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ABSTRACT

Single-Inductor Dual-Output (SIDO) DC-DC boost converters have gained significant
importance in modern power-electronic applications because of their compact structure,
reduced component count, improved power density, and capability of supplying multiple
output ports using a common energy-storage element. However, due to the presence of a
shared inductor, strong coupling and interaction exist between output channels, thereby
making controller design and stable voltage regulation considerably challenging. The
interaction between output channels significantly affects transient response, robustness
characteristics, disturbance rejection capability, and overall converter performance. In
this work, interaction analysis and decentralized controller design of a Single-Inductor
Dual-Output DC-DC boost converter are presented. The proposed converter system is
mathematically modelled using small-signal state-space analysis and represented in
Multiple-Input Multiple-Output (MIMO) form. The interaction characteristics of the
converter are investigated using Relative Gain Array (RGA), Dynamic Relative Gain
Array (DRGA), Hankel Interaction Index Array (HIIA), singular value analysis and
frequency-domain stability analysis. Based on the interaction behaviour, decentralized
PID controllers are designed using reference-tracking, disturbance-rejection, and
balanced tuning methodologies. Designed controllers are comparatively analyzed
through the loop transfer function approach, decoupled channel approach, sensitivity
function approach, Nyquist approach, and closed loop frequency response approach.
Robustness and stability features of the converter are investigated during different
working conditions. The performance of the proposed control schemes is verified by
carrying out MATLAB/PSIM simulations. Comparative investigation of transient
response, interaction mitigation, and robustness margins is conducted. The findings of
the comparative study show that the balanced control scheme exhibits better damping
characteristics, reasonable robustness margins, minimization of interaction gain, smooth
transient response, and stabilization of output voltage regulation under load changes and

tracking of the references.

Keywords: SIDO boost converter, Multivariable control, Interaction analysis, RGA,

HIIA, Hz-norm interaction, Controller Design.
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CHAPTER 1

INTRODUCTION

The constant development of power electronics has created an ever-increasing need for
efficient power conversion technology that is also space-saving and economical. The
increasing complexity of electronic equipment has made it essential that there be multiple
regulated voltage supplies from one energy source. This has spurred research into novel
converter structures that would be efficient yet simple and economical. Multi-output dc-

dc converters represent an interesting option for this type of structure.

1.1 Motivation

The faster-growing adoption of renewable energy systems, electric vehicles, DC
microgrids, telecommunication infrastructures, aerospace electronics, and portable
devices has led to the increased demand for small-size and high-efficiency power
conversion circuits. Electronic systems nowadays need different regulated voltage levels
for operation. Traditional approaches include implementing multiple single-input single-
output (SISO) converters separately generating independent output voltages. While such
schemes are proven and reliable, they entail using a large number of magnetic
components, switches, gate drivers, and controllers, which results in the increased
converter size, power loss, cost, and implementation difficulty [20], [31], [49]. Multi-
output DC-DC converters are promising solutions that allow increasing the power
density in power supplies by merging multiple outputs into a single topology with
multiple controlled outputs [20], [31]. Single-Inductor Double-Output (SIDO) converters
are among the most effective multi-output DC-DC converters owing to the ability of

generating two regulated outputs with a single shared inductor [9], [23], [39].

Having only one inductor minimizes the need for components and allows creating a more
compact, cost-efficient, and effective converter. The SIDO converter is extensively
employed in battery-based power sources, renewable energy sources, distributed power
supplies, and embedded electronics [21], [41], [49]. Unfortunately, SIDO converters

show strong couplings because two output channels work based on the same inductor.



Any change of one of the control inputs affects both output voltages causing mutual
influences and couplings of channels [9], [10], [13]. Then, the SIDO DC-DC converter
works as a MIMO system, and its channels interact strongly with each other. Such
interactions increase the difficulty of designing controllers and adversely affect
performance in the form of worse transient response, oscillations, instability, and

disturbances rejection [1], [17].

Decentralized controllers design requires careful investigation of couplings to define
proper input/output channels combinations. Bristol developed a method for calculating
steady-state interaction in MIMO systems, namely, Relative Gain Array (RGA) method
[1]. However, as power converters exhibit highly frequency dependent behavior, the
information on steady-state couplings is not enough for designing a good controller. To
compensate for this shortcoming, there are multiple methods of performing dynamic
interaction analysis of power converters based on the Hankel Interaction Index Array

(HITA), approaches, Singular Value Decomposition (SVD), and Hz norm interaction [3]—
[6].

Several approaches to minimizing interaction of MIMO systems were introduced
recently. They involve decentralized PID controllers, feedforward decoupling, sliding
mode control, observer-based methods, robust control, and optimal multivariable control
[11], [15], [28], [29], [35], [46]. Despite the numerous possible options of controlling
SIDO converters, decentralized control based on PID algorithms remains popular due to

simplicity, easy tuning and small number of calculations required [16], [19].

The present work focuses on interaction analysis and controller designed for a Single
Inductor Double-Output boost converter system. The converter is made using small-
signal state-space techniques and represented as a MIMO system. Various frequency-
domain interaction analysis tools including Relative Gain Array (RGA), HIIA, singular
value analysis, Nyquist analysis, and Bode analysis are employed for evaluating dynamic
interaction characteristics. Based on the obtained interaction information, decentralized
controller structures are designed and analyzed under different operating conditions.
Comparative performance analysis of reference-tracking, disturbance-rejection, and

balanced controller tuning approaches is also presented.



The primary purpose of the dissertation is to check the effect of interaction on the
dynamics of the converter and to prove that an interaction-based control approach would

lead to improved closed-loop characteristics of the SIDO system.
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Figure 1.1 Conventional Multiple SISO Converter Structure

As shown in Figure 1.1, a traditional power conversion scheme employs SISO converters
for producing various output voltages. Though independent control is possible, the use of

multiple converter units adds complexity, converter volume, switching losses, and cost.
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Figure 1.2 Single-Inductor Double-Output DC-DC Boost Converter

Figure 1.2 showing the configuration of a SIDO converter being analyzed in the
dissertation. This particular converter makes use of a single inductor that transfers energy
to both output ports. Because of the shared dynamics of the inductor, coupling occurs in

the output channels.



This topology is distinguished by the utilization of a single common inductor as an energy
storage device feeding two output channels. At the converter operation mode, energy is
supplied to the inductor through respective switch turn-on. The energy is then delivered
to respective output channel through a diode and corresponding switching pattern.
Therefore, both output channels utilize a single inductor for energy storage and, therefore,

require much fewer passive components than in conventional multi-converter structure.

Several benefits are provided by the utilization of the single common inductor. They
include, but not limited to, reduction in converter size, component count, improvement
in power density, decreased cost, and increased efficiency. These advantages make the
SIDO converters promising for renewable energy system, battery supply, electric vehicle,

telecommunication and distributed DC power system with multiple regulated voltages.

On the other hand, a single inductor results in certain problems. Namely, the two output
channels are dependent on a common inductor current, thus, variations in duty ratio, load
and reference voltage of one output channel affect the energy supply to another output
channel, resulting in cross regulation and dynamic coupling between output channels. As
such, the SIDO converter control is becoming quite complex because of these

interactions.

Thus, it becomes important to provide proper mathematical modeling and analysis of the
interaction in order to understand behavior of the SIDO converter and develop a suitable
controller design approach. The modeling procedure, interaction analysis and control

design algorithm will be described in the upcoming sections of this thesis.

1.2 Literature Review

This Multi-output DC-DC converter have received substantial attention owing to the
capability of producing multiple regulated voltage levels through utilizing less physical
hardware elements. The main features of single-inductor multiple-output converter
topologies include smaller size of the converters, higher power density, reduced
switching losses, and minimized passive element usage, as opposed to traditional
multiple-converter configurations [20], [39], [49]. Various SIDO converter topologies
have been reported for low-power electronics, distributed power, photovoltaics, and

mobile devices [21]-[24]. The major drawback of SIDO converters includes interaction



between the different outputs due to the common inductor dynamics. Specifically, Dasika
et al. [9] have studied the multivariable control problem in SIDO boost converters and
have shown the presence of significant interaction between the control loops. Bahrani et
al. [10] have considered the multivariable aspects of SIDO converters and illustrated that
independent single-input single-output control approaches might result in unsatisfactory
performances at dynamic operations. Other relevant references related to the issues of
interaction and cross-regulation of multi-output converters have been introduced in [11]—
[15].

The interaction analysis is crucial in multivariable controller design problems. In [1],
Bristol has developed the Relative Gain Array (RGA) technique allowing to analyze this
steady-state interaction and determine accurate input—output pairings for a multivariable
system. However, static interaction analysis proves ineffective for power electronic
converters owing to the very nature of such systems. Therefore, several interaction
analysis techniques taking into account frequency-dependent behavior of power

converters have been suggested in [3]-[6].

Specifically, these include various Hankel norms, Gramian matrices, and H: interaction
measures. Several control techniques have been proposed for eliminating or reducing
interaction effects and enhancing the voltage control performance of SIDO converters.
Traditional PID controllers used in a decentralized fashion have proven to be widely
applicable [16], [19]. Feedforward decoupling techniques have been proposed in [29] for
reducing the influence of cross-coupling between output channels. Robust controller
designs aimed at reducing interaction and providing enhanced disturbance suppression
have been discussed in [15] and [46]. Also, observer-based control and sliding-mode

control strategies have been proposed in [30], [35].

Although extensive literature can be found related to control of SIDO converters, few
reports cover the interaction analysis and controller design combined. Specifically, the
reported works are mostly dedicated either to SIDO converters' modelling or to designing
the respective controllers without paying enough attention to the interaction aspects.
Thus, performing comprehensive frequency-domain interaction analysis together with
decentralized controller design for SIDO boost converters is still an important research

direction.



1.3 Research Objectives

Following is the summary of the main purposes of this dissertation:

1. Design of the small-signal dynamic model of the Single-Inductor Double-
Output (SIDO) Boost DC-DC converter.

2. Analysis of the interaction effects in the two channels of the converter through
RGA, HIIA, and Singular Value methods.

3. Evaluation of different controller design methods to achieve stability and

robustness in the converters.

1.4 Organization of Dissertation

This thesis is structured into 6 chapters. The first chapter contains the introduction,
motivation, literature survey, and objectives of this thesis. Chapter second above
discusses the topology and the working principle of Single Inductor Double Output of
this Boost Converter system. Also presented are state-space modelling and small signal
linearization of the converter system. Chapter 3 deals with the interaction analysis of the
SIDO converter using Relative Gain Array (RGA), Higher Interaction Index Approach
(HITA), Singular Value Analysis, Bode Analysis, and Nyquist Analysis.

Chapter 4 explains decentralized control design methods for SIDO converter system.
Methods such as reference tracking, disturbance rejection, and optimal controller tuning
are explained. In Chapter 5, simulations are performed along with comparative analysis
of the suggested controllers under various operating conditions such as variations in load
and reference. Finally, the conclusion of the current research and future research
directions for SIDO converters are discussed in Chapter 6. The sources referred to in the

entire dissertation are listed in the last part of the thesis.



CHAPTER 2

SINGLE-INDUCTOR TWO-OUTPUT BOOST CONVERTER
TOPOLOGY, OPERATION AND SMALL-SIGNAL MODELLING

2.1 Introduction

Single-Inductor Dual-Output (SIDO) DC-DC converters have gained a significant
attention in recent years because of this compact structure, reducing component count,
improved power density, and lower implementation cost. Unlike conventional multi-
converter systems that require separate inductors and switching stages for generating
multiple regulated outputs, SIDO converters utilize a single magnetic element for
supplying power to multiple output channels simultaneously [7]-[10]. Consequently, the
widespread usage of SIDO converters can be seen in portable electronic devices,
telecommunication apparatuses, automotive electronics, renewable energy systems, and
distributed DC power systems. Though, the employment of a single inductor increases
the efficiency of the circuit, as well as reduces its physical dimensions, it causes the
presence of interaction between the two output circuits. Since these both output channels
share the same inductor current, any change in one channel affects the second output
channel. This phenomenon is known as cross-regulation or interaction effect [11]-[14].
The presence of interaction significantly complicates controller design and stability

analysis.

Therefore, the SIDO boost converter behaves as a Multi-Input Multi-Output (MIMO)
system rather than an alone Single-Input Single-Output (SISO) system. Conventional
independent controller design approaches are generally inadequate for such converters
because they fail to account for dynamic coupling between output channels.
Consequently, proper mathematical modelling and interaction analysis become essential

for achieving satisfactory closed-loop performance.

This chapter represents the topology, operating principle, steady-state analysis, state-
space modelling, small-signal transfer function derivation of the proposed SIDO boost
converter. This derived mathematical model forms the basis for analysis and controller

design presented in subsequent chapters.



2.2 Circuit Topology of the Proposed SIDO Boost Converter

The proposed Single-Inductor Dual-Output boost converter considered in this

dissertation is shown in Fig. 2.1.
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Fig. 2.1 Circuit Diagram of SIDO Boost Converter

The converter consists of:

1 DC input source V;,,,

2 shared inductor L,

2 controlled switches,

2 diodes,

2 output capacitors Cyand C,,

load resistors here are Ryand R,.

Two output voltages, V/;and V,,, are generated by the SIDO DC-DC boost converter

using two separate duty cycles, d;and d,, respectively. Using a single common inductor

makes this design highly compact and efficient, as there are fewer parts needed and

lower switching losses in comparison with the traditional converters. On the other hand,

since both the outputs depend on the same inductor, any change in the energy provided

by one output will automatically affect the other one as well. Hence, there is high

coupling between the two output voltages in terms of their stability.



The converter parameters used in this simulation and modelling are in Table 2.1.

TABLE 2.1 CONVERTER PARAMETERS

Components Symbols Parameters
Inductor L 470 uH
Capacitors Cy,C, 220 pF, 220 pF
Resistors R{, R, 48 Q, 36 Q
Input Voltage V; 12V
Output Voltages Vo, Vi 24V,18V
Load Currents Iy, I 0.5A,05A
Switching Frequency fs 50 kHz

The converter operates in Continuous Conduction Mode (CCM), where the inductor

current remains continuous throughout the switching cycle.
2.3 Principle of Operation

The operation of the proposed SIDO boost converter is based on controlled charging and
discharging of the common inductor. Depending upon the switching states of the power

switches, energy stored in the inductor is distributed between the two output channels.

Since both outputs share the same inductor current, the energy transfer process inherently
produces interaction between output channels. Therefore, any change in duty cycle

associated with one output also affects the second output channel.

The converter operation during one switching cycle can be explained using four operating

modes.
2.3.1 Mode I Operation

At this time, Q1 gets turned ON whereas Q2 remains OFF. The energy is provided to the
inductor from the input source and hence gets stored within the magnetic field of the
inductor. With rising current in the inductor, both diodes are reverse-biased and thus the
output energy is zero. Thus at this instant, energy is fed to the output by the output

capacitor only.
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Fig. 2.2 Equivalent Circuit During Mode I
The inductor voltage will be:
V., =Vin (2.1)
Hence, inductor current rises as follows:
dip V; (2.2)

dt L
As no energy is being supplied to either of the two outputs, energy discharges from the

capacitor to the load and hence the current in the capacitor may be written as:

dVor _ Vor (2.3)
Pde Rp

dVon _ Vou (2.4)
Noat Ry

This is because at this stage the inductor is storing energy but output capacitors are

maintaining the output voltages.
2.3.2 Mode II Operation

or this period of time, switch Q1 remains off, allowing the energy stored in the inductor
to be transferred to the positive side via diode D1. Also, the capacitor CP is being charged
while power is delivered to the load RP. On the other hand, the negative output capacitor
continues to supply its own load since it does not receive energy from the inductor during

this interval.

10
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Fig. 2.3 Equivalent Circuit During Mode II

In this configuration, the current will flow in the following manner:
Ly » Dy - Cp, Rp
Using Kirchhoff’s Voltage Law, the inductor voltage can be expressed as

VL = Vin —Vop (2.5)
Accordingly, the inductor current equation becomes
diy _Vin=Vor (2.6)
L,
Since the inductor current is directed toward the positive output capacitor, the voltage
dynamics of the positive output are given by
dVop _ _@ (2.7)
Podt LRy
The negative output does not receive any energy from the inductor during this mode.

Therefore, its capacitor supplies the load current and its voltage dynamics are described

by

dVON _ _M (28)
Node Ry

Thus, the energy previously stored in the inductor is transferred to the positive output,

charging capacitor CP and supplying load RP, while the negative output capacitor alone

maintains the voltage across its load.

11



2.3.3 Mode IIT Operation

The energy stored in the inductor in this case gets transferred to the negative output
terminal via the diode D2. The capacitor CN receives this energy and delivers power to
the load RN, while the positive output capacitor independently supplies its own load

because it is not connected to the inductor during this interval.
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o o Y'Y YL AAA o
+
< rey i RN§ Von
. (1% o =
Vo T * I * s o
B G — B

Fig. 2.4 Equivalent Circuit During Mode II1

The flow of current in this mode is given by
Ly = D; = Cy, Ry
Applying Kirchhoff’s Voltage Law (KVL) around the power transfer path gives

VL, = Vin—1Von | (2.9)
Therefore, the rate of change of inductor current can be expressed as
ﬂ _ Vin_l VON | (210)
at L,
Since the positive output is isolated from the inductor during this interval, its capacitor

supplies the load current and its voltage dynamics are described by

dVopr _ Vop 2.11)
Cp =2
dt Rp

The negative output capacitor receives the inductor current while simultaneously

supplying the load. Hence, its voltage dynamics are given by

dVon . Von (2.12)
N =T
dt Ry

12



Thus, during this operating mode, the energy previously stored in the inductor is
transferred to the negative output capacitor and load, while the positive output capacitor

alone maintains the voltage across its respective load.
2.4 Steady-State Analysis
The duty ratio relation for the boost converter is expressed as:

Vo —Vin (2.13)

For the proposed converter, the duty ratio associated with power sharing is represented

as:
VaRy (2.14)
Dy =———"7—
VaRp + VpR,
The main duty ratio becomes:
_ DV + (1= Dg)V, (2.15)

The complementary duty ratios are represented as:

DI=1-D, (2.16)
D,=1-D, 2.17)
D,=1-D, (2.18)

The duty-ratio difference responsible for interaction dynamics is represented as:

AD,, =D, — D, (2.19)

Similarly, the output voltage difference becomes:

AV =V, -V, (2.20)

The equivalent resistances considering capacitor ESR are represented as:

R _ RaR 4 (2.21)
eaa Ra + Rca
RpR.p (2.22)

R, =_D2"¢cb
eab Ry + Rep

The steady-state inductor current becomes:

Vo Vb (2.23)
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The steady-state equations indicate that output voltages and duty ratios are dynamically

coupled through the common inductor current.
2.5 Small-Signal Modelling of the Converter

Small signal modelling is used to study the dynamic response of the SIDO boost
converter. Linearization of the SIDO converter about its steady-state values and writing
the SIDO boost converter model in the state space form results in the following small-

signal model of the SIDO converter:

x(t) = Ax(t) + Bu(t) (2.24)

y(t) = Ex(t) + Fu(t) (2.25)
Where x(t)is the state vector, u(t)is the input vector that contains the perturbations in
duty cycle, and y(t)is the output vector that contains the perturbations in output
voltage. In this model, the 4, B, E, and Fmatrices correspond to the state matrix, input

matrix, output matrix, and feedforward matrix, respectively.
The state matrix can be decomposed as

A= [An A12] (2.26)
Ayy Az
where A;;and A,,represent the self-dynamics of the individual subsystems, while

A;,and A, correspond to the interactions between the converter channels.

The transfer-function matrix in the frequency domain is obtained from the state-space

form by
G(s)=E(sl—A)B+F (2.27)
and takes the form
[Ua(s)] _ [011(5) GIZ(S)] [dl(s) (2.28)
vy () G21(5)  Ga2(s)11dy(s)

where v, (s)and vy, (s)are the output-voltage perturbations, and d4 (s)and
d,(s)correspond to the duty-cycle perturbations. The transfer functions on the main
diagonal, G4 (s)and G,,(s), represent the direct control paths between the duty-cycle
inputs and their corresponding output voltages. The off-diagonal transfer functions,

G12(s)and G,1(s), describe the interaction between the two output channels and
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indicate the presence of coupling within the converter. These interaction terms are

responsible for the cross-regulation behaviour observed in the SIDO boost converter.
2.6 Transfer Function Modelling

Using the converter operating equations and small-signal perturbation analysis, the

common denominator of the transfer functions is obtained as:

den = SL + (AD21)2Req,a + D22Req,b (2.29)
The direct transfer function relating output voltage V,with duty-cycle perturbation d;is

expressed as:

((=sLI, + ADy1Vy — (D3, Reqp)Req.a) (2.30)
den

G11(s) =
The transfer function G;;(s)represents the direct control path between input duty ratio
diand output voltage V,. The numerator dynamics indicate the influence of inductor
current, equivalent resistance, and duty-ratio difference on output regulation. Here the
denominator polynomial is determining the dominanting dynamic characteristics of this

converter with proper damping and transient behaviour.

The interaction transfer function relating output voltage V,with duty-cycle perturbation

d,becomes:

(Va + AD211LReq,0L)DéReq,b (2‘31)
den

G12(s) =

The magnitude considering of G, (s) are indicating the presence of strong cross-coupling
happening between the output channels. This interaction behaviour is confirming that
independent controller design is leading to degradedation of transient response and a poor

disturbance rejection.

Similarly, the transfer function relating output voltage V,with duty-cycle perturbation
d,is represented as:

(SLIL - AVabAD21 + D{AD21ILReq,b)Req,a (2.32)

GZI(S) = den

The transfer function relating output voltage V,with duty-cycle perturbation d,becomes:
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—(sLI, + AD;; AV, + D{ADy; [ Reg o )Req b (2.33)

Gzz(s) = den

The transfer functions obtained are clearly indicating that these off-diagonal interaction
transfer functions have significant magnitude when compared to the diagonal elements.

Therefore, interaction effects can’t be neglected during the controller design.

From the converter parameters listed in above Table 2.1, the numerical transfer functions

can be written as these:

~ 2.841 x 107652 + 0.03265 + 74.86 (2.34)
91(5) = 37520952 7 1.269 x 1055 + 1313 X 107
3 6.152 X 107%s2 + 0.0712s + 362.88 (2.35)
912(5) = 5337550952 + 1.269 x 10-%s + 1.313 X 107
3 3.418 x 107%s2 + 0.0417s + 115.20 (2.36)
921(5) = 337550052 + 1.269 x 1055 + 1.313 X 10¢
—5.214 X 107%s%2 — 0.0631s — 216.00 (2.37)
g22(8) =

s34 220952 4+ 1.269 X 10765 4+ 1.313 x 1078

From the obtained transfer functions, it is observed that the magnitudes of off-diagonal
transfer functions are comparable to the direct transfer functions. This confirms strong

interaction between the output channels.

The transfer function gq,(s)particularly exhibits significant magnitude near the
crossover frequency, indicating strong dynamic interaction between output channels.
Similarly, the negative numerator coefficients present in g, (s)indicate inverse dynamic

characteristics associated with the second output channel.

The common denominator polynomial also indicates the presence of coupled dynamics
and low damping characteristics, which may lead to oscillatory behaviour under improper

controller tuning.

Therefore, interaction-aware controller design becomes essential for improving voltage

regulation and stability of the SIDO boost converter system.
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2.7 Summary

This chapter presented the topology, operating principle, steady-state analysis, and
mathematical modelling of the proposed Single-Inductor Dual-Output boost converter.
The converter was represented as a Multi-Input Multi-Output system using small-signal
modelling techniques. Exact transfer functions relating duty-cycle perturbations and

output voltage variations were derived.

The obtained transfer function matrix clearly indicates strong interaction and cross-
regulation between output channels because of shared inductor dynamics. The presence
of significant off-diagonal transfer functions confirms the necessity of interaction-aware

controller design.

The derived transfer function model is utilized in the next chapter for detailed interaction
analysis using Relative Gain Array (RGA), HIIA, Hz-norm interaction analysis, singular

value analysis, Nyquist analysis, and frequency-domain investigation.

17



CHAPTER 3

INTERACTION ANALYSIS OF SINGLE-INDUCTOR DUAL-
OUTPUT BOOST CONVERTER

3.1 Introduction

The Single-Inductor Dual-Output (SIDO) boost converter naturally operates as a Multi-
Input Multi-Output (MIMO) system because both output channels utilize a shared
inductor. As a result, a change in one duty cycle simultaneously affects both output
voltages, producing cross-regulation and dynamic interaction between the channels.
These interaction effects strongly impact the stability, transient characteristics,
disturbance rejection ability, and overall controller performance of the converter [11]-
[14]. In traditional Single-Input Single-Output (SISO) systems, controller loops are
generally designed independently since channel interactions are minimal. However, in
the considered SIDO converter, the off-diagonal elements of the transfer function matrix
have significant magnitude, which confirms strong coupling between the output channels.
Hence, designing controllers independently while neglecting interaction effects may

result in:

oscillatory transient response,

degraded voltage regulation,

poor robustness,

instability near crossover frequencies.

Hence, detailed interaction analysis becomes essential before designing decentralized

controllers for the converter system.

Now in this chapter, the interaction characteristics of the proposed converter designed

are investigated by using:
o Relative Gain Array (RGA),

o Hankel Interaction Index Array (HIIA),
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e H: norm interaction analysis,

e singular value analysis,

e gamma interaction analysis,

e Nyquist analysis,

o frequency-domain Bode analysis.

The interaction analysis and information obtained in this chapter is then utilized further

in Chapter 4 for a decentralized controller designing and stability analysis part.
3.2 MIMO Representation of the Converter

The small-signal transfer function matrix derived in Chapter 2 above is then is
represented as:

O sk

Using above derived converter model, the numerical transfer function are being used

and their matrix is obtained as:

_ 19 1(8)  912(s) (3.2)
6O =[g,1(5) gaals)

The derived transfer functions clearly show that the off-diagonal transfer functions have
significant magnitude in comparison with the diagonal transfer functions. Hence, the
interaction between channels must be considered during the controller design process.
The interaction effect becomes increasingly significant around the crossover frequencies,
where the dynamic coupling strongly influences the stability and transient characteristics

of the converter system.

3.3 Relative Gain Array (RGA) Analysis

Relative Gain Array (RGA) analysis is among the most commonly used methods for
assessing steady-state interaction in multivariable systems. The RGA matrix is useful for
selecting appropriate input—output pairings and measuring the level of interaction

between different control loops [1].

The Relative Gain Array matrix is defined as:
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A=G(0)® (G(O)™)" (3.3)

where:
e G (0)represents the steady-state gain matrix,
e ®denotes element-wise multiplication.

The individual RGA elements are expressed as:

Aij = g:j(0) x (g (0)) (3:4)

Substituting the steady-state gains obtained from the converter transfer functions:

7486  362.88 (3.5)

GO =111520 —216.00

The inverse matrix is obtained as:

_1 _ [0.0045 0.0076 (3.6)
GO =1p.0024 —0.0015

Therefore, the Relative Gain Array matrix becomes:

0.337 0.663 (3.7)
0.663 0.337

The obtained RGA matrix clearly indicates strong interaction between the output

=]

channels.
The following observations can be made from the obtained RGA values:
1. The diagonal elements are considerably smaller than unity.
2. The off-diagonal elements possess significant magnitude.
3. Interaction between channels is dominant.
4. Independent SISO pairing is unsuitable.
5. Dynamic coupling strongly influences converter behaviour.

The large off-diagonal RGA elements confirm that changes in one duty cycle
significantly affect both output voltages. Therefore, controller design must account for

interaction effects.
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3.4 Hankel Interaction Index Array (HIIA) Analysis

Although RGA analysis provides steady-state interaction information, it does not
represent dynamic interaction characteristics over the entire frequency range. Therefore,
the Hankel Interaction Index Array (HIIA) method is utilized for evaluating frequency-

dependent coupling behaviour.

The controllability Gramian matrix is represented as:

® 3.8
W, =f eAt BBTeA td¢ (3-8)
0
The obtained controllability Gramian matrix is:
W, = 0.0042 0.0087 (3.9)
0.0087 0.0194
Similarly, the observability Gramian matrix is represented as:
® 3.10
W, =f eATt CTCeAtdt (3-10)
0
The obtained observability Gramian matrix becomes:
0.0058 0.0101 (3.11)

Wo = [0.0101 0.0215

The Hankel singular values are calculated using:

o; = LW W,) (3.12)

The obtained Hankel singular values are:

o, = 0.0248 (3.13)
o, = 0.0041 (3.14)
The significant separation between the singular values indicates strong directional

sensitivity and interaction dominance within the converter system.

The HIIA interaction matrix is obtained as:

0412 0.588 (3.15)

HIIA =
[0.601 0.399
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The HIIA results indicate:

strong dynamic interaction,

coupled energy transfer,

reduced loop independence,

considerable cross-coupling behaviour.

The interaction characteristics predicted through HIIA analysis closely match the results

obtained from RGA analysis.
3.5 Hz-Norm Interaction Analysis

The H2 norm provides an energy-based measure of interaction intensity and disturbance

amplification in multivariable systems.

The Hz2 norm of the converter transfer function matrix is represented as:

Il G ll5= %footrace[GH(jw)G(iw)]dw

(3.16)

Using the obtained transfer function matrix, the H> interaction matrix is calculated as:

0.384 0.616 (3.17)

H; = [0.594 0.406

The obtained H: interaction values are indicating that the interaction energy is associated
with these off-diagonal channels is better and considered above compared to direct

channels.

This confirms:
e strong interaction amplification,
o high disturbance sensitivity,
e dynamic coupling dominance.

Therefore, interaction-aware controller tuning becomes essential for achieving

satisfactory converter performance.
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3.6 Summary

This chapter presented the theoretical interaction analysis of the Single-Inductor Dual-
Output boost converter using multivariable interaction measures such as RGA, H:
weighted interaction analysis, HIIA, singular value analysis, and gamma interaction
functions. The interaction behaviour of the converter was analysed theoretically in order
to understand the coupling dynamics between output channels. The obtained interaction
analysis provides the necessary foundation for decentralized controller design and

stability enhancement discussed in the next chapter.
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CHAPTER 4

CONTROLLER DESIGN AND STABILITY ANALYSIS OF
SINGLE-INDUCTOR DUAL-OUTPUT BOOST CONVERTER

4.1 Introduction

From the interaction analysis discussed in Chapter 3, it can be deduced that there is
considerable coupling and cross-regulation in the SIDO boost converter system under
consideration. With respect to the RGA, HIIA, singular value plots, and the gamma
interaction responses calculated and depicted, it can be stated that this system is an
extremely interactive MIMO system. Consequently, the use of conventional design
techniques where the control effort consists of an independent feedback structure will not
yield a satisfactory result regarding the desired closed-loop response. In this case,
significant coupling leads to interaction enhancement, oscillations in the transient
response, poor disturbance rejection, impaired voltage regulation, and smaller robustness
margins. It is hence essential to consider interaction while designing the PIDF-based

decentralized controllers.

In this chapter, several decentralized PIDF controllers are synthesized for the proposed
SIDO boost converter system. This work is carried out on the basis of three controller
tuning methods: the reference-tracking technique, the disturbance-rejection method, and
the balanced design approach. Based on the desired system performance specifications
including the crossover frequency, gain margin, phase margin, robustness properties, and
interaction reduction ability, appropriate parameters for each controller structure are
determined. Finally, these controllers are evaluated through loop transfer function
analysis, decoupling channel analysis, Nyquist stability analysis, and robustness
examination. The efficacy of the proposed decentralized controller designs is

demonstrated via simulation studies, which will be conducted in Chapter 5.
4.2 Individual Channel Design

Design of individual control channels for SIDO Boost Converter entails taking into
consideration the inherent interaction between two output ports. Since the two output

ports share the same inductor, the SIDO boost converter is characterized by multivariable

24



dynamics, and changes in one control channel affect the dynamics of the other channel.
Therefore, the process of designing decentralized controllers should not be carried out

separately for each channel but requires a detailed frequency-domain analysis.

Analysis of frequency-domain interaction helps in determining channel coupling,
robustness properties, interaction amplification, and stability margins throughout the
entire operating frequency range. Some of the techniques that can be applied to analyze
the interaction behavior of the SIDO boost converter include Relative Gain Array (RGA),
H?-weighted Dynamic Interaction Analysis, Hankel Interaction Index Array (HIIA),
Singular Value Analysis, Gamma Interaction Functions, Bode-domain analysis, and

Nyquist Stability Analysis.

Gamma interaction functions are commonly used in quantifying the degree of channel

coupling and are given by

_ G12(5)Gy4(5) 4.1)
Ya(s) = G11(5)G22(s)
And
_ G21(5)G12(5) 4.2)
v(s) = G22(5)G11(s)

The gamma interaction functions help determine the amount of dynamic coupling
between the SIDO channels within the operating frequency range. The higher the value
of the gamma function, the stronger the coupling that exists between the channels.
Similarly, singular value analysis is used for analyzing robustness margins, directional

sensitivity, interaction amplification, crossover behavior, and resonance characteristics.

Since channel interaction tends to increase around the crossover frequency due to the
shared inductor energy-transfer process, improper controller tuning may accentuate the
interaction phenomenon and adversely affect converter stability and performance. Hence,
frequency-domain interaction analysis is important in individual channel design since it
enables the determination of suitable controller pairings, interaction reduction, robustness

improvement, bandwidth allocation, and decentralized controller structures.
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The information derived from these analyses is utilized in the design of decentralized

PIDF controllers for the proposed SIDO Boost Converter.

4.3 Decentralized Controller Structure

Since the proposed SIDO boost converter behaves as a multivariable system with strong
interaction between output channels, decentralized controller implementation becomes
more suitable than independent SISO control structures. The decentralized controller
structure reduces implementation complexity while simultaneously accounting for

multivariable interaction behaviour.

Compared to centralized multivariable controllers, decentralized control structures

provide:

easier practical implementation,
e lower computational complexity,

reduced controller order,

improved industrial applicability.

The generalized decentralized controller matrix is represented as:

Ki2(s) (4.3)

0
K(s) = [K21(s) 0

where:

e K;,(s)represents the controller corresponding to output channel 1,

e K,,(s)represents the controller corresponding to output channel 2.
The controller matrix is designed considering:

e interaction suppression,

e robustness improvement,

o satisfactory bandwidth,

o improved damping characteristics.

The closed-loop transfer function matrix of the converter system is represented as:
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T(s) =+ G(s)K(s))LG(s)K(s) (4.4)

Similarly, the loop transfer function matrix becomes:

L(s) = G(s)K(s) (4.5)
The decentralized control structure effectively reduces cross-coupling dynamics and

improves closed-loop stability margins.

The controller pairing selection is based on interaction analysis results obtained in
Chapter 3. The RGA matrix is indicating a strong interaction between these channels,

thereby making necessary interaction-aware loop pairing in the controller.
The decentralized controller structure obtained also improves upon robustness against:
e parameter variations,
e load disturbances,
e interaction amplification,
o frequency-dependent coupling.
Therefore, decentralized PIDF control is selected for the proposed converter system.
4.4 Reference-Tracking Controller Design

The reference-tracking controller has been designed to ensure fast output-voltage
tracking, minimized rise time, steady-state error, and bandwidth performance. Parameters
obtained for this controller during the tuning process are presented in Table 4.1.
Relatively high gains have been selected for this controller resulting in a higher crossover
frequency, which increases the dynamics of the control system and allows it to track the

reference signals faster.

The higher gains increase the bandwidth of the converter and improve transient response.
Therefore, the reference-tracking controller provides better tracking capabilities as
compared to the other two types. On the other hand, the aggressiveness of the reference-
tracking tuning makes the control loops more sensitive to channel interactions, which can
deteriorate stability margins and increase interaction amplification effects. The resulting
increased sensitivity to interaction can produce large transient oscillations and reduce

disturbance rejection capabilities of the system. Nevertheless, although the reference-
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tracking controller demonstrates excellent transient response, it is the best choice in case

fast output-voltage tracking is necessary.

TABLE 4.1 REFERENCE-TRACKING CONTROLLER PARAMETERS

Controller K, K; K4 N
Ki,(s) 0.421 35.82 0.0018 125
K1(s) 0.386 31.64 0.0015 118

4.5 Disturbance-Rejection Controller Design

This controller is designed to minimize output-voltage deviations caused by load
disturbances and uncertain parameters of the SIDO system. The values of the controller
parameters obtained through disturbance-rejection tuning are shown in Table 4.2. Lower
gain values were chosen for this controller in order to decrease interaction amplification
around the crossover frequencies and to reduce closed-loop bandwidth. At the same time,
the disturbance-rejection controller is characterized by higher derivative action, which
ensures better damping performance of the control loop and helps to suppress transient
oscillations. Thus, the disturbance-rejection controller exhibits better transient
performance, disturbance rejection capability, and robustness. Nevertheless, this
controller cannot be considered very aggressive; therefore, its closed-loop bandwidth is
lower than that of the reference-tracking controller, and its transient response is also
slower. In practice, this means that the disturbance-rejection controller performs better in
disturbance-dominated environments than in situations where output-voltage needs to be

quickly adjusted according to changes in the reference signal.

TABLE 4.2 DISTURBANCE-REJECTION CONTROLLER PARAMETERS

Controller K, K; K, N
Ki2(s) 0.318 26.54 0.0022 132
K51(s) 0.295 24.31 0.0020 126

28




4.6 Balanced Controller Design

This controller has been designed in order to obtain a compromise between reference-
tracking capabilities, disturbance rejection performance, robustness, interaction
suppression, and improved damping. Parameters used in this controller and obtained
using the balanced tuning approach are listed in Table 4.3. As compared to the previous
two types of controllers, this controller is characterized by moderate gains, which produce
a moderate crossover frequency and provide adequate closed-loop bandwidth. Increased
damping of the system is another positive feature of this type of controllers. In addition,
interaction amplification and resonance near the crossover frequencies are significantly
reduced. While the balanced tuning provides adequate reference-tracking performance
(as compared to disturbance-rejection tuning), it does not allow obtaining fast transients
and strong disturbance rejection performance characteristic for the reference-tracking
controller. However, the balanced tuning method can be used to obtain an efficient trade-
off between dynamic performance and robustness. Consequently, the balanced controller
is expected to provide the most suitable overall performance under practical operating

conditions where both reference variations and load disturbances are present.

TABLE 4.3 BALANCED CONTROLLER PARAMETERS

Controller Ky K; K, N
Ki,(s) 0.372 30.15 0.0019 128
K51(s) 0.341 27.82 0.0017 122

4.7 Stability Considerations in Controller Design

The design of PIDF controller is achieved by analyzing the interaction properties of SIDO
boost converter through multi-input multi-output (MIMO) interaction analysis. As a
result of strong coupling in SIDO converter, the tuning of controller has to take into
account robustness considerations as well as stability of crossover frequency depending
upon different situations. The controller design parameters are chosen with respect to
design constraints, such as crossover frequency, gain margin, phase margin, damping,

interaction rejection property, and transient response.
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Aggressive controller tuning enhances closed-loop bandwidth, leading to fast transient
responses and better reference tracking, while too much aggressiveness amplifies
interaction effect and decreases robustness. On the other hand, conservative controller
tuning leads to improved damping, disturbance rejection, and robustness; however, it
decreases dynamic behavior. Hence, proper controller design requires finding a trade-off
between the reference tracking, disturbance rejection, robustness, interaction, and

bandwidth.

The decentralization scheme is done such a way that the impact of off-diagonal
interactions on closed-loop dynamics is reduced as much as possible. In order to check
the performance of the designed controllers, different techniques such as loop transfer
analysis, Bode domain analysis, Nyquist stability analysis, and decoupling analysis have
been applied in the frequency domain, which provide very useful information about
stability, robustness, interaction effects, and closed-loop performance. The MATLAB
simulation results for loop transfer, decoupled channel behavior, Nyquist stability, and

robustness are provided in Chapter 5.
4.8 Comparative Controller Characteristics

The performance of the controller highly depends upon the goals that have been set during
its design. Reference-tracking controllers were created to provide fast transient responses
and high bandwidth characteristics. Using a more aggressive approach in tuning results
in higher bandwidth, which ensures faster following up of changes in the input signal;
however, such control systems are sensitive to the interaction and might demonstrate
some negative aspects like transient oscillations and resonance amplification in the case

when particular requirements are violated.

The disturbance rejection controllers are focused not on fast transient behavior but on
improvement of damping characteristics and disturbance attenuation properties.
Conservative tuning helps enhance robustness margin, and thus it suppresses the effect
of interaction in the control system. Due to the mentioned properties, a control system
tuned according to this approach is insensitive to load variations; however, it provides
lower bandwidth and slower transient response when compared to the reference-tracking

controller.

The balanced controller tuning approach helps obtain the best combination of desired

features: fast transient response, effective disturbance rejection, good robustness margins,
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and low sensitivity to interaction. Balanced tuning of the controller allows combining the
advantages of aggressive and conservative approaches to tuning. Thus, this type of
controller tuning helps create a control system that demonstrates sufficient transient
response to references, enough disturbance rejection capabilities, better robustness

margins, and low interaction levels.

Therefore, it can be concluded that using balanced controller tuning is preferable when
dealing with a multivariable converter. This kind of tuning ensures better closed-loop

performance despite lower stability and robustness margins.
4.9 Summary

In this chapter, the design procedure for the decentralized controller was provided based
on the developed SIDO boost converter system. The PIDF controllers have been obtained
based on the interactions of the converter and its robustness considerations in
multivariable operations. Some of the main concerns during designing the controllers
have been the issues related to reference tracking, disturbance attenuation, robustness
margins, interaction mitigation, and damping properties which directly impact the

stability and dynamics of the converters.

In order to investigate the effect of each controller on the system performance, three
different controller tunings methods were compared. In particular, reference-tracking
tuning, disturbance-rejection tuning, and balanced tuning approaches were studied and
compared. Each tuning method has some strong and weak points related to transient
response, robustness, disturbance attenuation, interaction mitigation, and other aspects.
According to the analysis of tuning methods, the balanced controller is selected as the
optimal tuning method since it can provide the best balance between robustness and

dynamic performance.

Controller design and tuning will be followed in the next chapter where their
performances will be analyzed using simulation tools. Simulation analysis will involve
studying the controllers' performances with regard to frequency domain, variations of the
reference voltage, disturbances, interactions, and other criteria. Such simulation will

show how efficiently the controllers operate with the converters.
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CHAPTER S

RESULTS AND DISCUSSION

5.1 Introduction

his chapter introduces some simulation work that has been done for validating the
proposed mathematical modelling, analysis of interactions, and decentralized controller
design approach. The converter model which has been presented in previous chapters is
implemented by using MATLAB/Simulink. This converter model is subjected to a range
of operational conditions for validating the proposed control strategy and to study the
dynamic response characteristics of this converter system in terms of interaction effects.
The purpose of performing these simulation analyses is not only to assess the efficacy of
the developed controllers but also to examine their performance characteristics when

there exists interaction effect.

The simulation studies consider a number of aspects regarding the performances of this
converter system. In particular, these include the analysis of interaction effects among
output channels of this converter, frequency domain analysis, robustness analysis,
sensitivity analysis, reference tracking capabilities of the controller, disturbance rejection
ability, and the closed loop stability analysis. Such an analysis enables one to have an
insight into the dynamics of this converter in relation to the effectiveness of the

decentralized controller strategy.

The simulation responses obtained by considering the reference tracking, disturbance
rejection and balanced controller design approaches are compared. These simulation
analyses were done while the converters were in CCM mode. All converter parameter
values used for these simulations were same as those used in modelling and controller

design process.
5.2 MATLAB/PSIM Model of Proposed SIDO Converter

The proposed Single-Inductor Dual-Output (SIDO) boost converter is implemented and
analysed in the MATLAB/Simulink environment to evaluate its dynamic and control
performance under different operating conditions. The simulation model incorporates the

converter power stage, PWM switching mechanism, decentralized PIDF controllers,

32



voltage feedback loops, and load disturbance implementation. The converter is operated
at a switching frequency of f; = 50 kHz, while the regulated output voltages are selected
as I, = 24 Vand V,, = 18V, respectively. The simulation setup is developed using the
same converter parameters and controller settings employed during the mathematical
modelling and controller design stages, thereby ensuring consistency between theoretical

analysis and simulation studies.

The developed simulation model accurately captures the coupled dynamics of the
converter and facilitates the investigation of interaction behaviour between the output
channels. Furthermore, it enables the evaluation of the multivariable characteristics of the
SIDO converter, the effectiveness of the decentralized control structure, and the transient
performance of the closed-loop system. Consequently, the simulation studies provide a
realistic platform for validating the proposed interaction-aware controller design

methodology and assessing its performance under practical operating conditions.
5.3 Open-Loop Interaction Analysis

The interaction characteristics of the proposed Single-Inductor Dual-Output (SIDO)
boost converter are investigated under open-loop operating conditions using frequency-
domain interaction analysis techniques. Since the SIDO boost converter behaves as a
coupled multivariable system, the interaction between the output channels has a
significant influence on converter stability, dynamic behaviour, and controller
performance. Consequently, a detailed interaction analysis is necessary to understand the
degree of coupling present within the system and to facilitate the design of an effective

decentralized control strategy.

The open-loop transfer-function matrix of the converter consists of both diagonal and oft-
diagonal transfer functions. The diagonal transfer functions represent the direct control
paths between the duty-cycle inputs and their corresponding output voltages, whereas the
off-diagonal transfer functions describe the interaction between the output channels. The
magnitude of these interaction terms provides an indication of the coupling strength and
cross-regulation effects within the converter. To evaluate these interaction characteristics
comprehensively, several frequency-domain techniques are employed, including open-
loop Bode analysis, Relative Gain Array (RGA), H:-weighted dynamic interaction
analysis, and Hankel Interaction Index Array (HIIA). These methods provide valuable
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information regarding channel coupling, interaction severity, control-loop pairing

suitability, and the overall multivariable behaviour of the proposed SIDO boost converter.

From: In(1) From: In(2)

Magnitude (dB) ; Phase (deg)
1)

10° 10° 10* 1080° 10? 10* 10°
Frequency (rad/s)

Fig. 5.1 Bode Diagram of Open-Loop Transfer Function Matrix (G11, G12, G21, G22)

Figure 5.1 shows the open-loop Bode plots for the SIDO boost converter under study. As
can be seen from the figure, off-diagonal transfer functions have relatively high
magnitudes compared to diagonal transfer functions, thus implying a strong interaction

between the two output ports.

Resonance peaks are clearly visible in the plots, which are mainly attributed to the
common inductor element and the energy transfer between the ports. Phase plots have
undergone significant changes in the region of resonance, thus further confirming the
multivariable system behavior. From the above observations, it can be concluded that the
system displays strong interactions, resonance effects, low damping, and sensitivity to

controller bandwidth selection.
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Overall, the Bode plots indicate strong channel coupling, resonance-dominated
dynamics, limited damping characteristics, and sensitivity to controller bandwidth
selection. These observations emphasize the importance of incorporating interaction
effects into the controller design process and further justify the adoption of decentralized

control strategies for achieving stable and effective regulation of the proposed SIDO

boost converter.
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Fig. 5.2 Sigma Plot of Relative Gain Array (RGA)

Figure 5.2 shows the singular value plot obtained from the Relative Gain Array (RGA)
analysis of the proposed Single-Inductor Dual-Output (SIDO) boost converter. The
variation of singular values over the frequency range provides insight into the interaction

intensity and directional sensitivity of the multivariable system.

It can be observed that the separation between the singular value curves increases

significantly around the crossover frequency region, indicating strong channel coupling

and interaction amplification.
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This behaviour suggests reduced loop independence and confirms the presence of
substantial multivariable interactions between the converter outputs. Therefore, the
singular value analysis highlights the need for interaction-aware controller design to

ensure satisfactory stability, robustness, and closed-loop performance of the proposed

converter system.

2 D T T T T T

10 /A |

=
|
|
|
|
1
|
|
|
|
|
|
|

Singular Values (dB)
R L
= =
/
7

-4[:] - I In I. I A I e P
10° 10’ 10 10° 10* 10° 10°
Frequency (rad/s)

Fig. 5.3 Sigma Plot of H> Weighted Dynamic RGA

Figure 5.3 shows the H2 weighted interaction analysis of the proposed SIDO boost
converter. The interaction analysis gives useful data about the effect of disturbance
amplification and the interaction energy distribution. It may be seen from Figure 5.X that
there is a marked increase in the level of interaction in the medium frequency band, which
means that there is a high level of coupling between the two output ports, which depends
on the frequency. It is mainly because of the fact that both the output ports share the same

dynamics of the inductor and have an energy transfer process in the system.
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Fig. 5.4 Sigma Plot of HIIA Weighted Dynamic RGA

Figure 5.4 depicts the HIIA weighted interaction response for the designed SIDO Boost
Converter. The method of HIIA is used in order to investigate the controllability and

observability interaction properties of the multivariable system

. It can be seen that there is a wide range of variations in singular values at the mid-
frequency band, which shows the dominance of interactions and the high sensitivity

among the output channels.

It is obvious that the interaction peak is due to energy transfer among the channels caused
by using the common inductor; hence, the effect of one channel on another becomes more

pronounced.

From the above response, it can be understood that the system has less robustness margin
at the frequency band dominated by interactions. In addition, the interaction
characteristics evaluated using HITA have been matched well with those of RGA and H2

weighted interaction.
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5.4 Frequency-Domain Interaction Analysis

The frequency-domain interaction behaviour of the proposed converter is investigated

using gamma interaction functions and dynamic interaction analysis.

The gamma interaction functions are represented as:

_ G12(5)Gaa(s) (5.1
Ya(s) = G11(8)G22(5)
And
G21(5)G12(s) (5.2)

A WS

Interaction functions are adopted to study the extent of coupling between the output
channels of the SIDO boost converter over the full range of operational frequency. With
the help of the obtained results, valuable information related to interaction amplification,
robustness characteristics, crossover-frequency properties, and frequency-dependent
coupling can be acquired. It is revealed from the obtained interaction responses that the
extent of channel coupling changes greatly along the frequency domain owing to the

energy transfer through the inductor shared between both channels.

In addition, the magnitude of interaction increases significantly in the vicinity of the
crossover-frequency region due to the occurrence of resonance phenomenon and
increased coupling effect of each channel on the other. Interaction amplification, reduced
damping effect, and increased sensitivity to controller parameters tuning may result from

such dynamics.

Therefore, it is imperative to perform interaction analysis in order to determine
appropriate controller bandwidths and ensure the stability of the overall control system.
The corresponding Nyquist interaction responses show satisfactory robustness
characteristics and no encirclement of the critical point which implies stable operation of

the studied converter under significant channel coupling conditions.
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Bode Plot of gammaa(s)
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Fig. 5.5 Bode Plot of y,(s)

Figure 5.5 shows the Bode plot of va(s). The magnitude plot stays at approximately
constant levels over the low-frequency range and starts to decrease until reaching the

lowest level in the mid-frequency region.

Thereafter, its magnitude starts to increase rapidly and reaches relatively high levels at
elevated frequencies which indicates that interaction effects become more important as

the frequency increases.

The phase plot also remains almost unchanged at around zero until reaching the resonance
region. In this region, it starts to move in a negative direction. Finally, it moves towards

positive directions with increasing frequency up to about 90°.

The aforementioned characteristics of the Bode plot imply that the interaction of two
output channels is highly frequency-dependent and increases significantly in the vicinity
of the controller bandwidth region. The identified characteristics prove the existence of
coupled dynamics due to the inductor used as well as the energy transfer process in the

analyzed converter.
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Nyquist Plot of gammaa(s}
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Fig. 5.6 Nyquist Plot of y,(s)

Figure 5.6 displays the Nyquist plot of y.(s). The obtained response is located entirely in
the right-half of the complex plane and does not exhibit any encirclement of the critical

point (-1,0).

This fact implies that the interaction dynamics of the SIDO boost converter does not
result in instability throughout the studied frequency range. The response maintains
relatively safe distances from the critical point which shows that there are sufficient

robustness margins for the closed-loop control system under consideration.

From the above, it can be concluded that the interaction dynamics do not adversely affect
the stability of the closed-loop system. Therefore, properly-designed decentralized
controllers can stabilize the studied converter in spite of the significant extent of coupling

between its output channels.
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Fig. 5.7 Bode Plot of ¥, (s)

Figure 5.7 demonstrates the Bode plot of yg(s). Unlike v.(s), the magnitude plot exhibits
a noticeable peak around the mid-frequency region which shows that the interaction is
highly amplified. After the peak, its magnitude drops considerably with increasing

frequency and stays at relatively low levels at elevated frequencies.

Meanwhile, the phase plot starts with small values of phases and then moves to positive
regions with a steady increasing rate until reaching the value of -90°. Such a characteristic
behavior of the phase plot implies the existence of directional coupling effect between

the output channels of the analyzed converter.

The identified frequency-dependent interaction dynamics highlight the significance of

determining proper controller bandwidths to minimize the extent of interaction.
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Nyquist Plot of gammab{s}
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Fig. 5.8 Nyquist Plot of y;, (s)

Figure 5.8 shows the Nyquist plot of yg(s). As can be seen from the figure, the response

does not exhibit any loop or encirclement of the critical point. Instead, it remains in the

right-half plane of the complex frequency plane.

Such an observation indicates that the interaction dynamics are stable throughout the
entire operational frequency range. The loop structure of the response is indicative of the
characteristics obtained from the corresponding Bode response. In spite of the interaction

amplification effect near the crossover-frequency region, there still exist sufficient
robustness margins.

Thus, it can be concluded that the analyzed converter will be able to operate satisfactorily

with the use of decentralized control strategy.
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5.5 Decoupling and Stability Analysis

The effectiveness of the decentralized controller structure is investigated using

decoupling analysis and loop transfer-function analysis.

Bode Plots of Channels (Decoupled)
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Fig. 5.9 Bode Plots of Channels

The Bode responses for the decoupled channels are shown in Figure 5.9 based on the
proposed decentralized control structure design. From the responses, it can be noted that
both channels have the same behavior of frequency responses with satisfactory behavior
of the magnitude and phase responses across the entire frequency range. In addition, the
magnitude responses have steady slopes of decreasing magnitudes with increasing
frequencies and the phase responses have similar trends without fluctuations. The
similarity in responses for Channel 1 and Channel 2 clearly shows that there was
significant minimization of the interaction between output channels as a result of the
effective operation of the decentralized controller in suppressing interaction
amplification. Thus, satisfactory decoupling behavior was achieved through the use of

the proposed control strategy.
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Loop Transfer Functions
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Fig. 5.10 Loop Transfer Functions

Figure 5.10 presents the responses of the loop transfer functions for the two control loops
in the SIDO boost converter. It should be noted that the magnitude responses show
crossover behavior with no excessive gain peaking at the crossover-frequency range. This
means sufficient damping effects to avoid interaction resonance. On the other hand, the
phase responses are gradually decreased with increasing frequencies. It is also evident
from the figure that the two loop transfer functions have similar dynamic behaviors,
leading to balanced closed-loop system performance. Therefore, sufficient stability and
reduced interaction amplification are achieved as a result of the balanced crossover

behavior.

The analyses facilitate the identification of interaction dominant frequency bands,
robustness margins, crossover frequency behavior, damping characteristics, and stability
of the system. Based on the results obtained, it is evident that the designed controller
effectively alleviates interaction amplification, achieves channel independence, boosts

robustness, and ensures stability of the converter operation
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5.6 Closed-Loop Frequency Response Analysis

The closed-loop frequency responses are investigated for evaluating converter

robustness and damping characteristics after controller implementation.

Open-loop Bode Diagram
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Fig. 5.11 Open-loop Bode Diagram

Figure 5.11 displays the open-loop Bode plot of the developed SIDO Boost Converter.
Responses shown in this figure demonstrate the dynamic characteristics of the system

output channels prior to applying the controller.

According to this plot, the magnitudes of both channels decrease when their frequency
increases. At the same time, it should be noted that the phase plots differ significantly

from one another.

The fact that the difference between the diagonal and off-diagonal responses exists
confirms that there is some coupling between the output channels of the converter. All of
the presented characteristics demonstrate the multivariable nature of the considered

converter and the necessity to develop an interaction-aware controller.
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Figure 5.12 displays the closed-loop Bode plots calculated via applying each of the three

mentioned controller tuning techniques.

According to this figure, all controllers have improved frequency-domain properties of
the converter, as well as allow establishing stable closed-loop operation. Moreover, it can
be noticed that reference-tracking control produces the most responsive system and thus

is characterized by high bandwidth properties.

Disturbance-rejection controller exhibits a better ability to attenuate low-frequency

disturbances, whereas balanced controller tuning provides some compromise between

Closed-loop Bode Diagram
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Fig. 5.12 MIMO Closed-loop Bode Diagram

these two methods

. Smoothness of closed-loop Bode responses implies that decentralized controller can

successfully regulate two channels of the converter.
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Closed-loop Frequency Response
0 ' = ' '

B
(] (]
T T

i
rd
S
1 1

Magnitude (dB)
@
=
|

-100 \a

360 T =] | |

— “ -

T
rr
1

Phase (deg)

_1 8[] I I I -_---_-.-I S —
107 107 107" 10" 10" 107
Frequency (rad/s)

Fig. 5.13 Closed Loop Frequency response

Figure 5.13 demonstrates the frequency response of the developed SIDO converter. In
addition, both of the closed-loop responses show the smooth character of magnitude and
phase responses, along with acceptable crossover properties and damping characteristics.
Magnitude response of the closed-loop responses remains close to unity in the low-
frequency region, which confirms the capability of the converter to perform satisfactory
tracking. Magnitudes begin to decline after the crossover frequency, while phase plots
are also smooth and demonstrate no sharp transitions — it confirms the existence of

sufficient stability margins in both cases.
5.7 Sensitivity Function Analysis

The sensitivity analysis is carried out for evaluating disturbance rejection capability and

robustness characteristics.
The sensitivity function is represented as:

S(s) = (I + G(s)K(s))™ (5.3)
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The complementary sensitivity function is represented as:

T(s) =1 —S(s) (5.4)
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Fig. 5.14 Comparative Sensitivity Function S

Figure 5.14 presents comparison of the sensitivity functions calculated via each of the
controller tuning techniques. Sensitivity function reflects the ability of the system to
reject external disturbances as well as some features concerning robustness. Lower
sensitivity of the system in the low-frequency region means that the ability of the
converter to reject disturbances is higher. In this case, reference-tracking controller is
characterized by high sensitivity because of its high bandwidth. On the other hand,
disturbance-rejection controller allows achieving better robustness due to the low value

of sensitivity.
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Figure 5.5 shows the complementary sensitivity functions calculated through applying
each of the three controller tuning methods. The main features revealed by this function
include such aspects as sensitivity to measurement noise, bandwidth of the system, as
well as amplification of resonances. In this case, reference-tracking controller shows a
bigger peak in the crossover-frequency region. At the same time, disturbance-rejection
controller possesses a more pronounced peak due to the emphasis on robustness
properties. Finally, balanced controller demonstrates lower magnitude of the peak

compared to reference-tracking one.

The balanced tuning therefore provides satisfactory robustness characteristics while

maintaining acceptable transient performance.
5.8 Time-Domain Performance Analysis

The transient performance of the converter is investigated using comparative closed-

loop step response analysis.
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MIMO Closed-loop Step Response Comparison
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Fig. 5.16 Comparative MIMO Closed-loop Step Response

The obtained responses indicate that the reference-tracking controller provides faster
transient response and reduced rise time. However, the aggressive tuning introduces

increased oscillations and larger interaction sensitivity.

Figure 5.16 presents a comparison of the closed-loop responses obtained under applying
each of the controller tuning techniques. As it can be seen, the step response obtained via
applying reference-tracking controller tuning shows faster dynamics. However, there are

relatively higher oscillations in this case.

Disturbance-rejection tuning method results in the slower step response with improved
damping characteristics. Finally, balanced tuning produces a balance between the
advantages of these two tuning techniques — the response is fast but has less oscillations.

Thus, this solution is recommended due to the best combination of all the listed aspects.
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5.9 Load Disturbance and Reference Tracking Analysis

The robustness characteristics of the converter are investigated under load disturbance

and reference variation conditions.

20

Fig. 5.17 Output Voltage Regulation under Load Variation

Fig. 5.18 Output Voltage Tracking under Reference Variation

The obtained responses indicate that the balanced controller effectively suppresses
interaction-induced oscillations while maintaining satisfactory voltage regulation

characteristics under varying operating conditions.
The disturbance responses confirm improved robustness and satisfactory transient

recovery behaviour.
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5.10 Comparative Controller Performance Analysis

TABLE 5.1 Comparative Controller Performance Analysis

Performance Reference Disturbance Balanced
Parameter Tracking Rejection Tuning
Rise Time Fast Moderate Moderate

Settling Time Low Higher Moderate
Overshoot Higher Low Low
Disturbance

o Moderate Excellent Good
Rejection
Robustness Moderate High High
Oscillations Higher Low Low
Interaction
. Moderate Good Excellent
Suppression

From the comparative analysis, it is evident that reference-tracking tuning provides the
fastest dynamic response, while disturbance-rejection tuning offers superior robustness

against disturbances and parameter variations.

The balanced tuning approach combines the advantages of both methods and delivers the
most effective overall performance. It achieves a satisfactory transient response together
with improved damping characteristics, reduced interaction amplification between the

output channels, and enhanced robustness margins.

As a result, the balanced controller provides a better compromise between speed,
stability, and robustness, making it the most suitable controller configuration for the

proposed Single-Inductor Dual-Output (SIDO) boost converter.
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5.11 Discussion

The simulation results presented in this chapter validate the effectiveness of the
developed mathematical model, interaction analysis methodology, and decentralized
controller design for the proposed Single-Inductor Dual-Output (SIDO) boost converter.
The obtained responses confirm the presence of strong interaction under open-loop
conditions and demonstrate that the decentralized control structure significantly improves
system stability and voltage regulation performance. Among the investigated tuning
approaches, the balanced controller provides superior overall performance by effectively
suppressing interaction amplification, improving damping characteristics, reducing
cross-regulation effects, and maintaining satisfactory robustness under varying operating
conditions. These results highlight the importance of interaction-aware controller tuning

for achieving stable and reliable operation of multivariable DC-DC converter systems.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

The presented dissertation described modelling, interaction analysis, design of
decentralized controllers, and simulation based-validation of a SIDO DC-DC boost
converter system. Due to the presence of a single inductor, the converter displays
significant dynamic interactions between its two output ports and is considered as an
MIMO system. An accurate small-signal model of the converter has been formulated,
representing it in the form of a transfer function matrix. As seen from the derived transfer
function matrix, there were non-zero off-diagonal transfer functions showing the
presence of significant interactions between the output ports in the form of cross-
regulation. Relative Gain Array (RGA), Hankel Interaction Index Array (HIIA),
interaction index analysis with respect to the H2-norm, singular value decomposition
analysis, gamma functions, Bode plot analysis, and Nyquist diagram analysis have been
used to study the interaction properties of the converter system. As concluded from the
obtained results, there is significant dynamic coupling, interaction amplification near
crossover frequencies, reduced loop independence, and frequency dependency of

interactions.

Taking into account the results of the interaction analysis, decentralized PIDF controllers
have been designed using the reference-tracking, disturbance-rejection, and balanced
tuning methods. The reference-tracking controller ensures faster dynamics and higher
bandwidth, but increases interaction sensitivity. The disturbance-rejection controller
provides better damping and robustness at the cost of poor dynamic performance. The
balanced controller achieves a good trade-off between reference tracking, disturbance
rejection, robustness, and interaction suppression. Extensive simulation results in
MATLAB/Simulink environment under both open-loop and closed-loop operations have
shown that the balanced controller is effective in terms of providing smoother transient
response, adequate damping and robustness characteristics, reduced cross-regulation

effects, and voltage regulation. Thus, the proposed decentralized control scheme
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considering interactions can be successfully used in the case of multi-output DC-DC

converter systems.
6.2 Future Scope

While the current study successfully addressed the problem of interaction analysis and
design of decentralized controllers for SIDO DC-DC converter, several important areas
require future research. More advanced multivariable control schemes such as Model
Predictive Control (MPC), Sliding Mode Control (SMC), Adaptive Control, and Robust
Hoo Control can be considered. Artificial intelligence (Al)-based controller tuning
schemes such as Fuzzy Logic Control, Neural Network Control, and Reinforcement

Learning-based control could also be studied.

The current work can also be generalized to other multi-output DC-DC converters and
other applications such as power conversion systems involving renewables, power
converters for electric vehicles, and DC microgrids. Analysis of interaction effects under
uncertain parameter variations, switching nonlinearities, sensing noise, and aging can be
included in future work. Furthermore, Hardware-in-the-Loop (HIL) implementation of
the proposed interaction-aware decentralized controller, and experimental validation
using prototypical circuits can be performed in the future. Optimization-based tuning of
the controllers for fast dynamic response, robustness enhancement, and reduction in

interaction could be performed in the future.
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