
PV current and the solar power, as shown in equation (3).

The instability of the two mentioned conditions led to a change in the position of the maximum
working point. Tracking this point and maximizing the efficiency need the efforts of the MPPT
control algorithms. These techniques control the voltage by moving it to the MPP throw the DC-DC
boost converter.
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Figure 8.P-V and I-V characteristics under different temperatures (constant irradiance)
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2.2 Modelling the MPPT circuit

The PV system must be built with a maximum power point tracking (MPPT) circuit integrated
between the PV module and load to operate at MPP in response to variations in the external
conditions. This circuit contains two internal systems. the first is a DC-DC converter, and another is
a control circuit.

2.2.1 DC-DC Boost converter

A DC converter can be used to transfer the maximum power from the solar panel to the load. There
are plenty of kinds of converters that can do the same work, such as boost, buck, and buck-boost.
For this project, the boost converter has been selected and designed. Converting the variable input
voltage to a higher stable output value is the boost converter's function, which comprises the switch
Q, the inductor L, the output diode D, and the output capacitor Cy. The high efficiency of DC-DC
converters is ideally due to the shallow power consumption of all these devices (Nguyen et al.,
2020). the MOSFET is chosen as a switch, and the PI controller easily controls its gate by the duty
cycle, which can take two states on and off. T is the period for one duty cycle. In the inductor (L),
The energy will be stored during T-ON. However, when the gate is open, the inductor polarity will
be reversed and added with PV voltage to maximize the voltage at the load via the diode (D). Figure
(9) shows the simple design for the boost converter with its components. Ci and Co are installed to
reduce the oscillations in the input and output voltages.
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Figure 9.DC-DC Boost converter circuit

2.2.1.1 State space representation of the DC converter

The working principle of the boost converter is based on two complementary operation modes,
namely CLOSED (T-on) and OPEN (T-off) modes. As mentioned above, in closed mode, the inductor
stores energy. While in open mode, the capacitor Ci releases the energy to the output. Under ideal
conditions, two fundamental principles are behind the boost converter's behaviour: The energy-
balanced principle (volt-second balance) and the charge-balanced principle (Gandomkar et al.,
2016).
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From the first principle, the input energy is equal to the output energy:
P = Pyt ———» IinVin = IoutVout (2.1)
second principle implies the input charge equal to the output charge;

Qin = Qout ————» Iin(]- - d)T = lowtT (2.2)

Based on these two principles, the relation between the output and input voltages of the boost
converter given by;

Vin

! (2.3)

Vour =

Where d is the duty cycle, its value is between 1 and 0, meaning that V,,,; is always greater than
Vin(Nelson, 2011). The DC-DC boost converter is modelled by applying the averaging method for
both modes (Mahdavi et al., 1997).

X = A;x + Byu (switch closed mode). (2.4)
X = A,x + B,u (switch open mode). (2.5)
Then the average state model is:
x = Ax + Bu (2.6)
Where:
A= Ad+A,(1—-4d) B = B,d+B,(1—d)

During the closed mode (T-on) the circuit diagram is shown as below. Noting that Ci has been cancelled
from the circuit for simplicity.

L
—2 71— ’

S T | = —bl
Vpv :: c F I

_l & =

Figure 10.DC-DC Boost converter circuit during close state
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From figure (10) (Mayo, J et al., 2021), the resulting dynamic state equations given by:

di,
% = Vin (27)
dv, Ve

=—— 2.

¢ dt R (28)

Note that:

i;, = ijn=the current of the inductor

V. = V,y:= the voltage of the capacitor

Let state the variables:

Xy =1y ;X =7,

And the output equation;

Y=V = X3

There for the state space equations for the closed mode can be written as;

1| |0
X2

=0 - 1/Rg| |2| + |16L| Vin (2.9)

x =Aix + Bju

Now, when the switch is open, the equivalent circuit of the boost converter shown is shown below
(Mayo, J et al., 2021).

L
» 4111} o
| ' 41
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p —C R ;
» > s

Figure 11.DC-DC Boost converter circuit during open state
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From figure (11), the dynamic state equations can be given as:

dij,
LE =Vin— V. (2.10)
dv, Ve
=i ——= 2.11
C dt lr R ( )

then, the state space equations for the open mode can be written as;

B ’1(/)6 —_11//150’ |2| + |1éL| Vin (2.12)

X1
X2
)'C = Azx + Bzu

The averaging method (equation 2.6) combines the linearized state space equations for both
modes to obtain the following:

. ~(1-d)
X1| _ L X1 1/L),
il = 1-d el + 175 | Vin (2.13)
C
And the output equation is:
X
y=l0o 1!|+0 (2.14)

In this proposed framework, table (2) shows the specifications required to design the boost
converter. These specifications should match the parameters of the solar panel, which are
mentioned in table (1), to achieve the desired power.

Table 2.proposed specifications of the DC-DC boost converter

Input voltage =V, 250-350V
Output voltage =V, 500V
Output current = Io= rated power/output voltage 200 Amp
Rated power 100 Kw
Switching frequency 5 KHz
Voltage ripple 4v,, 1%
Current ripple Ai 29.0
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From table (2), the values of the converter’s inductor and capacitor can be calculated using the
following formulas (Salman et al., 2018).

vi(vo — v;)
L=—"=1.2 H
Ai fsv, dm
io(vo - vi)
C=———=4000p
v, fv, f

After finishing the modelling of the plant, it comes to designing an appropriate control circuit to
make the plant always track the maximum power point. Before that, it will be interesting if the
plant's controllability, observability, and stability are tested.

2.2.2 Control circuit design

In a control system, there are three essential basic concepts that the designers should follow.
checking the controllability of the plant, testing the observability, and finally, proving the system's
stability.

2.2.2.1 Controllability of the plant

The controllability of any system means the ability of the external force to drive the system's states
from their initial values to the final states at a particular time. A system is considered accessible for
"LTI (linear time-invariant) systems if and only if its controllability matrix has a full row rank of p,
where p is the dimension of matrix A, and p*q is the dimension of matrix B" (Chen et al.,2006). Any
state x1 that can be moved to the zero-state x = 0 in a limited number of steps is controllable, also
known as "Controllable to the origin," in a system. In other words, when the rank of the
controllability matrix equals the rank of the system matrix A, the system is controllable.
Furthermore, another condition can be checked; if the determinant of the controllability matrix
does not equal zero, it could say the plant is controllable. The general controllability matrix can be
written as follows;

C=[B AB A?B..AP1B] € RPxP4

From the state space equations of the boost converter, which are described above, matrixes A and
B can be shown as;

A= L B=|1(/)L|
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From the general definition of the controllability matrix, it can be calculated for the proposed DC-
DC converter as:

0
—(@-1
LC

 e)
Il
S M~k

And the determinate of the construability matrix can be found by using MATLAB command (det (C))

as;

—(d-1
det (c>=%

Substituting L and C with their values which are mentioned in table (2). The determinate of the
controllability matrix does not equal zero. In addition, this matrix has a full rank equal to 2, which
means the system is controllable.

2.2.2.2 Observability of the plant

Another significant check that the designers should follow before designing the control system is
proving system observability. The plant's initial states x (0) can be determined from the output
equation. In other words, the system is observable if the observability matrix (Q) has a full rank. This
matrix depends on the plant's state matrix (A) and output matrix (C). The general definition of the
observability matrix is shown as follows;

CA
CA?

CA.P‘1
And matrixes A and C of the DC-DC boost converter are shown as below:
O —(1-ad)

A=[. L c=lo0 1]
= —1/RC
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Substituting A and B in the observability matrix Q to get the following

0 1
Q= % —1/Rc

This matrix has a full rank of 2, proving that the DC-DC boost converter is observable. After proving
that the system is controllable and observable, checking the stability of the plant is required.

2.2.2.3 Stability of the plant

Any stable dynamic system is appropriately controlled and operates effectively under various
operating situations. Stability is a desirable attribute of dynamic systems. Although there are many
ways to check systems' stability, this paper has discussed the Bounded-Input Bounded-Output
Stability (BIBO), internal stability, and Lyapunov criteria. to analyse the stability of the plant. For this
reason, the transfer function of the DC-DC boost converter is required. It can be obtained from the
state space matrixes by applying the Laplace transformation, as shown below;

The general state space equations of any system given as:
x =Ax + Bu
y=Cx+Du

taking the Laplace transformation for each equation, assuming zero initial condition;

sX(s) = AX(s) + BU(s) (2.15)
Y(s) = CX(s) + DU(s) (2.16)

Simplify the input equation by putting X(s) in one side and U(s) in the other;

sX(s) + AX(s) = BU(s) (2.17)

(sl + A)X(s) = BU(s) (2.18)
Where [ is identity matrix, so X(s) will become as;
X(s) = (sl + A)"1BU(s) (2.19)

Substituting X(s) in the output equation, and assuming D = 0;

20



Y(s) =C(sI +A)~*BU(s)+ 0
Then, the transfer function Y (s)/U(s) becomes as:

Y(s)

— -1
o) - C(sI+A)™'B

From this equation, the transfer function of the proposed DC-DC converter can be obtained by
replacing the A, B, and C matrixes with the modelled ones mentioned above (equations 2.13 and
2.14). Noting that the values of L, R, and c are substituted from table 2, and d any value between 0

and 1.

o 12000
() 7§21 1255 + 72000

The step response of this transfer function can be shown in figure 12; it is clear that the plant has
bounded input, and the output does not go to infinity. That means the plant is BIBO stable. The
plant's response can be analysed using MATLAB command stepinfo(G(s)) since the rise time,

maximum overshoot, and settling time can be calculated.

Step Response

(2.20)

(2.21)

(2.22)

13
tn

n
T
—

Amplitude

nne
=
(L L

Time (seconds)

Figure 12.Step response of the DC-DC Boost converter
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Regarding internal stability, figure 13 shows that the poles of the boost converter transfer function
lie on the left-hand side (negative real roots). These poles can also be found by determining the
eigenvalues of the A matrix. Pole (G) and eig(A) are two MATLAB commands that can determine the
poles of any plant from its transfer function and state space representation.

Pole-Zero Map
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Figure 13.poles location

In terms of asymptotic stability, the Lyapunov technique can be checked. A positive definite
function can be defined as an energy function; the system is considered asymptotic stable if the
derivation of this energy function converges to or is less than zero (Li et al., 2021). Sabzi et al. (2016,
p. 3) state some conditions related to the Lyapunov stability, which are described as follows;

V(0) =0
V(x) < —|lx||
limV — oo; ||x|| = oo

Where V is the energy Lyapunov function, and x is the state variable.
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In this frame work, lets choose an energy function equal to;

1 2
V= Exz (2.23)
The derivation of this function given as;
V = x,%, (2.24)

Substituting X, from equation 2.13, equation 2.24 will become as;

. 1 [1-d]
V=—R—X%+

X1X (2.25)

Equation 2.25 shows that the first term is always negative while the second term is unknown, and
this can be solved by defining a new energy function, as shown below.

1 2 2
V = Exz + Yxl (2.26)

Where Y is a positive definite constant, the new V will become;

) 1, [1-d] )
V= —ﬁxz + . X1Xy + 2Yx1Xq (2.27)

Substituting xX; from equation 2.13 and assuming the system is unforced (zero input), equation 2.27
will become as follows.

. 1 1-d 1—-d
V=——x§+[ . ]xlxz—ZY[ ]

X1 Xy (2.28)

. L. . .
Setting the value of x equal to v will cancel the two unknown terms in equation 2.28. The only

remaining term is — Ex%. This term is always less than zero, and according to the conditions of the

Lyapunov stability mentioned above, the system is asymptotic stable.

After proving that the proposed system is controllable, observable, and stable, the next step is
formulating a MATLAB algorithm to decide the reference voltage of the maximum power point. This
algorithm's error signal controls the stabiliser's duty cycle through two Pl controllers.
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2.2.2.3 Perturbation and observation algorithm

In order to reach the MPP of the PV array, many MATLAB algorithms can be used, such as
incremental voltage and perturbation-observation algorithms. In this paper, the p&o algorithm has
been introduced due to its simplicity. The PV module's power is varied by applying a slight
disturbance in this method. Each time a measurement is made, the PV output power is compared
to the old measured power. Two sensors have been used to measure the solar panel's voltage and
current, which are entered into the MATLAB algorithm. The code of the proposed algorithm will be
discussed later. Typically, for these two inputs, the instantaneous power of the solar cells can be
calculated and saved in a specific memory. This process will be repeated periodically until the
derivation of the power to time equals zero. Initially, a random starting voltage point was chosen as
a reference.

Furthermore, the step size of the incremental or diminishing voltage has been chosen to equal two

volts. This voltage could be added or subtracted to the reference one at a time (k). At the exact
moment, the power is calculated and compared with the previous one, calculated at a time (k-1). If
the added voltage increases the power, that means the chosen point lies on the left-hand side of
the MPP; therefore, this increasing process keeps moving the point to the right until it catches the
desired voltage (Dabra et al., 2017). Conversely, when the power decreases as the voltage is
subtracted, the operating point lies on the right-hand side; hence more perturbations are needed
to move the initial voltage to the left. This movement is controlled by the duty cycle of the DC-DC
boost converter. It is increased if the new measured power is greater than the old one; however,
the duty cycle will be decreased if the delta power is negative (Kumari et al., 2012) (Sera,
Teodorescu, Hantschel and Knoll, 2008).

Figure 14 describes a brief explanation of the logical operation of the perturbation-observe
algorithm (Hussein Selman, 2016). It depends on the selected starting operating point in which region
to either increase or decreases the voltage.

P _, d I
Fi | R 4

lsc Pmp
Imp
MPP
£>0 -, “\“‘ﬂ > _i
dv av’- ¥
P-V curve
I-V curve
Vmp Voc

Figure 14. P&O Algorithm
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For the most straightforward understanding, the below flow chart explains all the logical steps of
the (P&O) algorithm (Salman et al., 2018). The process starts from the chosen starting point until
achieving the maximum power point. In this algorithm, the biggest challenge is how the starting
working point is chosen. The simplest way to sort that is by looking for the data sheet of the solar
panel and making sure that the starting point is chosen below the open circuit voltage.

Figure 15.the flow chart of the perturb and observe algorithm



The proposed algorithm's logical steps, represented in the above flow chart, can be executed by the
Simulink MATLAB function. The code is given below; it takes the inputs (PV voltage and PV current).
This algorithm's output is the error, and the goal is to converge it to zero using Pl control. So, the
last step is designing a proportional and integral controller, in other words, finding the appropriate
tunes for the gains of the proposed controller.

function RefV = Ref Gen (V,I)

refrence voltage max=363; Sthe open circuit voltage from the datasheet of the solar panel
Refrence voltage min=0; % the short circuit voltage always equal zero.
Refrence voltage intial=200; % starting point (should be less than open circuit voltage).
Delta vrefernce=2;
persistent 0ld voltage Old power Old refvoltage;
dataType="'double';
if isempty(0Old voltage)
0ld voltage=0; % defining a buffer to save the previous sample.
0ld power=0;
0ld refvoltage= Refrence voltage intial;
end
P=V*1I;
delta V=V-0ld voltage;
delta P=P-0ld power;
if delta P ~=0
if delta P<O0
if delta V<0
Ref V= 0ld refvoltage + Delta vrefernce;
else
Ref V= 0ld refvoltage-Delta vrefernce;
end
else
if delta V<O
Ref V= 0ld refvoltage-Delta vrefernce;

else
Ref V= 0Old refvoltage + Delta vrefernce;
end
end
else Ref V= 0ld refvoltage;

end

if Ref V>= refrence voltage max | Ref V<=Refrence voltage min
Ref V=01d refvoltage;

End

0ld refvoltage=Ref V;
0ld voltage=V;
0ld power=P;
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2.2.2.4 Pl Controller and the tuning technique

The duty cycle of the DC-DC boost converter can be controlled by different techniques, such as the
PID controller and pulse width modulator. Depending on the error from the P&O algorithm, one of
these control methods can decide the suitable duty cycle to make the error as minimum as possible.
Because of the worse performance of these methods and low efficiency, in this project, two PI
controllers have been connected parallelly throw a selector switch. As mentioned above, the main
problem of tuning one PI controller is insufficient when the irradiance falls below 500 W/m?2.
Therefore, the selector has been chosen to activate one Pl controller when the irradiance is between
1000 and 500 W/m?. Otherwise, when it is less than 500, the second PI controller will be activated.
Figure 16 shows the proposed control circuit taken from the Simulink.

irradance

@,

Y

“ Ref_V First Pl Controller
RefGen

Vpv v P> Pl(s)”
—

Switch/ Selector

P&0 algorithm

> Pl(s)”

Second PI Controller

Figure 16.control circuit using two Pl Controllers

The reason for using the Pl controller is that it eliminates the steady-state error that is excited with
the proportional controller only (Liuping Wang., 2020). The error signal from the P&O0 algorithm is
multiplied by two terms to produce the control law of the DC-DC boost converter, as shown in the
following equation.

t

u(t) = kye(t) +k; f e(t)dt (2.29)
0

Where k), and k; are the proportional and integral gains, automatic tuning is the most appropriate
way to choose these gains; hence a good performance from the PV system can be achieved. The
automatic tuning has been done using the properties of the two Pl controllers, built-in MATLAB
Simulink. for the first PI, setting the input irradiance swing between 500 to 1000 and a step control
signal has been applied to the plant. After the simulation time is finished, the output response and
the appropriate gains can be obtained, as shown in figure 17.
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Figure 17.controller Parameters (Gains) for the first Pl controller

This process will be repeated with the second PI controller, but the input irradiance is less than 500.
After testing all the possible gains of both controllers, table 3 represents the appropriate gains for

this project.

Table 3.the gains of the proposed PI controllers

Parameter 15t P 25t p|
kp 0.0001 0.00055
kl- 0.05 0.001

After modelling the whole system, figure 18 shows the implemented block of the maximum power
point tracking system in MATLAB Simulink.
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Figure 18.block diagram of the proposed system
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3 Result

3.1 First scenario (variable irradiance and constant temperature)

In this scenario, the temperature has been fixed at 25 c°; however, the sun intensity is changed to
test the proposed framework's response. Figures (19-20-21) show the output power of the solar
panel system when the irradiance is equal to 1000, 800,400 W/m?.

1000 Iradiance , 25 Temperature

—— Cantrolled PV Power
standered MPPT 100.2 KW

/

Power in kW

Offsel=0 005 01 015 02 025 03 135 04 045 05

Figure 19.power performance when the Irradiance = 1000 and T =25 ¢°
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Figure 20.power performance when the Irradiance = 800 W/mZ and T=25¢°
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Figure 21.PV power performance when the Irradiance = 600 W /m? and T =25 ¢°
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Figure 22.PV power performance when the Irradiance = 400 W/m2 and T =25 ¢°
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The following figures (23-24) illustrate the behaviour of the PV voltage and current under 900 and

600 W/m? and constant temperature 25 c°.
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Figure 23.PV voltage and current when the Irradiance = 900 W /m? and T =25 ¢°
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Figure 24.PV voltage and current when the Irradiance = 600 W /m? and T =25 ¢°
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The voltage and the current across the load can be represented in figures (25-26) when the

irradiance is 800 and 400 W/m?.
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Figure 25.Load voltage and current when the Irradiance = 400 W /m? and T =25 ¢°
irradance = 400 w/m2, Temp=25¢
150 |
—Load@nsnt]
) A /\/\/\/\/\N
Vv
a
£
<
irradance = 400 w/m2, Temp=25¢
|
e ——(cad voltage|
- AT
A
00 /V
o150
> I\]
0 005 a1 015 0z 025

Figure 26.Load voltage and current when the Irradiance = 400 W /m? and T =25 ¢°
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Figures (27-28) show the efficiency of the proposed system for tracking the maximum power point
when the irradiance equals 800 and 400.

600 Wim2 , 26

efficiency %
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Figure 27.the efficiency of the system when the Irradiance = 600 W /m? and T =25 ¢°
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Figure 28.the efficiency of the system when the Irradiance = 400 W/m? and T =25 ¢°
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3.2 Second scenario (variable temperature and constant irradiance)

The second scenario tested the system under different temperatures with constant sun intensity
(1000 W/m?). Figures (29-30) show the output power of the solar panel system when the
temperature is 45,10 c°, and 1000 W/m? radiation.
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Figure 29.power performance when the temperature =45 c’and Irradiance=1000 W /m?
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Figure 30.power performance when the temperature =10 c®and Irradiance=1000 W/m2
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Furthermore, figures (31-32) show the voltage-current characteristics of the solar panel system and

the load under the same conditions mentioned in the previous paper.
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Figure 31.1-V characteristics of the PV System and load when T =45 c%and irradiance = 1000 W /m?
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Figure 32.1-V characteristics of the PV System and load when T =45 c®and irradiance = 1000 W/m2
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The efficiency of the proposed system in the second scenario can be represented in figures (33-
34). Note that the temperature has been chosen equal to 35 and 25 ¢° with constant irradiance of
1000 W/m?.

efficiency %

efficiency %
&
—

=3

Temp =35 ¢, Irradiance= 1000 Wim2

m— pfficiency of the system
120)

0 005 01 015 02 025

Figure 33.the efficiency of the system when T =35 ¢° and Irradiance =1000 W /m?
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Figure 34.the efficiency of the system when T =20 c®and Irradiance =1000 W/m2
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3.2 comparison between the proposed system and other methods.

The most common method to check the system's performance is the comparison with other
techniques done by others. Figures (35-36-37) compare the proposed framework's power
performance and efficiency with the PWM method.
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Figure 35.comparison between the power performance of the proposed method and the PWM method (variable
irradiance and constant temperature)
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Figure 36.comparison between the power performance of the proposed method and the PWM method (variable
temperature and constant irradiance)
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Figure 37.comparison between the efficiency of the proposed method and the PWM method (variable irradiance
and constant temperature)

Furthermore, Figures (38-39-40) compare the proposed framework's power performance and
efficiency with another method named (incremental algorithm and one Pl controller).
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Figure 38.comparison the PV power performance of the proposed method and the (incremental + one PI controller)
method (variable temperature and constant irradiance)
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Figure 39.comparison between the power performance of the proposed method and the (incremental + one PI
controller) method (variable temperature and constant irradiance)
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Figure 40.comparison between the efficiency of the proposed method and the (incremental + one Pl controller)
method (variable irradiance and constant temperature)
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4 Discussion

The results mentioned above showed that the system did well. In the first scenario, the PV power
observed the typical maximum power points given in Figure (7) under different conditions. For
example, when the radiation was equal to 1000 W/m? in Figure (19), the solar system's power
equalled 100.2 kilowatts. Similarly, Figures (20) and (22) show that when the irradiance is set at 800
and 400 W/m?, the power of the proposed solar system equals 80.78 and 40.45 kilowatts,
respectively. Concerning the voltage and current characteristics of the solar system, the results
showed that when the radiation was equal to 900 W/m?, from figure (23), the values of the voltage
and current of the solar panel were equal to 400 volts and 150 amps, respectively. These are
precisely the same as the desired characteristics given in Figure (7) at the set conditions.

In terms of load I-V characteristics, the results showed that after the setting time, they stabilized at
constant values without fluctuation, as shown in Figures (25 -26), due to the presence of the
capacitor at the output side of the DC-DC boost converter. According to the system's efficiency, the
results proved, as shown in figures (27-28), that the efficiency of the proposed system is
exceptionally high, which indicates that the error between the solar system's power and the desired
maximum power (standards given in figure 7) is zero under different conditions. The credit is due to
the use of the PI controller, which always makes the steady state error as low as possible. To
illustrate the performance of the proposed system in the first scenario (variable irradiance and
constant temperature). Table 4 shows the PV power, voltage, and current under different
conditions.

Table 4. the results of the first scenario

Irradiance in | Temperature | Powerin | Voltage | Current | Desired | Desired | Desired | efficiency

W/m2 in c® kilowatts | in volt inamps | power voltage | current | %

1000 25 100.2 290 345 100.2 290 345 100
900 25 90.46 289.6 312 90.46 289.6 312 100
800 25 80.78 292 276.6 80.78 292 276.6 100
700 25 70.87 292.6 242.2 70.87 292.6 242.2 100
600 25 60.87 293.3 207.5 60.87 293.3 207.5 100
500 25 50.75 293.3 173 50.75 293.3 173 100
400 25 40.4 290.7 139 40.4 290.7 139 100
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In the second scenario (variable temperature and constant irradiance), The results showed that the
performance of the proposed system also did significantly well. For instance, in figures (29-30), the
PV power appropriately tracked the desired maximum power points given in figure (8) when the
temperature was set at 45 and 10. Similar to the first scenario, The |-V characteristics of the designed
solar panel system and the load achieved their typical values, as shown in figures (31-32). Regarding
the proposed system's efficiency, figures (33-34) illustrated that 100% efficiency had been obtained
under given conditions.

Table (5) introduces the P-V and I-V characteristics of the proposed MPPT. From both scenarios, the
current seems more affected by the change in the irradiance, while in table 5, the voltage was more
sensitive to temperature disturbance.

Table 5.the results of the second scenario

Irradiance in | Temperature | Powerin | Voltage | Current | Desired Desired | Desired | efficiency

W/m? in c® kilowatts | in volt inamps | powerin | Voltage | current | %
kilowatts | In volt In amps

1000 40 93.9 270 347.9 93.3 270 347.9 100
1000 35 95.99 276.6 347.1 95.99 276.6 347.1 100
1000 30 98.05 283.2 346.3 98.05 283.2 346.3 100
1000 25 100.2 290 345.4 100.2 290 345.4 100
1000 20 102 296.8 344 102 296.8 344 100
1000 15 104 303.4 343.1 104 303.4 343.1 100
1000 10 106 310.2 342 106 310.2 342 100

Regarding the accuracy of the proposed system, some comparisons have been made with methods
used by other researchers for more validation. Figures (35-37) compared the proposed system's
performance with the results obtained using the pulse width modulator. In figure 35 (blue line), the
power of the designed solar system tracked the typical MPP without any oscillation while it swayed
around the equilibrium point, as shown in figure 35 (black line). In terms of disturbance rejection,
the result showed that for any sharp change in the external conditions, the proposed system tracked
the steady state values faster than the other. For instance, in figure 36 (blue line), the new MPP was
achieved within a millisecond when the temperature was changed sharply from 25 to 45 c. This
rejection did not happen during the PWM method shown in the black line. Besides, 100 % efficiency
had been achieved for the proposed method, while it was not for the other, as stated in figure 37.
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Another comparison was made with a method that used one Pl controller. The results proved that
the performance of the proposed system was better, faster and more efficient, as given in figures
(38-39). The problem with using one PI controller has been solved. As shown in figure 38 (blue line),
the maximum power was achieved appropriately when the irradiance was changed from 700 to 500
w/m2. That was the effect of tuning two Pl controllers while one PI controller was not enough to
respond to all disturbances, as shown in figure 38 (black line).

Experimentally, this proposed framework can be installed and applied easily in daily usage.
However, the limitation of this project is that partial shading has not been considered for checking
the performance of the proposed system because it has more than one peak; therefore, the perturb
and observe algorithm is insufficient to track the maximum one.

5 Conclusion

In conclusion, this project has successfully implemented the MPPT system under different
conditions. For both scenarios, the proposed system appropriately tracks the maximum power. The
novelty of this design improves the system's performance (efficiency, speed, and oscillation)
compared with previous methods. In addition, the system's controllability, observability, and
stability have been satisfied. In the real world, this design can be implemented and applied in daily
life, such as a battery charge controller. However, this project does not consider partial shading
because it has more than one MPP; therefore, advanced control techniques are needed to solve this
problem. As a recommendation, this framework could be connected with artificial intelligence
techniques to overcome the drawbacks of partial shading.
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Student Self-reflection on performance

All students must complete the following sections for every piece of work they submit using this
template. The aim of this is to help you use feedback more effectively to improve your marks and
your skills as a professional engineer. This section is not formally marked, but your tutor may use it
when discussing your work with you.

Describe how you have used AT LEAST ONE of the following sources of information to
improve this piece of work:

1.) (PREFERRED) Feedback from previous assignment(s). This can be from the same module
or from a previous module or previous year of study (e.g. comments from 1% year lab formal

reports should be used to help improve your 2" year lab formal reports).
2.) The marking criteria or rubric provided for this assignment.

3.) The Department Technical Writing Handbook for Students.

1). The previous feedback taught me how to use critical thinking to analyse and solve
problems. In addition, | have improved my experiences and working independently.

2). From the marking criteria, | have learnt how to arrange my writing to get as maximum
marks as possible, such as the style of the report, list of figures and tables, and etc.

3). Technical Writing Handbook was very useful for me to improve my academic writing by
choosing the correct tense for each section and How to write in the third person and
avoiding (I, We, and etc).

Are there any aspects of this work that you would specifically like the marker to
comment/or advise on? For example: “I wasn’t sure if my figure formatting looked

professional and would appreciate feedback on this aspect”
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