’},] THE PEOPLE'S DEMOCRATIC REPUBLIC OF ALGERIA
e 4 ! s 4 ada) pBagal) Ay i) ) Ay ) gg—aal) e
THE MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH o
alad) Gial) g dlad) aalatill 3 ) 5 g
AMAR TELIDJT UNIVERSITY OF LAGHOUAT
B 529 a5 i Aaiis
FACULTY OF TECHNOLOGY
L 1 i) Al
DEPARTMENT OF ELECTROTECHNIC

(80 g S aid

Master’s dissertation

Domain: Science and Technology
Field : Automatic
Option: Automatic and systems
By :

Kaf Fella Fatima Zohra Slimani Zoubida Nada

THEME

Advanced Control of DC-DC Converters:

Design & Simulation

Jury members:
Mr. RAYANE Khaled M.C. B President
Mr. OUBBATI Khalil Brahim M.C.B Examinator
Mr. BENMILOUD Mohamed M.C.B Invited
Mr. RAHMANI Belkacem M.C. B Supervisor
Mr. HADJAISSA Aboubakeur M.C. A Co-supervisor

Academic year 2024/2025



Acknowledgements

We would like to express our deep gratitude to our supervisor, Dr.Rahmani Belkacem, for
his valuable guidance, continuous support, and great encouragement throughout the course of
this research. His knowledge and extensive expertise were essential to the successful completion
of this work.

We also extend our sincere appreciation to the members of the examination committee
for their thorough review, critical insights, and constructive suggestions, which significantly
contributed to improving the quality of this study. Their academic dedication and experience
are truly commendable.

Our heartfelt thanks go to our families for their unwavering support, patience, and encoura-
gement, which have been a constant source of strength and motivation throughout this journey.

Finally, we would like to thank the faculty and administrative staff of the Faculty of Tech-
nology for their dedication in providing a stimulating learning environment and the academic
support that enabled us to complete this research successfully.

Thank you all for your guidance, direction, and valuable contributions. This work would not

have been possible without your support and encouragement.



oadle

Cometlo g Bl J gt Alad @S Al yiwl Laly peead 1) Jeall lia gy
ol z3geidl yughal ¥ i @3 (ADRC) Obiacs¥) o8 dadill @Sl &odi alisils
CBl o) e @3 ESeild dpwlie A4y s SSoelowd) 4SSl Jhed Jgeld daw el
CelSo dauds @3 e Hlad ) Ol plas¥ g duwlied) jd O¥ st jouait (ESO) Wit aw gol!
@S98 AW g da yuw Scelios Diliul Oleint wgllaodl Ao jontl 15 jo e ESied]
Jwieid (MATLAB Function) Jigs aladaiwls (Simulink) 2 o8 JolSth altaid) slsoloe dail
m,wtwﬁJmu&wms(PID)pmmﬁaue PSS 05318 5 g3 el o Yo
(Al Hias wg (ar sedl tgadl el Jedd Ola g Hliocw O Gl Slsalonad! Ca i
Soled Judad (Aleviw) Ae pw dus (oo (ADRC) pSiied! (3 5ad giliod! O gl . Gulaodl Jox 9

Ol laco¥l de glie Lo 5 yuall g cdias yoll dodall

il



Résumé

Ce travail vise a concevoir et implémenter une stratégie de commande efficace pour un
convertisseur push-pull en utilisant la technique du Controle Actif du Rejet de Perturbations
(ADRC). Le modele mathématique moyen du convertisseur a d’abord été développé afin de
représenter dynamiquement le comportement du systeme. Un Observateur d’Etat Etendu (ESO)
a été concu pour estimer les états non mesurés et les perturbations. Les gains du controleur ont
été ajustés selon la bande passante souhaitée pour assurer une réponse rapide et une stabilité
robuste. Le Simulation complet de systeme a été implémenté dans Simulink en utilisant des
blocs MATLAB Function pour la modélisation et le controle. Un PID classique modifié a aussi
été réalisé a des fins de comparaison. Trois scénarios de simulation ont été testés, incluant des
variations de la consigne, de la tension d’entrée et de la charge. Les résultats ont confirmé la

supériorité de ’ADRC en termes de rapidité, de réduction du dépassement et de robustesse.
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Abstract

This work aims to design and implement an efficient control strategy for a push-pull converter
using the Active Disturbance Rejection Control (ADRC) technique. The averaged mathematical
model of the converter was developed to accurately represent its dynamic behavior for control
purposes. An Extended State Observer (ESO) was constructed to estimate unmeasured states
and disturbances. The controller gains were tuned based on the desired bandwidth to ensure
fast response and robust stability. The system Simulation was implemented in Simulink using
MATLAB Function blocks for both modeling and control. A modified classical PID controller
was also implemented for performance comparison. Simulations were conducted under three
scenarios involving changes in reference voltage, input voltage, and load resistance. The results
showed that ADRC offers superior performance in terms of speed, overshoot reduction, and

disturbance rejection capability.

v
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Chapter 1

Introduction and Literature Review

1.1 General Introduction

In the midst of rapid technological advancement, the need for high-efficiency electrical energy
conversion has become vital, especially in embedded systems, renewable energy applications,
and industrial systems. DC-DC converters are among the most fundamental components in
these systems due to their ability to reliably and efficiently adjust voltage and current levels.
Among these topologies, the push-pull converter stands out for its simplicity, efficiency, and
ability to handle medium to high power levels [12], [4]. Its symmetrical design allows it to
provide good transformer utilization and effective energy transfer [2, 6, 12].

The Figure 1.1 below represents a simplified diagram of a solar power chain with the push-

pull converter:

Solar Load

Figure 1.1: Photovoltaic system overview.



1.2 Literature Review

In recent years, increasing attention has been given to advanced control strategies in power
electronics. Various algorithms such as adaptive control, fuzzy logic control, and model pre-
dictive control (MPC) have been explored to address system nonlinearity and disturbances.
Among these, ADRC has emerged as a particularly promising solution. Some of these examples
are introduced in [17, 13, 10, 11]. ADRC is based on the idea of rejecting disturbances actively
using an Extended State Observer, thus reducing the dependence on precise system modeling.

Studies like [5, 14, 8, 9] have further demonstrated the effectiveness of ADRC and ESO in
power electronic applications, highlighting their robustness and fast dynamic response. Despite
these advances, the implementation of ADRC in push-pull converters remains relatively un-
derexplored, presenting an opportunity for valuable contributions in this area. This research
addresses this gap by applying and evaluating ADRC control in a push-pull converter system

through detailed modeling and simulation analysis.

1.3 Problem Statement

Despite the advantages offered by the push-pull converter in terms of efficiency and gal-
vanic isolation, controlling its output under varying operating conditions remains a complex
task that poses significant challenges. These challenges become more pronounced in dynamic
environments, where sudden load changes, input voltage fluctuations, and component tolerances
introduce disturbances that give rise to system nonlinearities and uncertainties. Conventional
control strategies, such as PID controller, are widely implemented due to their simplicity and
ease of design [7, 15, 1, 3]. However, they often lack the robustness and adaptability when the
system behavior deviates from its nominal conditions. These limitations underscore the need

for more robust and adaptive control strategies [16].

1.4 Proposed Solution

To address these limitations, more robust and flexible control strategies are required. There-
fore, researchers have increasingly turned to advanced control techniques that can offer improved
disturbance rejection and adaptive performance. One such promising technique is Active Dis-
turbance Rejection Control (ADRC), [5, 14, 8, 9] , owing to its model-free structure and the
incorporation of an Extended State Observer (ESO) to estimate and compensate for distur-

bances in real time, enabling improved dynamic response and enhanced system stability.



1.5 Objectives of the Study

The objectives of this work is:

— Develop an accurate mathematical model for the push-pull DC-DC converter using state-
space equations.

— Design an advanced ADRC-based control system to mitigate disturbances and enhance
dynamic performance.

— Perform a comparative study between ADRC and conventional control methods through
simulation.

— Analyze system stability and evaluate the effectiveness of the Extended State Observer

(ESO).

1.6 Importance of the Study

The significance of this research lies in its potential contributions to the field of power

electronics:

— Improving the dynamic stability of power converters under varying operational condi-
tions.

— Reducing the sensitivity of the system to sudden changes or modeling uncertainties.

— Providing a practical and efficient control solution that can be extended to real world

applications.



Chapter 2

Modeling and Analysis of the
Push-Pull Converter

2.1 Introduction

Unlike simpler converters such as the buck or boost, the push-pull converter employs a center-
tapped transformer and two active switches to enable bidirectional energy transfer during each
switching cycle, allowing better transformer core utilization and reduced current ripple.

The following Figure 2.1 illustrates the classification of DC-DC converters:

Converter Family

w

Isolated - - > Non-Tsolated
—h-. Push-pull - - : R
J Buck- Interleaved
: . Boost DCDC
4,{ Forward e
" ' SEPIC |k
|, Flyback ‘ Conventional ||
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|, Multiport ‘ ( Full ‘ )
: | Bridge Zeta |4— o lf'ﬁ:fu]: o -
Half | Z-Source )._
Bridge | J

Figure 2.1: DC-DC Converter family.



Due to its transformer based architecture, the push-pull converter provides voltage step-up or
step-down capabilities depending on the transformer turns ratio, making it ideal for applications

like renewable energy systems, battery charging circuits, and isolated power supplies [6, 2].

To accurately predict and control the behavior of this converter, it is essential to develop
a mathematical model that reflects its real dynamic characteristics. This chapter presents a
detailed analysis of the push-pull converter’s circuit operation, its average model derivation,

and the simulation parameters that will be used in the control design phase.

2.2 Circuit Description

The push-pull converter typically consists of the following components [6, 2], as shown in
Figure 2.2:

— A DC voltage source V;,, Output voltage V.

— Two electronic switches, usually MOSFET transistors @1, Qs.

— Two diodes for rectification Dy, Ds.

— A filter capacitor C, filter inductor L and load resistor R.

— A transformer with a center-tapped primary winding and a secondary winding (turns

ratio n = Ny /Ny).
NI %%NJ

10 H
173N

1 L

T —

ic ip

D
|
D2 —_

02 EJ[ Q1 54}

—4

Figure 2.2: Circuit diagram of push-pull converter.



2.3 The Operational Principle of the Converter

The converter operates based on the alternating conduction of the switches:

— When the first switch is turned on, energy flows through the first half of the transformer’s
primary winding.

— When the second switch is turned on, energy flows through the second half.

This alternating switching ensures magnetic balance within the transformer core and main-
tains continuous conduction of current to the load.

In practical operation, the switches (denoted as @); and ()3) are controlled in a comple-
mentary manner. When (); conducts, the magnetic field builds up in one direction within the
transformer core, and when () conducts, it builds in the opposite direction. This symmetric
operation improves core utilization and helps avoid magnetic saturation.

The alternating voltage generated on the secondary side is rectified by diodes (D; and D,)
and then filtered using a capacitor to provide a smooth DC output voltage. The transformer’s
turns ratio and the duty cycle of the switches together determine the relationship between the
input and output voltages.

The Figure 2.3 shows the PWM duty cycle and its effect on Average output voltage:

The duty cycle:

_ Ty
U=
Where:
— T,n: Time
— T': Duration Time
Voltage PWM signal
N Duty Cycle F.=1/T (HZ)
| Time 1
- — I l
Amplitude
Time
>

Duration Time

Figure 2.3: PWM duty cycle.



2.4 Modeling Assumptions

To simplify the mathematical model of the converter, the following assumptions are adopted:

— All components are ideal (i.e., no losses are considered).

— The switches operate in full alternation without any overlap.

— The converter operates at a high switching frequency, allowing the application of average
modeling.

— The system operates in Continuous Conduction Mode (CCM).

— Equivalent Series Resistance (ESR) and transformer leakage inductance are neglected.

— The input voltage is assumed to be constant during each switching cycle.

2.5 Derivation of the Averaged Mathematical Model of
the Push-Pull Converter

The mathematical model of the push-pull converter is derived by analyzing its two main
modes of operation using the state-space representation approach. In this representation, the
output voltage across the capacitor V, and the inductor current i, are selected as state variables
(xr1 = iy, and x5 = V,), while the final output voltage and current V| I are considered output
variables.

The system is described by the following equations:

T =Ax + Bu (2.1)
y=Cz+ Eu (2.2)

Where:

— A: State matrix
— B: Input matrix
— C': Output matrix

— E: Direct transmission matrix (typically zero)

T
— X [iL VO} State vector

T
— y: [V ]} Output vector

— w: Control input

The two distinct modes of operation in the converter for the purpose of modeling are:



2.5.1 Mode 1: Active Mode (Switch ON)

In this mode, one of the switches (); or (); is turned ON, allowing energy transfer from
the primary to the secondary side. As a result, the current through the inductor increases and

charges the output capacitor, increasing the output voltage V.

This mode is active during the interval dT§, where d is the duty cycle.
By applying Kirchhoff’s Voltage Law (KVL) to the circuit, we obtain the following equation:
The state-space and output equation for Mode 1 are:

dig o -1 ; Vin Na
[d%;o] - [1 f * + | F Nl] [u] (2.3)
dt ¢ ~re) W 0
y=o 1 v (2.4)

2.5.2 Mode 2: Freewheeling Mode (Switch OFF)

In this mode, both switches (; and )5 are OFF, and the stored energy in the inductor is
released through the freewheeling diodes. No input voltage is applied during this period. This
mode occurs over the remaining time interval (1/2 — d)7.

The state-space and output equation for Mode 2 are:

8- S
; .
@l ¢ —re) [V
ir
=10 1} 2.6
v=o 1| (2.6)

2.5.3 Averaged Model of the Converter

To represent the converter’s behavior over the entire switching period T}, the time-averaging
method is applied to combine both modes based on their time durations.
Given that:

A=A = Ay,
B =2dB,
C=C, =0y,
E=0



Thus, the final averaged model of the push-pull is:

0o -1 9 Vin Na
el P R i R R A @)
¢ "Fo 0
The representation in state-space:
1 V;n N2

[ = —— 2—— 2.
AR (28)
1 1 (2.9)
Tog = Cl‘l RCJTQ .
Y =T (2.10)

2.6 Conclusion

In this chapter, the average mathematical model of the push-pull converter was presented
using state-space representation, based on the analysis of the two main operating modes and
their integration into a unified model. This representation is a fundamental step toward accu-
rately understanding the dynamic behavior of the converter and provides a solid foundation for
designing future control systems.

This model enables the application of advanced control techniques such as Active Distur-
bance Rejection Control (ADRC).



Chapter 3

Design of The Active Disturbance
Rejection Control (ADRC) System

3.1 Introduction

Active Disturbance Rejection Control (ADRC) has emerged as an innovative solution that

does not rely on precise knowledge of the mathematical model. Instead, it actively estimates and

compensates for disturbances in real time. This chapter aims to present the theoretical founda-

tion of ADRC, demonstrate how the system model is reformulated to fit this approach, design

the Extended State Observer (ESO), derive the control law, and provide an initial comparison

with conventional control techniques.

3.2 Definition and Role of the Observer

The observer is a fundamental tool in control theory and signal processing. It allows the

estimation of the internal states of a dynamic system based on its measured inputs and outputs.

The Figure 3.1 presents the general block diagram of a state observer.

System

L.

>

Observer

Y
X
———

Figure 3.1: Block diagram of the observer.
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3.3 Theoretical Origin of ESO: From Luenberger to ADRC

The Extended State Observer (ESO) used in ADRC shares conceptual foundations with the
classical Luenberger observer. Both are designed to reconstruct the internal states of a system
from measurable outputs. However, the ESO goes a step further by estimating not only the
state variables but also the total disturbance, which includes model uncertainties and external
perturbations.

Unlike the Luenberger observer, which requires an accurate system model and focuses solely
on state estimation, the ESO embeds the unknown dynamics into an additional state variable.
This approach enhances robustness and makes the control system less sensitive to modeling
errors, thereby enabling real-time compensation of disturbances without explicit model knowl-

edge. The Figure 3.2 presents the block diagram of the Luenberger observer.

A

x=Ax + Bu

N\
1

> £ =AR+Bu+L(y-9]FT] C

Figure 3.2: Block diagram of the Luenberger observer.

3.4 Principle of ADRC Operation

The ADRC relies on reformulating the structure of the dynamic system such that all un-
known or unmodeled effects such as nonlinearities, time-varying parameters, and external distur-
bances are treated as a ”total disturbance.” An observer, known as the Extended State Observer

(ESO), is designed to estimate both this total disturbance and the system state variables.

A key advantage of ADRC is its ability to function effectively without relying on an accurate
mathematical model. This model-independence not only enhances robustness and adaptability
in practical systems with complex or uncertain dynamics but also simplifies the design and
implementation process.

The system consists of the following components:

11



— Extended State Observer (ESO): Estimates both the system state variables and the
total disturbance in real time.

— Control Law (PD controller): Uses the estimated values from the ESO to generate
the control input, which compensates for the disturbance effects and ensures accurate

reference tracking.

The Figure 3.3 below represents the ADRC control structure.

Equivalent Plant

D L aqd :

1 | 1 1
" i | Feedback | X4 1 u, Yo

— —L ; s — » Plant >

'"| Controller | % 5 b : :

: : :

: : Tttt e

1 1 n 1 :

I I A

| I S : :

: L] MESO e 1]

I 5 n 5

| oy b i

MESO-Based ADRC

Figure 3.3: Block diagram of MESO-Based ADRC control structure.

Figure description

In this system, u represents the control input applied to the converter, which corresponds
to the duty cycle (0 < u < 0.5). The output y is the measured voltage across the load. These

two signals serve as the main inputs to the ADRC structure.

The Extended State Observer (ESO) estimates the system’s state variables, which include the
output voltage and its derivatives, along with the total disturbance. Based on these estimates,
the control law generates the appropriate control signal u to compensate for disturbances and

ensure accurate reference tracking.

12



3.5 Modified Mathematical Model for ADRC Implemen-

tation

To implement ADRC, the system’s average model must be reformulated using flatness theroy
to isolate the total disturbance, which includes all internal uncertainties, nonlinearities, and
external disturbances into a total disturbance term f(¢), allowing simplified and robust control

design. The system is typically expressed as a second-order differential equation:

= f(t)+ bou (3.1)
Where:

— q: The system output.
— u: The control input.

— bo: Nominal control gain.
— f: The total disturbance.

3.5.1 Flatness-Based Control Simplification

Given that the push-pull converter is a second-order system and that its output variable
(voltage) can be fully expressed in terms of its derivatives, the system can be classified as flat.
Therefore, Flatness-Based Control (FBC) can be applied by directly expressing the input as a
function of the output and its differential variables.

This modeling approach is particularly advantageous when designing advanced controllers
such as ADRC, as it clarifies the relationship between input and output, and enables feed

forward compensation of disturbances.

Flatness Transformation

Define the output as:
y ="V (32)

Derive g and 4 from the circuit equations:

y=W alL—mVo (3.3)
L. ldip 1 dV

NS RO @ (34)
11 2Win No 1 [dV,

= th T m“] m[ﬂ (3:5)

13



After expansion and simplification, we obtain:

1 1 2V, Ny

= o~ 7o

reY T AV T o N

Where:

"7 LC N,
1 1
)= ——q) — —
f(t) 70V " oY

3.6 Design of the Extended State Observer (ESO)

(3.7)

(3.8)

To effectively estimate both the system states and the total disturbance, the Extended State

observer (ESO) is employed. The key idea is to reformulate the original second-order system by

augmenting it with an additional state that represents the total disturbance f(¢). The observer

is then designed to estimate all three variables: the system output, its derivative, and the

disturbance.

3.6.1 The state-space representation

We define the state variables as:

r =Y, x2:y7 $3:f(t>

The state-space representation becomes:

$'1:$2

.j?g = x3+ bou = f(t) + bou

i3 = f(t)

This can be expressed in compact matrix where:

010 0 0
A=10 0 1|, B=|b|, E=10
00 0 0 1

14

(3.9)

(3.10)
(3.11)
(3.12)

(3.13)



Consequently, the state space representation can be represented as follows:

a1 (t) 01 0] [a1(2) 0 0
@) | =10 0 1| - aa@) | + [bo| -ult)+ 0] - £(2) (3.14)
a5 (t) 00 0] \as(t) 0 1
z1(t)
y® =[1 0 0] | (3.15)
x5(t)

In order to employ a control law, an extended state observer is needed to provide estimation.

3.6.2 The proposed observer

For disturbance estimation, the ESO is designed as:

&>
Il

A% + Bu(t) + L{y — §) (3.16)
C

Nacd¥
I
=
—~
@
[
-3
SN—

Where:
X T
— I [Q(t) y(t) f(t)} The estimated state vector
T

— L: [Ll Lo L3] The observer gain vector

3.7 Calculation of the Observer Gain Vector L

To ensure the stability and fast response of the ESO, the observer gain L must be selected
so that the poles of the matrix A — LC' are placed appropriately in the complex plane. This
guarantees effective damping and fast estimation of both the system states and the total dis-

turbance.

3.7.1 Method for calculating the observer gain

Based on the ESO equation (3.16), The poles of the matrix A — LC' are chosen to be faster

than the closed-loop control poles. A common practical rule for placing the observer poles is:

SP5g = (3 to 10) - S“* (3.18)

15



Where:

sF50: The selected pole locations for ESO.

SCL: The desired closed-loop pole, typically estimated by:

—6
SO ~ 3.19
Tsettle ( )

The s¥9¢ and s°F formulations, along with thier corresponding pole values, were directly

adopted from the ADRC literature [8].

3.7.2 Settling time (Tiet1e)

It is the time required for the system output to remain within a certain percentage (typically
2% or 5%) of its final value after a sudden change in the reference signal. It is used as a

benchmark to determine the speed of the system’s response and control performance.

First, the 2% settling time Tyeye is selected as a performance criterion, then the closed loop
SCL and sF99 are calculated to achieve a rapid response and system stability.

Using this estimation, the characteristic polynomial of A — LC' is defined as:

det(s] — (A — LC)) = s* + 115> + lps + 3

(e JESO\3
=(s—s77)

_ 83 o 38ESO . 82 +3. (SESO)2 .5 — (SESO)B (3_2())

Once the pole locations are chosen, the gain coefficients are computed as:

I, = 3. 5750 (3.21)
Iy =3 - (s799)2 (3.22)
I3 = —(s750)3 (3.23)

L=l (3.24)
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3.8 Control Law

The control law in the ADRC strategy relies on the outputs of the ESO, which estimates
both the system states and the total disturbance in real time. The objective of the control
law is to generate a control signal u(t) that compensates for disturbances and ensures accurate

tracking of the reference signal y,.y.

3.8.1 The proposed controller

To obtain the actual control signal, the estimated total disturbance f (t) is compensated as
follows:

We propose controller:

~

ult) = bi (0 — (1)) (3.25)

By substituting u(¢) in the ESO equation (3.1), we obtain:
1 A .
i= 10+t (5 (0= 0) ) =+ (50 - 70) ~ 0 (3.26)

A modified Proportional-Derivative (PD) controller is employed, expressed as:

Where:
— € =Y — Yref
— € =Y — Yres

— &1(t) = g(t) = y(t):is the estimated output.

— &9(t) = §(t) = Y(t):is the estimated of the first derivative of the output.
— &3(t) = f(t) = f(t):is the estimated total disturbance.

— e:Tracking error.

— Yref:Reference signal.

Given that:
Yrer = constant, which means that: gref = fref =0 (3.28)

A PD controller without the derivative part for the reference value y,.; will lead to closed

loop behavior with adjustable dynamics:
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uo(t) = kp (Yrer = y(1)) = ka - (1) (3.29)

Thus, the final control input becomes:

1 . . .
u(t) = e (Fp (Yres — 21(8)) — ka - Z2(t) — Z3(t)) (3.30)
This control structure enables the system to achieve fast dynamic response while actively
rejecting disturbances and modeling uncertainties, without requiring an accurate model of the

plant.

3.8.2 Tuning of Control Gains K, and K,

The tuning of the proportional K, and derivative Ky gains is based on the desired reference
tracking performances, with the settling time 7.4 commonly used as an indicator of system
responsiveness.

The closed-loop poles were placed to achieve the desired dynamic performance, the corre-
sponding control gains were calculated using the pole placement methodology:

The controller gains are expressed as:

K, = (S°)? (3.31)
Ky = —25°F (3.32)
r u 1 u
—»?—» Kp >? 0 > — Process .
by
Kp Observer

. =8 |
f)f‘:xz

y=4%

Figure 3.4: Control loop structure with ADRC for second-order process.

Figure Description

The figure illustrates the control loop structure of a second-order ADRC. When disturbances
or model uncertainties affect the system, the Extended State Observer (ESO) estimates them in

real time. The tracking error is computed as the difference between the reference signal and the
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estimated output g(¢). This error is processed by the PD controller to generate a virtual control
signal uo(t) . The estimated total disturbance f(t)=#3(t)is then subtracted from . Finally, the

actual control input wu(t) is applied to the system to ensure accurate tracking of the reference.

3.9 Comparative PID Controller Design

To evaluate the effectiveness of the ADRC approach, a conventional Proportional-Integral-
Derivative (PID) controller was implemented in MATLAB-SIMULINK for performance com-
parison. Unlike a basic PID structure, the controller used here was carefully tuned based on
the dynamic model of the push-pull converter. The PID gains were adjusted to achieve a com-
parable dynamic response, making the comparison with ADRC fair under identical operating
conditions.

The Figure 3.5 below shows the standard block diagram of a conventional PID controller.

Set-Point
+
( Integral
—> t
Error Value Irerm:Ki.!: e(t)dt ) I_term
- +
4 - o )
Derivative

de(t
D,.=K, d(t) ) D_term

New_Feedback_Value

Figure 3.5: PID controller block diagram.

3.9.1 The state-space representation:

We define the state variables as:

t
T =Y, To = ?J, xr3 = / Y — Yref dr (333)
0
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The state-space representation becomes:

Z).’Jl = T2 (334)
: 1 1

To — —%1’2 — El’l -+ bou (335)
‘1‘3 = T1 — Yref (336)

This can be expressed in compact matrix where:

0 1 0 0 0
dy= |- i 0|, By=l|w|. B=|0], G=[100 (337
10 0 0 1

3.9.2 PID Control Law

The PID is designed as:

i=Ay- 2+ By ut By yres (3.38)
y=Cpx (3.39)

The PID controller used in this work is implemented in a state-space form rather than the
classical time-domain formulation. The control input u is calculated as a linear combination of

the system states:

uw=-—-K-z= —k1x1 — k?gl‘g — ]{?31‘3
Where:

— x1: the output voltage (y), representing the proportional part of the controller.

— @o: the derivative of the output (), representing the derivative part.

— x3: the integral of the tracking error ( J(y = Yret) dt), representing the integral part.

— K = [kq, k2, k3] : the gain vector selected using the pole placement method to ensure
system stability and desired performance.

— wu: the control signal applied to the converter switches.

This formulation provides a full PID behavior within a state-space framework, aligning with

the system dynamics and enabling fair comparison with the ADRC-based approach.
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Controller Gain Design via Pole Placement

To compute the gain vector K = [ky, ko, k3], the pole placement method was applied to the
state-space model :
t = Apx + Byu

with the control law :
u=—Kx

The closed-loop poles of the matrix (A, — B,K) were assigned to match the desired charac-

teristic polynomial:

MA, — ByK) = (s + S°)?

This ensures a critically damped response with appropriate settling time. The coefficients
k1, ko, and k3 were then determined by matching this desired polynomial with the characteristic

equation of the closed-loop system.

3.10 Conclusion

This chapter presented the design methodology of the ADRC controller, including the refor-
mulation of the system model, the development of the Extended State Observer (ESO), and the
derivation of the control law using pole placement. The tuning process was guided by desired
performance metrics such as settling time. Additionally, a model-based PID controller was
implemented to serve as a benchmark for performance comparison. This structured approach

provides a solid foundation for evaluating the robustness and tracking accuracy of ADRC.
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Chapter 4

Simulation and Results

4.1 Introduction

This chapter provides a comparative analysis of simulation results for a push-pull converter
system controlled by the Active Disturbance Rejection Control (ADRC) method and a conven-
tional PID controller. The simulations, conducted using MATLAB/Simulink, focus on assessing
each controller’s effectiveness in terms of tracking precision, dynamic response, and robustness

against disturbances under different test scenarios.

4.2 System Setup
Table 4.1 shows the physical parameter of the push-pull converter used in the simulation:

Table 4.1: Electrical Circuit Component Values.

Component Symbol Value
Input voltage Vi 100V
Transformer Turns Ratio n 0.55
Inductor L 700e-6 H
Capacitor C 1.36e-3 F
Load resistance R 1092

4.3 Tuning of Control and Observer Parameters

The algorithm design was based on the physical parameters of the converter, with a focus
on systematically tuning both the Extended State Observer (ESO) and the controller to ensure

a fast and stable dynamic response.
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A desired settling time was selected Ty = 0.01s, from which the closed-loop bandwidth
SC¢L = —600 was determined to achieve appropriate response speed. To accelerate the observer’s
response relative to the converter, this bandwidth was increased by a factor of 50 to obtain the
observer bandwidth s#9° = —3000

Based on this value, the third-order observer gains:
L = [Ly, Lo, Ls)" = [900000 2.700010"" 2.700010%]

were computed using s”°° to ensure accurate tracking of states and disturbances.

Finally, the control gains K, = 360000 and Ky = 1200 were calculated, ensuring high
precision performance and robust stability under varying load or input voltage conditions.

Figure 4.1 shows the diagram block of the ADRC and the system in the SIMULINK.

y Vref

u

0 P Ofi OO R E =

Vref
dy/dt

Kd system » [:]

bl
o =

Lall’)

ADRC observer [:]

h 4

Figure 4.1: ADRC Structure with te system in MATLAB /Simulink.

4.4 Control Signal Generation

The control signal, representing the duty cycle, was directly generated from the output of
each controller. To ensure safe converter operation, the duty cycle range was practically limited
to [0.01, 0.48]. This constraint prevents the converter from entering unstable regions or stressing

its components.
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— Theoretically: 0 < u < 0.5
— Practically: 0.01 < u < 0.48

Note:

The reference voltage was selected within the safe operation range (V,.; = 30V'). Given that
the input voltage is 100V and the transformer turns ratio is 0.55, the theoretical output voltage

ranges from 0 to 55V.

The state-space matrices were defined in the MATLAB Function blocks. Figure 4.2 repre-
sents the blocks used for modeling the converter and the ADRC.

! dx @ u

1
X s u
P x_hat
sys_par sys_par ﬁ Oy 4 om0
. fcn X hat
100 Vi y L y L !
y
10 R b0 b0

Figure 4.2: MATLAB Function Blocks for the Converter Model and ADRC.

The input vector sys_par was used to pass the three main parameters of the converter (L),
(C), and (n) to the MATLAB Function block representing the converter model. This approach
aims to simplify the model structure and reduce the number of inputs, making it easier to tune

and update parameters when needed.

4.5 PID Controller Simulation

As a reference benchmark for comparison with ADRC controller, a modified PID controller

was designed based on three main paths:

1. In the proportional path, the regulated output voltage was directly multiplied by the
gain K;.

2. In the derivative path, the voltage derivative was extracted from the ADRC output and
then multiplied by the K.

3. In the integral path, the error between the output voltage and the reference signal was

calculated and multiplied by the gain K3, then passed through numerical integration.
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The outputs of the paths were summed to obtain the control signal, which was constrained

to ensure it remained within safe operating limits before being applied to the system.

Figure 4.3 shows the PID block diagram in SIMULINK.

x. hat —PI—‘

\ 4
-z

Yv
(NN

ADRC observer

c

|
S
S ‘ <

D R i e m—

Vref : —» - y —C]
> i) v ”
> Vi ‘

R iL.
system1

Figure 4.3: PID Controller in MATLAB/Simulink.

To achieve an appropriate dynamic response, the PID gains were tuned using the pole
placement. The matrices A and B were defined, the gain vector K was calculated using the

command:

K = acker(A,, By, Py) (4.1)

Where: P; = [S¢F S¢L SCL] is the desired poles.

4.6 Simulation Methodology and Performance Tests

The simulation was carried out under three main scenarios representing variations in ref-
erence voltage, input voltage, and load resistance, in order to test system stability and the
effectiveness of each control strategy. These scenarios enable the evaluation of the system’s
response in dynamic environments.

Figure 4.3 shows the ADRC and PID controllers in SIMULINK under the operation condi-

tions.
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Figure 4.4: Comparison of ADRC and PID Controllers under Different Operating Conditions.

4.7 Simulation Scenarios

To analyze the dynamic response of the converter under PID and ADRC control, three main

test scenarios were conducted:

4.7.1 Scenario 1:

In this scenario, the reference voltage V,.; is varied five times within one second, while both

the input voltage V;,=100V, and load resistance R =102 are kept constant.

(20V if0<t<02
25V if02<t<04
Viet(t) = {30V if 0.4 <t < 0.7
22V if 0.7 <t <0.8
25V if08<t<1
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Tracking Performance: Reference vs. Output Voltages

30

I
-
|

251

™

g,20 2 |
g . -

(>D 154 24 I |

23 I
10 :T : = -Vr (Reference)
—Vadrc (ADRC)
5 i 23.19 0195 02 0205 021 0215 022 —Vp|d (P|D)
| | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Time (s)

Figure 4.5: Comparison of Output Voltage (ADRC and PID) with the reference.

Currents
7
4
6l i
51 . 1
-.qc_; 4 :' 235 |
c - ~
33l .
2r i
1 | I
f - - -ladrc (ADRC)
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 4.6: Inductor Current Comparison

27



Tracking Errors
I

20
5
151 3 .
10¢ 1 .
L% 5 { 0.39 0.395 0.4 0.405 0.41 0.415 0.42 B
of k k |
5+
= =erradrc (ADRC)
—errpid (PID)
_10 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
Figure 4.7: Tracking Error Comparison.
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Figure 4.8: Control Signal Comparison
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4.7.2 Scenario 2:

In this scenario, the reference voltage V,.;=30V, and load resistance R =10€) are held

constant, while the input voltage V;,, is changed five times within one second. are kept constant.

Vin(t) =

(

90V

80V
9BV

100V

\110\/

Tracking Performance: Ref

it0<t<0.1
if0.1<t<0.2
if0.2<t<05
if 0.5 <t<0.8
if08<t<1

erence vs. Output Voltages
I I

35 \ \
W = -
25 r' \ 31 il
30 o
%20 29 |
-'(E 28
S5 - E
10 i 2818 0.19 0.2 0.21 0.22 0.23 0.24 0.25 ]
= =Vr (Reference)
5 —Vadrc (ADRC)
Vpid (PID)
0 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 4.9: Comparison of Output Voltage (ADRC and PID) with the reference.
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Figure 4.10: Inductor Current Comparison
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Figure 4.11: Tracking Error Comparison.
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Figure 4.12: Control Signal Comparison

4.7.3 Senario 3:

In this scenario, the reference voltage V,.;=30V, and the input voltage V;,=100V are con-

stant, while the load resistance R is changed five times within one second.

(100 if0<t<03
50 if03<t<04
R(t)=1412Q if04<t<05
15Q if05<t<06
90 if06<t<1
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Tracking Performance: Reference vs. Output Voltages
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Figure 4.13: Comparison of Output Voltage (ADRC and PID) with the reference.
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Figure 4.14: Inductor Current Comparison
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Figure 4.16: Control Signal Comparison
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4.8 Results Analysis

The simulation results across the three scenarios clearly demonstrate the superior perfor-
mance of the ADRC controller compared to the PID controller, even when the PID was finely
tuned to achieve its best possible response. This superiority is evident across the following key

indicators:

— Output voltage : ADRC exhibited high accuracy and fast tracking of the reference
voltage with minimal overshoot and quicker settling time. In contrast, PID showed
slower responses and noticeable oscillations, especially after changes occurred.

— Control signal : The control signal generated by ADRC was smoother and more stable,
consistently remaining within the operational limits without approaching saturation.
PID, however, produced more oscillatory and aggressive control actions following system
disturbances.

— Tracking error : The tracking error under ADRC remained significantly lower and
shorter in duration, indicating more precise control. PID, on the other hand, exhibited
larger and more persistent errors.

— Inductor current : ADRC produced a higher current immediately after disturbances,
reflecting a faster dynamic response. In subsequent intervals, PID showed larger current

peaks, likely due to insufficient damping or delayed overcompensation.

Overall, the results confirm that ADRC offers faster response, higher control precision, and
better robustness under dynamic conditions involving reference changes, input voltage distur-
bances, and load variations making it a more reliable solution for controlling the push-pull

converter in practical applications.

4.9 Conclusion

This chapter presented a detailed simulation model of the push-pull converter using transfer
function representations in Simulink, integrating both PID and ADRC controllers for perfor-
mance comparison. Three test scenarios were implemented reference voltage variation, input
voltage disturbances, and load resistance changes to assess the system’s dynamic response under
different operating conditions.

The simulation results clearly demonstrated the superiority of the ADRC controller across
all scenarios. ADRC achieved faster responses, lower tracking errors, and more stable control
signals compared to the optimized PID. The control input generated by ADRC remained smooth
and within operational bounds throughout. These findings confirm ADRC’s effectiveness and

robustness in power conversion applications that demand precise and reliable control.
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General Conclusion

This thesis addresses the modeling, control, and simulation of a DC-DC Push-Pull Converter
using an Active Disturbance Rejection Control (ADRC) strategy. The converter topology,
widely used in medium- and high-power applications requiring electrical isolation, was first
analyzed to understand its operation, advantages, and the challenges it presents in dynamic
regulation. The average mathematical model of the push-pull converter was derived based on
state-space representation, providing a foundation for advanced control design.

In response to the inherent nonlinearity, disturbances, and parameter uncertainties typical
in power converters, an ADRC controller was developed. This approach employs an Extended
State Observer (ESO) to estimate and compensate for total disturbances in real-time, enhancing
system robustness without requiring an exact model of the plant. The control law was formu-
lated using state feedback and the observer output, resulting in a structure that effectively
decouples the control task from unknown dynamics.

To validate the effectiveness of the proposed controller, a simulation model was built in
MATLAB/Simulink using Transfer Function blocks derived from the averaged system. Three
test scenarios were considered to evaluate the controller’s performance: variation of the reference
output voltage, input voltage disturbance, and load resistance change. FEach case compared
ADRC with conventional PID control under identical conditions. The results demonstrated the
superior transient response, disturbance rejection, and current regulation achieved by ADRC,
especially in terms of settling time, overshoot, and control signal smoothness.

Overall, the study confirms the potential of ADRC as a reliable and adaptable control solu-
tion for push-pull converters. Its model-independent nature and ability to reject disturbances
in real-time make it an attractive choice for advanced power electronic applications, where

precision, robustness, and efficiency are paramount.
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Appendix

The following figure shows the real images of the Push-Pull Converter used in this study

and the digital control board used to generate the switching signal.

Figure 4.18: Top View of the digital Control board.
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