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ABSTRACT

This project describes the design of a model and controller to operate a SIDO
(single inductor, dual output) DC-DC boost converter powered by solar PV.
The SIDO converter uses a single inductor to produce output from one input
source, which minimizes the number of components used compared to using
two converters.

Solar PV installations experience limitations, such as variable solar irradiance
(sunlight intensity) and conditions of partial shading/temperature, resulting in
irreconcilable variations of MPP for a given period of time. Therefore, in order
to continuously extract the maximum power available from a solar PV array at
any time, the proposed project uses an MPPT algorithm.

The mathematical model of the SIDO converter utilizes linearization through
state space averaging techniques and small signal approximation techniques to
determine the best combination of input/output using an Interaction Measure
(RGA). This enables the implementation of a decentralized Pl control scheme
for both outputs using internal control of the two outputs, while minimizing the
amount of cross-regulation that occurs .

Under normal operating conditions and also when using partial shading. The
output voltage was shown to be consistent, with an output voltage of
approximately 410V and 450 for the two models, at a light level of 1000 W/m2.
Round Model 1 produced about 600 W more than Round Model 2 when
comparing the power produced, while at the same time increasing the overall
efficiency of the power produced. The results of this project show the
effectiveness of controlling the SIDO topology of the Decentralized PI Control
using the RGA as the most appropriate method for interfacing renewable
energy sources.

Keywords: MPPT partial shading, RGA; state space modelling; decentralized
control.
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Abbreviation

Full Form

SI-SIDO Single Inductor Single Input Dual Output
SIDO Single Input Dual Output

SIMO Single Input Multiple Output

SISO Single Input Single Output

DISO Dual Input Single Output

PV Photovoltaic

MPPT Maximum Power Point Tracking

P&O Perturb and Observation

MPP Maximum Power Point

DC-DC Direct Current to Direct Current

PWM Pulse Width Modulation

EMI Electromagnetic Interference

MOSFET Metal Oxide Semiconductor Field Effect Transistor
MPC Multiport DC-DC Converter

EV Electric Vehicle

VOC Open Circuit Voltage

ISC Short Circuit Current

CCM Continuous Conduction Mode

DCM Discontinuous Conduction Mode

THD Total Harmonic Distortion
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Chapter 1

INTRODUCTION
1.1 Overview
DC-DC converters are the basic building blocks of power electronics. They
convert a DC input voltage to a different DC output voltage level, which could
either be higher (boost), lower (buck) or even inverted (buck-boost). Typical
converter designs are of a Single Input — Single Output (SISO) type - that is,
one input source powering one load, at a single voltage level [1].
As most modern applications require multiple supply voltages from a single
source - for example, portable electronics, electric vehicles, microgrids and
Solar - Photovoltaic (PV) systems - multi output converter topologies are an
active area of research [2]. The most efficient way of attaining this is through a
Single Input-Double Output (SIDO) boost converter which uses only one
inductor to generate two independently regulated output voltages from a single
input.
Multiport structures optimize the total component count, reduce the board
footprint and cost and may vyield a higher overall power density level as
compared to the use of multiple independent converters for each output [2].

1.2 Single-Input Double-Output (SIDO) Boost Converter

The SIDO boost converter accepts one DC input and produces two DC output
voltages, generally at different levels [2]. It contains:

* One inductor (L) — the common energy-storing element shared by both outputs
» Two MOSFET switches (S1, S2) — controllable switches for directing energy

flow

» Two diodes (D1, D2) — providing unidirectional current paths to each output
port

» Two output capacitors (C1, C2) — filtering and stabilizing voltage at each
output

» Two load resistances (R1, R2) — loads connected at each output port

The key idea of the SIDO topology is inductor time-multiplexing — a single
inductor is shared between both output ports by alternating which port it supplies
energy to at different time intervals within each switching period. This way, there
Is no need for an additional inductor for each output, thus saving considerable
space and expense [3].
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CHAPTER 2

LITERATURE REVIEW
2.1 Literature Survey and Motivation
The global push for the use of alternative sources of energy has been thrust
forward by a diminishing supply of fossil fuel and rising interest in protecting
the environment. As such, a number of renewable energy sources have seen
Increased interest over the past several years; in particular, solar photovoltaic
(PV) Technology. Photovoltaic technology has received some of the most
interest, owing to its abundant nature, scalability, and lack of pollution when
producing energy [3]. The integration of solar PV into power electronics will
require properly-designed DC-DC converters with high efficiencies in order to
accommodate the variable inputs associated with solar PV while producing
well-regulated outputs [3]. To date, one type of DC-DC converter to receive
considerable attention are the single-input double-output (SIDO) converters.
SIDO converters are capable of providing two independent regulated output
voltages from a single unregulated input power supply while utilizing very few
components.
In order to produce dual-output power, common approaches utilize two
separate sources in parallel to produce the dual-output; however, although this
type of design approach is functional, it required twice as many inductors,
switches and diodes, thus increasing the surface area of the circuit board,
reducing the overall manufacturing transfer / cost structure and ultimately the
complexity of the design [4]. The SIDO converter architecture provides the
opportunity to time-multiplex a single, shared inductor to service both outputs
in addition to providing high power density at reduced hardware costs.
However, using a shared inductor, SIDO converters have also created a
fundamental challenge associated with cross-regulation to the control of the
converter [4]. Specifically, if one output voltage is subjected to a change in duty
cycle, it will produce a change in the resulting output voltage of the other
output. Consequently, developing a control scheme that will rectify the cross-
regulatory problem is an essential research objective.
As a methodology and technique for identifying input/output pairings in multi-
variable control systems, the Relative Gain Array (RGA) was first formally
introduced by Bristol (1966). The RGA measures the interactivity of control
loops by comparing each control loop's open loop gain and closed loop gain
when each input/output combination is compared [5].
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If the RGA value is close to unity, that indicates low interaction between the
control loops and provides a rationale for using a decentralised control structure
[5]. This principle is directly applied in this project in calculating the RGA for
the SIDO converter transfer function matrix to find the two dominant control
pairings di—Voi and d>—Voe, so that each of their respective output channels
can be independently provided with the appropriate PI controller.

Erickson and Maksimovic (2001) provided a complete and thorough treatise on
PWM (pulse-width modulation) DC-DC converter modelling, including
modelling inductive output ripple current as well as capacitive output voltage
ripple under continuous conduction mode (CCM) operation [4]. From this
work, they derived and established standard design relationships among
switching frequency, inductance, capacitance, and output ripple current that
have become the basis for all design efforts of converters throughout the
industry [5]. These design relationships serve as the foundation for the ripple
analysis found in the modelling portion of this project. Thus, the final selected
component values for this project must meet all practical ripple requirements
established by these standard design relationships.

2.2 Research Gap

With the previously stated surveys, we can identify some pertinent
observations. First, the current SIDO converter topologies have been well
investigated; however, the research done to date focuses on topology
development or simulation without a systematic process for mathematical
modelling [6]. Second, the study and application of interaction measurements
(such as the RGA) in terms of controller design for SIDO converters has not
been well studied compared to industrial applications of process control [6].
Finally, the addition of solar photovoltaic (PV) output to SIDO converters
presents dynamic challenges for existing controller designs due to the nonlinear
and intermittent nature of solar PV output, which current controller designs do
not adequately address [7].

2.3 Motivation and Objective
The proposed project is aimed at addressing the gaps identified above
through the following objectives:

e To develop an overall mathematical model of the SIDO boost converter
using state-space average and small signal linearisation.
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e To determine the Relative Gain Array (RGA) interaction measure for
systematic loop pairing to decentralised PI controller design [7].

e To evaluate stability and cross-regulation performance of designed
controllers via MATLAB/Simulink simulation [7].

e To evaluate impact of load disturbances and varying input to represent a
solar PV input (PV).

e To provide full ripple analysis to determine practical component sizing.

2.4 Review of Existing MPPT Techniques

MPPT strategies are important to provide maximum power extraction for PV
cells because the sun and environmental conditions change often [8]. The next
part discusses MPPT methods by providing a review of the most common
techniques and describing how these methods function and present both their
advantages and limitations.

2.4.1 Perturb and Observe Technique Mechanism:

This technique works by continually perturbing (changing) the voltage or how
the solar cell operates, until the power output increases. If the output increases,
the perturbation continues in that direction. If output decreases, the perturbation
will reverse direction [8]. This method continues conducting the voltage
perturbation until the MPP of the PV cell is reached [8].

4
MPP
E S—_ \AP <0
e >
: 7
. Left / of MPP Right of MPP
(0, 0) (v 0)>
' Voltage (V) o

Fig 2.4.1.1 P &0 operating Technique

2.4.2 Advantages and Disadvantages:

Advantages:

e Easy to implement.

e Low cost and computational requirements.

e No prior knowledge of the PV power system is required.
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Disadvantages:

e Will create some type of oscillation around the MPP and lose power.

e Will not converge to the MPP quickly when irradiance levels change
rapidly.

e May fail if there are partial shading of the PV cells with multiple power
peaks.

e Determining the size of perturbation has to be based on a trade-off between
time to reach and accuracy of the MPP.

2.4.3 Examples of Applications:
e Rooftop.

e Solar battery chargers.

e Portable solar chargers.

e Solar street lights.
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CHAPTER 3
SYSTEM ANALYSIS

3.1 System modelling and Equations

3.1.1 The Operating Principle of the SI SIDO Boost Converter

The SI SIDO Boost Converter is made up of three different switching stages
within each switching period. The two Duty Cycles (d1 = 0.3; d2 = 0.7)
determine how you move through the different stages [6]. The output voltage
for both output ports will be stabilised using two separate PI controllers. One
P1 controller will be utilised between output port 1 and switch S1 and the second
P1 controller will be used between output port 2 and switch S2 [7].

Fig 3.1.1.1: Switching waveforms of circuit

A traditional and popular technique for selecting the ideal input-output
combinations for multivariable process control systems is the Relative gain

DO array (RGA) [8]. An analytical technique called the relative gain array Is used

to choose the best input-output variable combinations for a multi-input, multi-
output (MIMOQO) system. In other words, the RGA depicts the influence of each
control variable on the output, relative to each control variable's influence on
other variables, in a normalised form of the gain matrix [9]. For each feasible
combination of input-output variables, the process interaction between open-
loop and closed-loop control systems is assessed. This open-loop ‘gain’ to this
closed-loop 'gain’ ratio is calculated, and the outcomes are shown as a matrix
[10]. It is applicable to analysing several fundamental steady-state closed-loop
system features including stability and resilience and has numerous real-world
open-loop and closed-loop control applications [10]. When used in real-world
situations, the RGA is a highly helpful tool.
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CASE 1 Switching stage 1 (S: is closed and S is open) :

L= 0.1 H S,
R=100
— Y Y Y { sz:,: L\Jl ohm
I C= 1000 | +
Vin _ | \/ ¥ — % =
20 V S | | L
B -+
:‘Fl /,*' - <
-
D
C=1000 R=100
uF ohm
Fig 3.1.1.2 Circuit diagram in switching stage 1
Applying KVL and KCL we get :
Vin = Vin Eq(3.1)
) Eq(3.2
IN = ~§¢ q(3.2)
dVo, —Vo,
= Eq(3.4
dt  RC 1G34)
X =AX+BU Eq(3.5)
Y =CX+ DU Eq(3.6)
Now we got our three equations and we can put these equations to state space
equation:
Similarly,
L
_Voz_
U= [Viv] Eq(3.8)
_V —
Y = v01 Eq(3.9)
LVO

2
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CASE 2 Switching stage 2(S10pen&S: is closed):

L= 0.1 H S,
D2 R=100
— Y Y Y {/_M_\] } } ohm
~—{ C= 1000 +
Vin | N/ uF | S
20V S N . |
() - <
- [\I\) ‘

C=1000 R=100
ukF ohm

Fig 3.1.1.3: Circuit diagram in switching stage 2

After applying KVL and KCL we get and we got our three equations and we
can put these equations to state space equation:

0 0 0]
T
-® X = RC Vo, [ Vin Eq(3.10)
_1 VOZ
0 0 ==
I
y=[0 1 0] Vo +[0]v Eq(3.11)
0 o uf,* " Lo IN
02
I =Ic + g Eq(3.12)
dVo, I Iy
=—=_= Eq(3.13)
dt C C
dVo, Vo,
It RC Eq(3.14)
— 1 -
0 ¢ 0 1
I,
N | ——
X== — o [|Vo,|+| Llvi Eq(3.15)
C R¢ Vo 0
1|70 0
0 0 -
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CASE 3 Switching stage 3(S1&S: are open):

L= 0.1 H S, 100

— Y Y Y } ;\\ } } ohm
I = C= 1000 +
Vi | uF é
20V N '

5T
S~

— —

“COA+

v

C=1000 R=100
uF ohm

F Y

Fig 3.1.1.4: Circuit diagram in switching stage 3

After applying KVL and KCL we get and we got our three equations and we
can put these equations to state space equation:

I
0 1 0 0
-0 y=| Vo, |+ | vim Eq(3.16)
0 o 1|y 0
02
d, Vo V
-t s
dVo, Vo,
= Eq(3.18
dt _ RC SiERt)
dvy. Vo
[, = C—22 2 Eq(3.20
L I + R q( )
_ 1_
00 1 1
Iy, -
X = -1 v, L v Eq(3.21
0 o= 0 |[You|+| ;| Vin q(3.21)
Vo
1 . —1]|LY02 0
C RC-
Iy
_[0 1 0]y 0
Y=y o 1] Vo, +[O]VIN Eq(3.22)
0

2
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Applying state space equations to compute the average matrices:

Ay =A1d; +Ay(d; —dy) +A3(1—dy) Eq(3.23)
B,y =By d; +B,(d; —d;) +B3(1—dy) Eq(3.24)
Cav =C; dy +C(dy —dy) +C3(1 —dy) Eq(3.25)
(dy —dy) 0 (1 —dy)]
L L
(d; —d;) -1
A,, = Eq(3.26
av c T 0 q(3.26)
(1—dy) 0 -1
3 C RC
-Zdl - 1
Bay = ]6 Eq(3.27)
0
0 1 O
Cav=1y o 1] Eq(3.28)
0
Dpy = _0] Eq(3.29)

By using formula G = C,,.((sI — A,,)™1) - B,, + D,, We have calculated
function of this power converter which are as follows:

. Vin(—(2d, — 1)) Eq(3.30)
LT R(dZ = 2d,d, + 2 dZ — 2d, + 1) L

Vop = Eq(3.31
Vo — Vin((2d; — 1)(d; — 1)) Eq(3.32)
2 T R(dZ - 2d,d, + 2 d2 — 2d, + 1) L

And then we apply the small signal analysis to this power converter (SI SIDO)
we get:

Bnew = [(Al - AZ)X + (Bl - BZ)U] Eq(333)
Dpew = [(C; —C,)X+ (D; —D,)U + (B2 — B3)U] Eq(3.34)
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714.2857 285.7143

Boew = | —0.0008  0.0008 Eq(3.35)
0 —0.0008
0 O
Doew =g o Eq(3.36)
Now, we compute the G matrix of system: Using: G = C - ((sI — A)™1) -
Bnew + Dnew
_[B11 812
6= 821 gzz] Eq(3:37)
Vi Va
d, d
G= V; vz Eq(3.38)
dy dp

* @ These transfer functions % enable the choice and feedback loop design of the
]

compensation network. Note the positive zero which indicates a non-minimum
phase system. Now, we will calculated the relative gain array matrix.

—0.0008163s + 500000 —0.000351
2 _
s¢ 4+ 10s — 2450 s+ 10 Eq(3.39)

’0 G= 0.0008163s + 200000 —0.0008163

s?2 + 10s — 2450 s+ 10

M1 }\12] [ A1 1—-24
A(G) = Eq(3.40
© = 7\21 A2z 1—-24 M1 a )

M1 = Eq(3.41)

1— 812821
811822
g12(0)g21(0)

g11(0)g22(0)
0.0000351 x (—81.632)

~ (—204.0816) x 0.0008163

= —0.17199 Eq(3.42)
Using eq (3.38) & eq (3.39 ), we get:
A = 0.8531;1 —A;; = 0.1469

K(0) =

non
RGA,A(G) = |} Eq(3.43)
d_1 d;
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RGA of a SIDO converter is as follows: RGA = [8?22; 8%‘;22

911 0 ]
G = [ Eq(3.44
0 gy q(3.44)

. V V; N
Since, the values of d—l and -2 are close to 1. So transfer functions elements g,

1 d
and g,, will have greater impact on output voltages (this is rather than other two
transfer functions and it is called decentralise [10].

Z'l—.l turnltln Page 25 of 48 - Integrity Submission Submission ID  trn:oid:::27535:141000223



z"-.l turnitin‘. Page 26 of 48 - Integrity Submission Submission ID  trn:oid:::27535:141000223

CHAPTER 4

STABILITY ANALYSIS OF SI-SIDO BOOST CONVERTER

4.1 Introduction

Renewable energy, particularly solar photovoltaic (PV) technology, has emerged
as a leading solution to the global energy crisis. As of 2022, renewables account
for 29% of global power generation, with India contributing 23% [11]. Recent
cost reductions in solar PV have made it competitive with conventional energy
sources, offering zero emissions and low maintenance operation. However, large-
scale installations require substantial land and face challenges related to
intermittent power generation.

A wide variety of DC-DC converter topologies exist for managing power flow
between sources and loads. Using multiple individual single-input single-output
(SISO) converters to achieve dual outputs doubles component count and
increases overall cost [11]. The Single-Inductor Single-Input Double-Output (SI
SIDO) converter addresses this by delivering two regulated output voltages from
a single input using one shared inductor, reducing cost, board area, and
complexity.

SI SIDO converters are widely used in portable electronics, EV charging, and
renewable energy systems. The shared inductor is time-multiplexed across both
output ports, achieving high power density. However, this introduces cross-
regulation between outputs, requiring a systematic control strategy for
independent voltage regulation.

In practical renewable energy systems, multiple sources such as solar panels,
batteries, and wind turbines feed into a single converter, supplying multiple loads
simultaneously [12]. The SIDO topology provides an efficient and cost-effective
solution for such multi-output applications.

£ M

M Output V1 (12V)
SIDO DC-DC DC Load

Converter
(Single Input Dual Output) Output V2 (5V)

Solar Panel

(PV Source)

DC Load

Fig 4.1.1 Block diagram of Solar Panel
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4.2 PV Array and Simulation

The new proposed SI SIDO boost converter is simulated using
MATLAB/Simulink based on a single inductor as part of its function to provide
two separately regulated output voltages thus providing a low cost and compact
solution [13]. The gate pulses (for each switch) are complementary, therefore
allowing each output voltage to be adjusted independently giving the converter a
practical advantage of being able to supply two loads with differing voltage levels
at the same time.

The converter input is supplied by a solar PV array containing thirty (30) PV
modules configured to form a 10x3 array [13]. The combined array output voltage
will vary with irradiance, as shown on the Power vs. Irradiance characteristic.
When irradiance changes, the output voltage from the array will fluctuate as well,
directly affecting the input to the converter [13]. To ensure stable output voltages
under changing conditions of output voltage from the PV array an MPPT
controller is used with the converter in order to extract the maximum amount of
power possible from the PV array regardless of changes to the environment.

MPPT methods are generally categorized into two groups. The first group is
indirect methods which use fixed voltage, open circuit voltage, and short-circuit
current techniques to estimate the MPP without measuring it directly. While
indirect methods are easier to use, they offer less accuracy than direct methods.
The second group is direct methods such as Perturb & Observe (P&O) and
Incremental Conductance (IC), which measure voltage, current, and power in
order to locate the MPP very accurately and quickly. In this project, the P&O
method will be utilized due to its ease of use and consistent results for the given
operating characteristics [14].
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Fig 4.2.1 PV Array

4.3 MPPT and P&O technique

(114 Perturb & observe (P&O) is one of the most common direct maximum power

point tracking (MPPT) methods for photovoltaic (PV) systems. The P&O
method introduces a small disturbance at the PV module output causing a
variation in output power [14]. It checks the most current power output to that
output using historical measurements. If there is an increase in power output,
another disturbance will be introduced. If there is no increase in power output,
the previous disturbance will be removed. The perturbation introduced in the
P&O algorithm is usually applied at the terminal voltage of the module or array.
By measuring the change in output power with an incremental change in
terminal voltage, the current operating point of a PV module can be determined
in relation to the maximum power point (MPP) [14]. If the increase in output
power occurred while raising the terminal voltage, this indicates that the current
operating point is to the left of the MPP and that additional increases in terminal
voltage are required to reach the MPP. Conversely, if the increase in output
power occurred while lowering the terminal voltage, this indicates that the
current operating point is to the right of the MPP and that a reduction in terminal
voltage is necessary to move toward the MPP [14].
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Fig 4.3.1: Maximum power point graph between Power and voltage

In figure 4.3.1, the maximum power versus the input voltage is presented for a
variety of irradiance values [15]. These will be used to compare the accuracy
and precision of the models tested on this MPPT controller; the more accurate
the output of a model, the less deviation the model will have from the actual
power generated and transmitted, therefore making that model more efficient
at generating and transmitting power.

25

) s e B e me S T
$15 ___________________________________________________________________________________________________
il
o
|
R e S S SR e S e ©
(&) ! .

| r— Current at 1000 irradiance o D TR
S — Current at 800 irradiance | ’
== Current at 600 irradiance

0 ' ' ' ' :
0 50 1000 150 200 250 300 350 400
Voltage (V)

Fig 4.3.2 Maximum power point graph between current and voltage
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In figure 4.3.2 by plotting the values of the current flowing through the maximum
power point voltage, we can provide direct comparisons of how well the various
models predict currents for different levels of irradiance. At each of the three
irradiance values (1000, 800, 600), there is one maximum current value recorded:
23 A for 1000, 18.6 A for 800, and 13.8 A for 600. All three currents will be used
in subsequent comparisons between models [15].

MOSFET
SIDO Boost Converter switch2

D s D2
Lin m
4112 2 <
A MOSFET @ly
Switch1 |D DI G

PV
Array

Load 2

Load 1

out

Ipy
Voo MPPT PWM
PV _y| Controller

Fig 4.3.3 Model 1 of SIDO

The SIDO converter operates in three different ways with different levels of
control. During Switching Stage 1, Switch S1 is conducting while the inductor
charges. During Switching Stage 2, Switch S1 turns off and Switch S2 turns on
so that the inductor can begin discharging and sending its energy to D1, C10ut,
and R1, which creates a voltage across Load 1. During Switching Stage 3, both
Switch S1 and S2 turn off so that the inductor sends its energy through D2 to
Cout2, R2 which creates a voltage across Load 2 [15]. The model has also two
controllers associated with each of the outputs, therefore one controller is
working with Output Voltage 1 and Switch S1 while the other controller is
working with Output Voltage 2 and Switch S2. Both controllers will work
together to maintain a stable output voltage [15].
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Fig 4.3.4 Model 2 for SIDO
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RESULT AND DISCUSSION

5.1 Analysis of Model 1(Proposed Model) & Model 2(Reference Model):

The purpose of this paper is to assess the efficiency/stability of the photovoltaic
array solar system by evaluating the two models (Model 1 and Model 2) with
reference to their suitability for practical application [16]. The simulations of the
two models will be performed using irradiance values of 1000, 800, and variable
irradiance; therefore, the stability of the two models will be able to be assessed
under low irradiance conditions. Furthermore, the stability of the two models will
also be evaluated under variable irradiance conditions between 600 to 1000 [16].

Graphs of both models plotted with irradiances of 1000 and 800 respectively as
well as one graph covering various irradiances are all displayed below [16]:
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Fig. 5.1.1 Voltage outputs of SIDO Converters at Constant Irradiance

In comparison to the proposed SIDO Model, another Model, or Model-2 was
analysed in the effort to ascertain which one is superior for stability and
efficiency with the photovoltaic solar array system and also which model is
more practical for their intended use, i.e. Model-1 & Model-2 [16]. The
simulation of both models is done using irradiance levels of 1000, & 800, plus
variable irradiance level(s) [17]. This enables the comparison of each model
regarding stability in low irradiance conditions. It also enables the comparison
of the stability of each model concerning variable irradiance levels from 600 to

1000 [18].
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Fig. 5.1.2 Plots of SIDO Converters at Variable Irradiance

5.1.1 Model Evaluation

5.1.1.1 Model Evaluation for Constant Irradiance Level

All graphs of both Models have been plotted based on the data of emitted energy
values of 1000, 800 and including one with variable emitted energy values are
shown in figure 5.1.2a. The graph shown in figure 5.1.2b is the output voltage V1
of each Model and indicates Model-1 has a much faster stabilization than Model-
2 as indicated for conventional SIDO. The maximum power point is reached
much more quickly with Model-1 than with Model-2 as indicated by having a
much higher output voltage at maximum irradiance than Model-2 would have.
Also, as indicated in figure 5.1.2c present mapping of output voltage V2 for the
Models at emitted energy of 1000 shows Model-1 is more stable in terms of
reaching a stable output voltage than Model-2 (conventional SIDO) [18].

The graph in figure 5.1.2d shows output voltage V1 for both Models has
stabilized very rapidly for Model-1 compared to conventional Model-2 as
indicated by Model-1’s behaviour in reaching maximum power point is much
more easily and accurately than with Model-2 [18]. Therefore, Model-1
demonstrates an ability to be less variable with emission energy produced at
maximum power point due to the faster, more easily achieved stabilization
compared to Model 2. The graph shows that V2 output voltage is much more
stable for Model 1 than would be produced by Model 2 (conventional SIDO).
Therefore, it can be inferred that Model 1 will also produce more stable output
voltage when the irradiation energy is low [18].
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5.1.1.2 Model Evaluation for Variable Irradiance Level

Irradiance levels range from 1000 to 800 to 600 and will affect the amount of
sunlight on a solar panel, thus affecting the electrical output of the PV Array [18].
The output for each irradiance level is directly proportional to the amount of
energy produced by the solar array (1000 units yields the most energy—
maximum amount—while decreasing the number of units results in a
proportional decrease in energy produced; i.e., when the irradiance level is
decreased to 600 units the energy generated will again be decreased from 800
units/1000 units) [18]. The variable irradiance profile for this project (i.e., 1000
units for 0 to 3.5 seconds, 800 units from 3.5 to 7 seconds, and 600 units for
remainder of time) is depicted in figure 5.1.2c above [19].

The conclusion is that the performance of the PV Array directly relates to the
changes in irradiance and requires changes to parameters, e.g., tilt angle, tracking
device(s), etc., to maintain optimal performance.

From figure 5.1.2, it can be observed that Model 1 achieves stability faster,
produces greater maximum output, has less damping, and stays very close to the
MPPT reference value than Model 2 (damped output). figure 5.1.2b shows the
voltage response under variable irradiance at which Model 1 has reached
stabilization more easily across all irradiance levels and properly tracks the
maximum power point voltage (V1 = 500 V) than Model 2; the response to
voltage was also slower in Model 2 than in Model 1 [19]. The output voltage, V2,
of the two models as shown in figure 5.1.2 confirms the superior stability
response of Model 1. Model 2 has a lower damping coefficient that results in
more oscillations and longer settling times. As the irradiance level decreases,
Model 2's damping will also be affected [19].

5.2 SIDO CONVERTER UNDER PARTIAL SHADING CONDITIONS
5.2.1 Partial shading conditions:

This analysis does four separate tests on the performance of the SI-SIDO boost
converter under realistic conditions with different amounts of shading to get four
different partial shade related to each separate test condition, where all four tests
are performed with an initial operating point of 1000 W/m”2 for the photovoltaic
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(PV) array at t=2.5 seconds with shading added using MATLAB/Simulink to
compare the output voltage and output power for Model 1 and Model 2 for each
respective scenario [19].

Case 1: At first there's an irradiance of 1000W/m2 for this case. After 2.5 sec.,
the irradiances change: 500W/m2 (Column 1), 700W/m2 (Column 2), Column 3
(no change). The greatest point on the maximum power point tracking curve is
5.15W[19].

Involves a PV array producing a uniform irradiance of 1000W/m? throughout the
simulation and serves as a reference case for both models being compared, while
also demonstrating unshaded, ideal conditions. As shown in figure 5.1.2, Model
1's output voltage is greater than that produced by Model 2 (approximately 410V
vs. 350V, respectively) [20]. The differences in output voltage between Model 1
and Model 2 result from the use of opposing gate control signals within Model 1
which causes the output ports to generate different voltages from one another.
The output voltage 2 of both models remains the same and stable under this case
and shows that both topologies have successfully regulated the secondary side of
the converter (see figure 5.1.2a). In terms of actual power delivered to the load,
Model 1 generated approximately 5100 Watts versus 4500 Watts from Model 2
as seen in figure 5.1.2b. The significant difference between power output (600
watts) further validates Model 1's better overall performance and demonstrates
its increased ability to extract power from the PV array in comparison with Model
2 even under standard uniform irradiance conditions providing greater efficiency
for the total PV System [20].
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Fig 5.2.2 Performance Analysis of SIDO Converter under Partial Shading

Case Il: According to the Situation with respect to the irradiance value has
changed from 1000 W/m2 to 700 W/m2 in 2.5 seconds from the initial 1000
W/m2 value. Column 1 is comprised of 2 modules that were affected and in
column 2, 3 modules were affected due to the drop in irradiance, in addition to
column 3 also seeing a reduction in irradiance for 4 modules from column 2 and
3 modules from column 4 [20]. Shows the Maximum Power Point Tracker
(MPPT) curve for this instance and indicates a Maximum Power Output (MPO)
of 5.39 W.

A partial shading scenario is introduced at t = 2.5 seconds with a non-uniform
irradiance pattern applied across the PV Array. The purpose of this evaluation is
to test each model's output voltage and power extraction from the PV Array
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(which is partially shaded). As shown in figure 5.1.1, Model 1 produces
significantly higher output voltage as compared to Model 2 (approximately 430V
versus 360V) when exposed to non-uniform distribution of irradiance. The output
voltage 2 for each model is consistent and stable represented in figure 5.2.2,
verifying both topologies provide stable secondary output regulation despite the
partial shading. The power output of Model 1 is approximately 5400W as
illustrated in figure 5.1.2a which is over 4500W produced from Model 2; the
difference in power output of approximately 900W is the largest performance
difference between all four cases and reinforces the superior MPPT capability of
Model 1 in partial-shading scenarios therefore resulting in large increases in
efficiency for the complete PV System [20].
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Fig 5.2.3: V&P characteristics of SIDO Converter under Non-Uniform Irradiance
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Case Il1: The irradiance in column one drops from 1000W/m2 to 500W/m?2 after
2.5 seconds, as measured at the last four modules. The same is true for the last
three and last two modules of columns two and three, respectively. The MPPT
curve (figure 5.2.3) shows a maximum power output of 4.46W [20].

The shading of the PV array was reversed compared to Case 2 and the irradiance
level decreased to 500W/m? (making it a more difficult and lower an operating
scenario) [21]. The purpose of this case was to determine how well both models
would perform at low irradiance and when there is a reverse shading pattern. As
evidenced in figures 5.2.3a and 5.2.3b, at the lower irradiance level of 500W/m?2,
Model 1 has a substantially higher output voltage than Model 2. Model 1
produced an output voltage of approximately 420V while Model 2 produced
approximately 340V for a difference of approximately 80V (approximately 80V)
at the lower refrigerant levels in both cases [22]. Notably, as demonstrated in
figure 5.2.3c, both models provided the same amount of electrical energy (same
or slightly different) however, Model 1 could produce slightly more than Model
2 due to the extremely low amount of irradiance and the shading being opposite
of this scenario [23]. A reduction in power due to irradiance and shading patterns
has caused the voltage gap to be much closer from one model to another (between
Model 1 and Model 2). However, in both voltage and power, Model 1
demonstrated superiority and reliability with respect to performance of both
models under very difficult environmental conditions [24].
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Fig 5.2.4 Comparative Output Response under Reverse Shading Pattern

Case IV: The beginning of this scenario has an irradiance value of 1000W/m2.
At 2.5 seconds, column 1 (with the first 5 modules) has decreased irradiance
output down to 700W/m2 for the first five modules and 500W/m2 from the next
five modules[25]. The last two modules in column two have further decreased
irradiance output down to 300W/m2 and column three also followed suit with
similar results. The MPPT curve in figure 5.2.4 shows a maximum power output
of 4.75 watts [26].

The fourth case is the most intricate of all four experimental case studies and has
a complicated system with the presence of multiple levels of irradiance spread
over different areas of the PV array at the same time [27]. The purpose of this
case was to test whether or not both models are able to locate the global maximum
power point for the system, given the presence of many peaks in the power vs.
voltage with the many different levels of partial shading on the system [28]. As
illustrated in figure 5.2.4a, Model 1's output voltage was significantly (again, for
the third time) higher than that of Model 2 with an output voltage of about 400V
for Model 1 compared to that of Model 2 which was only 350V and maintaining
that same output voltage advantage throughout this test with the presence of the
complicated distribution of irradiance [29]. Likewise, as displayed in figure 5.2.4,
the output power of Model 1 (approximately 4500 watts) exceeded that of Model
2 (4000 watts) by 500 watts. This further indicates that Model 1 is able to
correctly identify and track the global maximum power point of the PV array
(which has multiple local maxima along the power vs. voltage curve) and that the
model is robust and reliable, even under extreme and real-world conditions of
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multi-level partial shading for all levels of the PV array and will ultimately
provide more efficiency for the entire PV system [30].
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Fig 5.2.5 Analysis of SIDO Converter under Complex Partial Shading
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- @ CHAPTER 6
CONCLUSION AND FUTURE SCOPE
6.1 Conclusion

The purpose of this study was to perform a comprehensive comparative
evaluation of two single-inductor single-input dual-output (SI-SIDO) boost
converter topologies (Model 1 and Model 2) when coupled to a solar photovoltaic
(PV) array operating under variable irradiation levels (1000 W/m?z and 800 W/m?)
as well as under multiple partial shading conditions. The goal of this study was
to compare the performance of the two converter topologies, with respect to
stability of output voltage, efficiency of power extraction, transient response, and
reliability of operation under dynamic and non-uniform environmental conditions
and of a nature that was closely aligned with typical operation of PV systems in
the field.

In all of the evaluation scenarios tested, without exception, Model 1 outperformed
Model 2 in all measured parameters. For example, at full irradiation (1000 W/m?),
Model 1 provided less voltage transient/oscillation at both V1 and V2 output
terminals than Model 2 when transitioning from one output condition to another.
This indicates a much stronger ability for Model 1 to provide stable output voltage
and to regulate output voltage while supplying high power levels from the input
converter under transient conditions than Model 2. Conversely, Model 2
exhibited more voltage transient/oscillation and longer settling time from one
output condition to another than Model 1. Thus, under the same test conditions,
Model 1 demonstrates that it is much less likely than Model 2 to provide an
unreliable power supply for loads that are connected to the converter via either
inverter or otherwise. At 800 W/mz irradiation, which represents moderate to low
sunlight that generally characterizes partly cloudy conditions, Model 1 again
performed well with respect to regulation and stability of the output voltages (V1
and V2), while Model 2 performed poorly with respect to regulation and stability
of the output voltage (V1 and V2) and was more sensitive to changes in input
power levels due to immaterial changes in irradiance.

Thus, the widening performance gap between the two converter topologies will
continue to occur at all irradiance levels over the course of the evaluation, which
demonstrates that Model 1 circuit topology and decentralized PI control are more
capable than Model 2 circuit topology with respect to adapting to continuously
changing environmental conditions.
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Model 1 again showed its superiority over Model 2 under all four partial shading
conditions by producing higher voltages and greater power extraction than Model
2. Model 1 also accurately tracked the global maximum power point (MPPT)
under non-uniform irradiance with multiple local peaks in the power versus
voltage curve showing its capability as an MPPT compatible conversion topology
while Model 2 could not and this illustrated the practical limitations of its design
for real-world photovoltaic applications.

The good stability continuous output waveform (with little or no voltage spikes)
produced by Model 1 helps to protect sensitive electronic (downstream) loads as
well as enable reliable operation of grid-connected inverters (grid-tied inverters
require stable, continuous DC input in order to operate efficiently). The reduced
voltage ripple and the thermal stress on the internal switching components caused
by voltage spikes results in reduced heat produced within the converter. This also
contributes to the extended operating life of the PV system as well as the overall
economic viability of the entire system due to reduced component wear-out rate
and reduced long-term maintenance cost.

6.2 Future Scope

While this investigation shows a performance advantage of Model-1 over Model-
2 at two specific irradiance levels, there are many more new ways to do further
research and development based on the results of this work. Since the DC-DC
Converter design field is developing quickly for photovoltaic systems, below are
a few new directions in which research could continue in the future.

Incorporating Maximum Power Point Tracking (MPPT) algorithms the
incorporation of advanced MPPT algorithms, such as Perturb and Observe
(P&O), Incremental Conductance (INC), and Al-based, into the SIDO boost
converter represents one of the most promising improvements that could be
further investigated. MPPT algorithms adjust the PV panel operating point
continuously to take advantage of fully generating maximum power available
with the PV panel in any environmental condition. This, in addition to the ability
of Model-1's stable design, may greatly increase energy harvesting efficiency and
ability to handle rapid changes in irradiance experienced due to clouds and
shading.
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Performance evaluation of PV arrays in non-uniform irradiance the experiments
reported here were conducted with constant irradiance across the entire array
(uniform irradiance). Future studies should evaluate the performance of both
converter models under conditions of non-uniform irradiance (partial shading),
where portions of the PV array receive different amounts of irradiance. Partial
shading creates multiple local peaks in the power-voltage (P-V) characteristics of
the PV array, making it more difficult to extract power. It is important to evaluate
how Model-1 functions under these conditions of non-uniform input to better
understand how the model will behave in real-world conditions and to determine
if it is viable in terms of durability and reliability.

Advanced and intelligent controllers the control mechanism used to operate a
boost converter has a significant effect on the converter’s performance. Future
work is needed to evaluate advanced controller technologies (e.g., fuzzy logic
control, sliding mode control, model predictive control (MPC), and neural
network-based control) with the goal of improving both the dynamic response
and voltage regulation of the SIDO converter. Intelligent control technologies are
preferable for managing the nonlinear and time-varying characteristics of the
input to the PV system.

Cost reduction and material optimization to ensure the commercial viability of
solar energy technologies, it is important that the cost to manufacture SIDO boost
converters is minimized to allow for the widespread adoption of solar energy-
based technologies. Materials and technologies that will help enhance the
efficiency of the converter while reducing the size and cost of these devices must
be explored.

Hardware prototype development and field testing simulation as well as lab
testing may provide theoretical insight, but both methods show the need for a
hardware prototype developed and tested in a real PV installation for
confirmation of the simulation results and to identify other potential challenges
that may exist while testing in a more controlled environment. Building a
hardware prototype of the Model-1 SIDO converter would provide a means to
assess its performance under a variety of geographical and thermal conditions.
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