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Abstract

Al-Baidhani, Humam A. Ph.D., Department of Electrical Engineering, Wright State
University, 2020. Design and Implementation of Simplified Sliding-Mode Control of
PWM DC-DC Converters for CCM.

The pulse-width modulated (PWM) dc-dc converters play a vital role in several

industrial applications that include motor drives, electric vehicles, dc distribution

systems, and consumer electronics. The switched-mode power converters step the input

voltage up or down based on their typology and provide a regulated output voltage.

The stability and regulation performance of a power converter can tremendously

be improved via a suitable control design. However, due to the nonlinearity of the

power converters and the presence of the line and load disturbances, the design of

a robust and low-cost control circuit becomes a challenging task. The sliding-mode

control of the dc-dc converters has been studied for decades because of its robustness,

design simplicity, and suitability for variable structure systems. Despite the merits

of the sliding-mode control method, the linear controllers are still dominant and

attractive to the commercial applications since they require less design efforts and can

be implemented using simple analogue circuits.

This research aims to develop simplified sliding-mode control circuits for the

classical PWM dc-dc converters in continuous-conduction mode (CCM). The control

objectives are to maintain a constant switching frequency, enhance the transient

response, provide wide operating range, and track the desired reference voltage under

large disturbances. In order to design and test the control circuit, an accurate power

converter model should be derived. Hence, large-signal non-ideal averaged models of

dc-dc buck and boost converters in CCM are developed. The models are simulated

in MATLAB/SIMULINK and compared with the corresponding circuits in SaberRD

simulator for validation purpose. Next, PWM-based simplified sliding-mode voltage
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and current control schemes are designed for the dc-dc buck and boost converters in

CCM, respectively. The design procedure and the analogue realization of the control

equations are presented, where the control circuits are constructed with minimal added

components. The derivation of the existence and stability conditions is also provided to

select the controller gains accordingly. The closed-loop control systems are simulated

in MATLAB/SIMULINK and SaberRD under various operating conditions to validate

the design approach. The tracking, disturbance rejection, and regulation performance

have been investigated. Finally, a PCB prototype of a simplified sliding-mode voltage

controlled PWM dc-dc buck converter is designed and tested under large disturbances

condition, where the experimental results have showed a good agreement with the

simulated results.
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1 Introduction

The PWM dc-dc converters are utilized in various industrial applications such as dc

motor drives, electric vehicles, dc distribution systems, and communication equip-

ment [1]. The power converters are nonlinear time-varying systems that step the

dc input voltage up or down based on their topology [2]. Since the characteristics

of the power sources and electrical loads become more complex and unpredictable,

the control of dc-dc power supplies is crucial in optimizing the power conversion

process and providing constant output voltage under line and load disturbances. The

linear control techniques such as the voltage-mode and current-mode control of dc-dc

converter are widely applied in industrial applications because they have simple and

affordable design. It is known that the linear controllers are designed based on the

small-signal model, so they tend to be effective methods over small variations around

a local operating point and incapable of handling large-signal disturbances. There-

fore, much research effort has been dedicated to apply the modern control theory

to the power converters in order to maintain large-signal stability and improve their

dynamics and regulation performance. For instance, the design of adaptive, fuzzy

logic, back-stepping, and sliding-mode control have been proposed and their feasibility

has been discussed. Among the robust control techniques, the sliding-mode control

(SMC) has been investigated for decades as a promising candidate for such dynamical

systems due to the design simplicity, flexibility of choosing control parameters, and

suitability for variable structure systems (VSS) [3].

The concept of SMC is first introduced and applied by Russian engineers in

1930s for ship-course and dc generators control [4]. Later on 1977s, the work was

spread outside Russia in English language by Utkin via written manuscripts, which

captured the interest of many researchers and control engineers. The first application

of SMC to the dc-dc buck converter was reported in 1983 by Bilalovic et al. [5]. Since
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then, this control method has been extended to cover all other types of dc-dc power

converters. Although the SM controller is robust against large disturbances and system

parameters variations, the linear controller is still dominant in industrial applications.

This is because the classical control schemes require less design efforts and can be

implemented in simple analogue form. Additionally, there are some practical design

issues accompanied with the implementation of SM controller in dc-dc converters such

as the chattering phenomenon, variable switching frequency, and steady-state error [6].

In 2005, Tan et al. have introduced encouraging results for designing and implementing

analogue SMC schemes of dc-dc buck converter [7]. Furthermore, the authors have

addressed most of the practical limitations of SMC in their design approach and come

up with systematic design procedures for the basic power converter typologies.

Following the trend of the aforementioned research efforts, it is timely to design

the SMC of dc-dc converters from circuit prospective using the simplest possible

structure. In this dissertation, a simplified SM controller of PWM dc-dc converters in

continuous conduction mode (CCM) is designed in detail. The proposed nonlinear

controller is realized in simple analogue form and validated via MATLAB/SIMULINK

and SaberRD simulations. Finally, a prototype of simplified SM voltage control of

PWM dc-dc buck converter is developed and tested under various operating conditions

to verify the design methodology.

1.1 Background

The ideal SMC law, which is mainly developed for VSS, is a time-varying state

feedback control law. It is a discontinuous function that switches between the system

structures at an infinite frequency depending on the state variable location in the

state-space [3]. The control objective is to force the state variables being controlled to

follow a reference path called a sliding manifold and eventually settle upon a desired

equilibrium point. Two phases are involved in the sliding-mode operation. In the first
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phase, which is called the reaching phase, the trajectory is forced by the SMC law

toward the sliding manifold. This phase is achieved through the compliance of the

hitting condition, which guarantees that the system trajectory is directed from its

arbitrary location toward the sliding surface [8]. Next, the system enters the sliding

phase, in which the system is subjected to infinite switching actions so as to maintain

the controlled trajectory on the sliding surface and force it toward the origin. This is

possible if the existence and stability conditions are satisfied. The existence condition

ensures that the trajectory stays within the neighborhood of the sliding surface. The

stability condition, on the other hand, guarantees that the state variable of the system

being controlled reaches the desired steady-state in finite time [8].

It has been assumed that the ideal SMC operates at infinite switching frequency

such that the controlled trajectory is forced to follow the desired path, so the controlled

system is robust against parameters variations and large disturbances. Moreover,

the system under ideal SM operation enjoys fast dynamics and tracks the desired

trajectory with zero steady-state error. However, such controller is not feasible due

to the non-ideality of the switching devices, which must operate in finite switching

frequency. Thus, the controlled trajectory under non-ideal SMC oscillates at high

switching frequency during the sliding phase, creating what is so-called the chattering

phenomenon [9]. Fig. 1.1 shows the controlled trajectory during ideal and non-ideal

SMC.

1.2 Current State-of-the-Art Sliding-Mode Control of Power
Converters

As mentioned earlier, the application of ideal SMC is not possible in actual dc-dc

converters, so practical design considerations should be taken into account. For ex-

ample, the implementation of SM controller with high switching frequency in dc-dc

converters increases the switching losses and electromagnetic interference (EMI) [10].
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Figure 1.1: The controlled trajectory during ideal and non-ideal SMC. a) Reaching
phase. b) Ideal sliding phase. c) Non-ideal sliding phase.

Thus, the hysteresis modulation (HM) has been implemented in the SMC of dc-dc con-

verter to limit the switching frequency and eliminate the chattering phenomenon [11],

[12]. Various SMC implementation techniques have been proposed using embedded

systems [13]-[48]. Some approaches have utilized digital signal controller such as

dsPICF3010 and STM32F407VG [13], [14], DSP [15]-[21], ATMEGA16 microproces-

sor [22], [23], and FPGA [24]-[26]. Other techniques have included computerized

platforms [27]-[29], real-time MATLAB environment using DAQ-Advantech [30]-[32],

dSPACE system [33]-[38], Arcon RISC Machine (ARM)-based micro-controller [39],

[40], OPAL-RT real-time digital simulator [41]-[44], and CMOS chip [45]-[48]. The

aforementioned techniques are characterized by the programmability, flexibility, and

fast signal processing capability, but they are more expensive than linear control

methods that utilize single op-amp with few capacitors and resistors. Therefore, the
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embedded systems-based implementation is not suitable for low-cost commercial and

industrial applications.

Alternatively, the analogue circuits have been introduced in [49]-[56] using conve-

tional HM-based SMC, which are more affordable as compared to embedded systems-

based methods. Unfortunately, the HM-based SMC method produces variable switch-

ing frequency, which is not a desirable feature because the design of input and output

filters of dc-dc converters becomes more complicated [4]. The adaptive hysteresis

modulation [55],[56], and hysteresis modulation with a synchronization to external

trigger [57] have also been proposed to maintain constant switching frequency using

analogue control circuit. However, such method is more complicated than conventional

HM-based SMC and thus unattractive for commercial applications. On the other

hand, the PWM-based SMC using analogue control schemes built with op-amps have

been reported in [6], [7], [58]-[66] as alternatives for the sophisticated implementation

techniques. Table I summarizes the main SMC implementation techniques of dc-dc

converters.

The idea of designing a SMC for PWM dc-dc converters using the equivalent control

method can be traced back to [11], where it was proposed that the control signal

obtained from the equivalent control method in SMC and the duty cycle obtained from

a PWM-based controller are equivalent. Later, a geometric framework that maps the

PWM control onto SMC has been provided by [67], [68], in which it has been shown

that the averaged dynamics of the SM controlled system and PWM controlled system

are equivalent as the switching frequency tends to infinity. In [69], the first application

of equivalent control method to the SMC of PWM dc-dc buck converter has been

reported. Next, Mahdavi et al. have incorporated the state-space averaging technique

into the modeling of SMC of dc-dc converters [70], [71]. Thus, the relation between the

equivalent control law and duty cycle has been established, and the implementation
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of PWM with SM controller has become possible.

1.3 Motivation

The technical aspects of the design and implementation of PWM-based SM controller

for basic dc-dc converters using analogue integrated circuits (ICs) have already been

introduced in [6], [7], [61]-[66]. The authors have proposed a systematic procedure

to design and realize a fixed switching frequency PWM-based SMC schemes that

have simpler structure and lower implementation cost than adaptive HM-based SM

controllers and embedded systems-based SMC methods. The design of SM controller of

power converters in a form that it is close to the classical linear controller is preferable

in industrial applications, where the low cost, robust tracking, and good regulation

performance are required. However, the application of such SM controllers is still

limited in industrial and commercial applications compared to the linear controllers.

This is attributed to the fact that the majority of previous research work in SMC have

mainly been discussed from control prospective rather than circuit perspective [6].

The SMC of power converters is still uncommon among the power electronics

specialists who prefer using linear control theory to design and implement PID, type II,

and type III controllers, thus avoiding the cumbersome mathematics in modern control

techniques. On the other hand, the control engineers tend to introduce various SM

controllers in detailed mathematical form rather than offering simple implementation

techniques for such control systems. However, if the gap between the two communities

is bridged, then the design and implementation of robust control systems based on

simple electronic components can be achieved. Hence, based on the research endeavors

proposed in [6], [7], [62], and [63], it is highly motivating:

1. To simplify the design of SMC systems of basic PWM dc-dc converters so as to

encourage the utilization of such robust controllers.

6



2. To provide detailed design methodology for such controllers and facilitate the choice

of proper control system parameters.

3. To convert the proposed control law into the simplest analogue form and simulate

the nonlinear controller using accurate power converter models and reliable software.

4. To develop an analogue prototype for the simplified nonlinear controller that fits the

low-cost industrial applications and validate the practical design via experimental

results.

1.4 Objectives

The main objectives of this dissertation that is related to the design of simplified SMC

of PWM dc-dc power converters are:

1) To develop nonlinear models of PWM dc-dc buck and boost converters for CCM

based on the averaging techniques, which are necessary to

• present accurate dynamics of the system being controlled instead of using

linearized models and transfer functions.

• create convenient mathematical forms for the dc-dc converters so as to test

the SMC system performance in MATLAB/SIMULINK environment.

2) To design simplified PWM-based SM controllers of dc-dc buck and boost converters

for CCM, in which the derivation of equivalent control law, existence, and stability

conditions are introduced in detail.

3) To convert the proposed control law into a simple analogue circuit presented by few

resistors and operational amplifiers, and simulate the closed-loop control system in

MATLAB/SIMULINK and SaberRD.

7



4) To investigate the tracking and regulation performance of the analogue closed-loop

control systems during large line and load disturbances.

5) To develop a PCB prototype for Simplified SM voltage control of PWM dc-dc

buck converter for CCM, and perform experimental tests to study the tracking and

regulation performance of the nonlinear controller during large disturbances.

6) To validate the theoretical control design approach using simulation and experi-

mental results.

1.5 Structure and Contents

The organization of the dissertation is summarized as follows:

Chapter 1: Introduction to the SMC theory, current state-of-the-art SMC of power

converters, the need for simplifying the design of SM controller, and dissertation

outcomes are introduced.

Chapter 2: Open-loop large-signal averaged models of PWM dc-dc buck and boost

converters for CCM are developed. Additionally, the nonlinear models of power stages

are simulated in MATLAB/SIMULINK and compared with SaberRD for validation

purpose.

Chapter 3: Design of closed-loop simplified SM voltage controlled PWM dc-dc

buck converter for CCM is introduced. The analogue realization of the nonlinear

controller is presented. The steady-state response, disturbance rejection, and regu-

lation performance are investigated based on MATLAB/SIMULINK and SaberRD

simulations.

Chapter 4: Design and analogue representation of closed-loop double-integral

(proportional-integral) simplified SM voltage controlled PWM dc-dc buck converter

for CCM are presented. MATLAB/SIMULINK and SaberRD simulations are utilized

to validate the control design approach.
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Chapter 5: Design of closed-loop double-integral simplified SM current controlled

PWM dc-dc boost converter for CCM is introduced. The analogue representation and

design procedure are given. The simulation results using MATLAB/SIMULINK and

SaberRD are also presented.

Chapter 6: The PCB prototyping and analogue implementation of closed-loop

simplified SM voltage controlled PWM dc-dc buck converter for CCM are discussed.

The experimental results of the nonlinear control system are compared with the

simulation results during steady-state and large disturbance conditions to verify the

design methodology.

Chapter 7: dissertation summary, conclusions, key contributions, and future work

are summarized.
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Table I: Summary of SMC Implementation of DC-DC Converters

Implementation
Method

Merits Drawbacks References

Embedded systems
that include

Micro-controllers,
dSPACE, DSP, and

FPGA.

Programability,
flexibility, robustness,

and fast signal
processing capability.

High cost and
complexity. Not

suitable for low-cost
commercial

applications.

[13]-[48]

Analogue circuit via
hysteresis modulation.

Simple control circuit
and direct

implementation.
Reduced components
count as compared to

the other methods.
Robust tracking.

High and variable
switching frequency.
Complicates filters
design. Increases
switching losses.

Worsens EMI issues.

[49]-[54]

Analogue circuit via
adaptive hysteresis

modulation.

Constant switching
frequency. Simpler

structure as compared
to embedded systems.

Reduces switching
losses. Robust

tracking.

Additional circuitry
and cost are required

to maintain a
constant switching
frequency. Requires
capacitor and load

current sensors.

[55],[56]

Analogue circuit via
hysteresis modulation
with synchronization
to external trigger.

Constant switching
frequency. Simpler

structure as compared
to embedded systems.

Reduces switching
losses. Robust

tracking.

Additional circuitry
and cost are required
to maintain a constant
switching frequency.

[57]

Analogue circuit via
pulse-width

modulation and
equivalent control

method.

Constant switching
frequency. Simpler

than adaptive
hysteresis modulation.

Reduces switching
losses. Robust

tracking.

Utilizes adaptive
ramp voltage.

Additional circuitry
and cost are required
to sense the capacitor

current. Efficiency
and output voltage
ripple are affected.

[6], [7],
[61]-[66]
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2 Nonlinear Modeling of Open-Loop DC-DC Con-
verters for CCM

2.1 Introduction

The large-signal averaged models of PWM dc-dc buck and boost converters are

developed using state-space averaging techniques. Furthermore, MATLAB/SIMULINK

model with s-function is utilized to simulate the dc-dc converters dynamics for CCM.

The steady-state open-loop time response obtained from MATLAB and SaberRD are

compared to verify the nonlinear models of the power stages.

2.2 State-Space Averaging Method of DC-DC Converters

The PWM power converters are highly nonlinear systems due to the presence of power

MOSFET and diode, which construct the switching network. In order to design a SM

controller that maintains a constant output voltage during large disturbances, the

knowledge of the converter model is required. Since the dc-dc converters are variable

structure systems, the state-space averaging technique can be used to obtain their

nonlinear models.

The state-space averaged model is derived via averaging the differential equations

obtained from the equivalent circuit that is associated with a certain switching status.

The differential equations, which are derived using Kirchhoff’s voltage law (KVL)

and Kirchhoff’s current law (KCL), are weighed by the corresponding time interval

at which the circuit operates at certain switching status [72]. Thus, the weighed

dynamics during an entire switching cycle represent the large-signal model of the

dc-dc converter. The state-space averaging technique results in a model that is suited

for MATLAB simulations. In this research, s-function is implemented to simulate the

dynamics of dc-dc buck and boost converters in MATLAB/SIMULINK [74], [75].

The dc-dc converters models are derived in this chapter considering the following
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assumptions:

1. The capacitance of the switching elements is neglected.

2. The MOSFET on-resistance is linear, whereas the MOSFET off-resistance is infinite.

3. The diode is modeled as a linear forward resistance and a battery when it is ON,

and as an infinite resistance when it is OFF.

4. The inductor and capacitor are linear, time invariant, and frequency independent.

2.2.1 Large-Signal Model for CCM

The nonlinear state-space switched model of the power converter can be written as

ẋ(t) = A(us(t))x(t) +B(us(t))u(t), (2.1)

where A(us(t)) and B(us(t)) are given by


A(us(t)) = A1us(t) + A2(1− us(t))

B(us(t)) = B1us(t) +B2(1− us(t)).
(2.2)

The state and input matrices are A ∈ Rn×n and B ∈ Rn×m, respectively. The state

and input vectors are denoted as x ∈ Rn and u ∈ Rm, respectively. The state and

input matrices during the time interval t ∈ [0, dTT ] are given as A1 and B1, whereas

state and input matrices during the time interval t ∈ [dTT, T ] are A2 and B2, respec-

tively. The switching control input us is defined as follows

us =


1 for t ∈ [0, dTT ]

0 for t ∈ [dTT, T ].
(2.3)

Using the averaging method, the nonlinear switched model can be averaged during
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the time interval [0, T ], yielding the nonlinear large-signal averaged model

˙̄x(t) =
[
A1dT (t) + A2d̄T (t)

]
x̄(t) +

[
B1dT (t) +B2d̄T (t)

]
u(t), (2.4)

where the large-signal quantity of duty cycle dT ∈ [0, 1] and d̄T is 1− dT .

2.2.2 Ideal Large-Signal Averaged Model of Buck Converter

The buck converter circuit is depicted in Fig. 2.1. The circuit is made up of a power

MOSFET S, a diode D1, inductor L, and a capapcitor C. In CCM, the equivalent

circuits of the power converter during the ON-OFF state of the switching elements

are shown in Fig. 2.1(b) and (c), respectively. The dynamics of the buck converter

when S is ON and D1 is OFF are obtained via applying KVL and KCL to Fig. 2.1(b),

yielding

 i̇L
v̇C

 =
− 1

L
vC + 1

L
vI

1
C
iL − 1

C
iO

 . (2.5)

Similarly, applying KVL and KCL to Fig. 2.1(c) yields the buck converter dynamics

when S is OFF and D1 is ON  i̇L
v̇C

 =
 − 1

L
vC

1
C
iL − 1

C
iO

 . (2.6)

The variables that represent large-signal quantities of the capacitor voltage, inductor

current, input voltage, output current, output voltage, and load resistance are defined

as vC , iL, vI , iO, vO, and r respectively. According to the averaging technique, (2.5)

and (2.6) can be averaged during the time interval [0, T ], yielding the ideal large-signal

averaged model of the dc-dc buck converter ˙̄iL
˙̄vC

 =
− 1

L
v̄C + 1

L
v̄IdT

1
C
īL − 1

C
īO

 , (2.7)
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(a)

(b)

(c)

Figure 2.1: DC-DC buck converter. a) The circuit. b) Ideal equivalent circuit during
the time interval 0 < t ≤ dTT . c) Ideal equivalent circuit during the time interval
dTT < t ≤ T .

and the output voltage is

v̄O = v̄C . (2.8)

On the other hand, the ideal switched buck converter model yields i̇L
v̇C

 =
− 1

L
vC + 1

L
vIus

1
C
iL − 1

C
iO

 . (2.9)
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In state-space form, (2.9) can be written as i̇L
v̇C

 =
0 − 1

L

1
C
− 1
rC

  iL
vC

+
us

L

0

 vI , (2.10)

and the output equation is [
vO
]

=
[
0 1

]  iL
vC

 (2.11)

At steady-state, one can solve for the equilibrium point, yielding the steady-state

values of inductor current IL and capacitor voltage VC
IL = VC

R

VC = DVI ,
(2.12)

where D, R, and VI are the steady-state values of the duty cycle, load resistance, and

input voltage, respectively.

2.2.3 Non-Ideal Large-Signal Averaged Model of Buck Converter

The non-ideal large-signal averaged model is obtained when the parasitic components

of the power converter circuit are included. Such model emulates the non-ideal power

converter dynamics, which can be utilized to test the control system performance using

MATLAB/SIMULINK. The equivalent circuits of the non-ideal buck converter during

the ON-OFF state of the power MOSFET are shown in Fig. 2.2. The equivalent series

resistances (ESRs) of the capacitor and inductor are defined as rC and rL, respectively.

The parasitic components of the switching network are represented by the MOSFET

on-resistance rDS, diode forward resistance, rF , and diode threshold voltage VF .

The dynamics of the buck converter when S is ON and D1 is OFF are obtained

via applying KVL and KCL to Fig. 2.2(a), yielding

 i̇L
v̇C

 =
− 1

L
(rDS + rL)iL − 1

L
vO + 1

L
vI

1
C
iL − 1

C
iO

 . (2.13)
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(a)

(b)

Figure 2.2: a) Non-ideal equivalent circuit during the time interval 0 < t ≤ dTT . b)
Non-ideal equivalent circuit during the time interval dTT < t ≤ T .

Similarly, applying KVL and KCL to Fig. 2.2(b) yields the buck converter dynamics

when S is OFF and D1 is ON

 i̇L
v̇C

 =
− 1

L
(rF + rL)iL − 1

L
vO + 1

L
VF

1
C
iL − 1

C
iO

 . (2.14)

Thus, based on the averaging technique, (2.13) and (2.14) are combined together,

yielding the non-ideal large-signal averaged buck converter model for CCM

 ˙̄iL
˙̄vC

 =

− 1
L

[
rDSdT + rF (1− dT ) + rL

]̄
iL − 1

L
v̄O + 1

L

[
v̄IdT + VF (1− dT )

]
1
C
īL − 1

C
īO

 . (2.15)
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and the output voltage is

v̄O = rC īL + v̄C − rC īO. (2.16)

Alternatively, the non-ideal switched buck converter model is

 i̇L
v̇C

 =
− 1

L
(rDSus + rF ūs + rL)iL − 1

L
vO + 1

L
(vIus + VF ūs)

1
C
iL − 1

C
iO

 , (2.17)

which can be written as a state-space model

 i̇L
v̇C

 =

− 1
L

(rL + rCr
rC+r + rDSus + rF ūs) − 1

L
( r
rC+r )

1
C

( r
rC+r ) − 1

C
( 1
rC+r )


 iL
vC

+
us

L
ūs

L

0 0

  vI
VF

 (2.18)

with an output equation

[
vO
]

=
[
rCr
rC+r

r
rC+r

]  iL
vC

 . (2.19)

Note that the inverse logic of the switching control input is defined as ūs, which is

equal to 1− us.

2.2.4 Ideal Large-Signal Averaged Model of Boost Converter

The boost converter can be modeled based on the same approach. The boost converter

circuit is given in Fig. 2.3(a), whereas Figs. 2.3 (b) and (c) show the equivalent

circuits when the power MOSFET is ON and OFF, respectively. If S is ON and D1 is

OFF, the converter dynamics are obtained from Fig. 2.3(b) based on KVL and KCL,

hence  i̇L
v̇C

 =
 1

L
vI

− 1
C
iO

 , (2.20)

and the boost converter dynamics during the interval at which S is OFF and D1 is
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(a)

(b)

(c)

Figure 2.3: DC-DC boost converter. a) The circuit. b) Ideal equivalent circuit during
the time interval 0 < t ≤ dTT . c) Ideal equivalent circuit during the time interval
dTT < t ≤ T .

ON are obtained from Fig. 2.3(c) as

 i̇L
v̇C

 =
− 1

L
vC + 1

L
vI

1
C
iL − 1

C
iO

 . (2.21)

Thus, (2.20) and (2.21) can be combined according to the averaging method, which

results in ideal large-signal averaged model of dc-dc boost converter for CCM
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 ˙̄iL
˙̄vC

 =
− 1

L
v̄C(1− dT ) + 1

L
v̄I

1
C
īL(1− dT )− 1

C
īO

 , (2.22)

and the output equation is

v̄O = v̄C . (2.23)

The ideal switched model, on the other hand, is given by

 i̇L
v̇C

 =
− 1

L
vC ūs + 1

L
vI

1
C
iLūs − 1

C
iO

 , (2.24)

while the state-space representation of the ideal switched model is

 i̇L
v̇C

 =
 0 − 1

L
ūs

1
C
ūs − 1

rC

 iL
vC

+
 1
L

0

 vI , (2.25)

and the output equation is [
vO
]

=
[
0 1

]  iL
vC

 . (2.26)

The steady-state values of inductor current IL and capacitor voltage VC of the ideal

boost converter are


IL = VC

2

VIR

VC = VI

1−D .
(2.27)

2.2.5 Non-Ideal Large-Signal Averaged Model of Boost Converter

The equivalent circuits of the non-ideal converter during the ON-OFF state of the

power MOSFET are shown in Fig. 2.4. The dynamics of the boost converter when S
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(a)

(b)

Figure 2.4: a) Non-ideal equivalent circuit during the time interval 0 < t ≤ dTT . b)
Non-ideal equivalent circuit during the time interval dTT < t ≤ T .

is ON and D1 is OFF are obtained via applying KVL and KCL to Fig. 2.4(a), yielding

 i̇L
v̇C

 =
− 1

L
(rDS + rL)iL + 1

L
vI

− 1
C
iO

 . (2.28)

Similarly, applying KVL and KCL to Fig. 2.4(b) yields the boost converter dynamics

when S is OFF and D1 is ON

 i̇L
v̇C

 =
− 1

L
(rF + rL)iL − 1

L
vO + 1

L
vI − 1

L
VF

1
C
iL − 1

C
iO

 . (2.29)

According to the averaging technique, (2.28) and (2.29) are combined together, yielding

the non-ideal large-signal averaged model of dc-dc boost converter for CCM
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 ˙̄iL
˙̄vC

 =

− 1
L

[
rDSdT + rF (1− dT ) + rL

]̄
iL − 1

L
v̄O(1− dT ) + 1

L
v̄I − 1

L
VF (1− dT ))

1
C
īL(1− dT )− 1

C
īO

 .
(2.30)

and the output voltage is

v̄O = rC īL(1− dT ) + vC − rC īO. (2.31)

Alternatively, the non-ideal switched model yields

 i̇L
v̇C

 =
− 1

L
(rDSus + rF ūs + rL)iL − 1

L
vOūs + 1

L
vI − 1

L
VF ūs

1
C
iLūs − 1

C
iO

 , (2.32)

which gives the non-ideal state-space model

 i̇L
v̇C

 =

− 1
L

(rL + rDSus + rF ūs + rCr
rC+r ūs) −

1
L

( r
rC+r )ūs

1
C

( r
rC+r )ūs − 1

C
( 1
rC+r )


 iL
vC

+
 1
L
− ūs

L

0 0

 vI
VF


(2.33)

with the following output equation

[
vO
]

=
[
rCr
rC+r ūs

r
rC+r

]  iL
vC

 . (2.34)

2.3 Analytical Periodic Solution of Ideal DC-DC Converters
2.3.1 General Periodic Solution

The analytical solution of the power converter dynamics during the time interval at

which S is ON and D1 is OFF gives

x(t) = eA1tx(0) +
∫ t

0
eA1(t−τ)B1u(τ)dτ, (2.35)

where

eA1t = L−1
[
(sI − A1)−1

]
. (2.36)

21



During this time interval, (2.35) can be written as

x(dTT ) = eA1dTTx(0) +
∫ dTT

0
eA1(dTT−τ)B1u(τ)dτ. (2.37)

On the other hand, the solution of the power converter dynamics during the time

interval at which S is OFF and D1 is ON yields

x(t) = eA2(t−dTT )x(dTT ) +
∫ t

dTT
eA2(t−τ)B2u(τ)dτ, (2.38)

where

eA2t = L−1
[
(sI − A2)−1

]
. (2.39)

Thus, the solution at the switching period T becomes

x(T ) = eA2(1−dT )T
[
eA1dTTx(0) +

∫ dTT

0
eA1(dTT−τ)B1u(τ)dτ

]
+
∫ T

dTT
eA2(T−τ)B2u(τ)dτ.

(2.40)

Now, if the periodicity condition is applied such that x(0) = x(T ) [76], then the

initial condition x(0) is determined as follows

x(0) =
[
I − eA2(1−dT )T eA1dTT

]−1[
eA2(1−dT )T

∫ dTT

0
eA1(dTT−τ)B1u(τ)dτ

+
∫ T

dTT
eA2(T−τ)B2u(τ)dτ

]
,

(2.41)

and the analytical periodic solution is

x̂(t) =



eA1tx(0) +
∫ t

0 e
A1(t−τ)B1u(τ)dτ, for t ∈ [0, dTT ]

eA2(t−dTT )
[
eA1dTTx(0) +

∫ dTT
0 eA1(dTT−τ)B1u(τ)dτ

]
+
∫ T
dTT

eA2(t−τ)B2u(τ)dτ, for t ∈ [dTT, T ]

(2.42)
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2.3.2 Analytical Periodic Solution of Ideal Buck Converter

The ideal switched model of the dc-dc buck converter is defined as

 i̇L
v̇C

 =
0 − 1

L

1
C
− 1
rC

  iL
vC

+
us

L

0

 vI . (2.43)

Druing the time interval [0, dTT ] with initial conditions iL(0) and vC(0), the analytical

solution of the buck converter dynamics is given by

iL(t) = vI
r

+ e−
t

2rC

{(
iL(0)− vI

r

)
cosωt+ 1

ω

[ 1
2rC

(
iL(0)− vI

r

)
− 1
L

(
vC(0)− vI

)]

× sinωt
}

(2.44)

vC(t) = vI + e−
t

2rC

{(
vC(0)− vI

)
cosωt+ 1

ω

[ 1
C

(
iL(0)− vI

r

)
− 1

2rC
(
vC(0)− vI

)]

× sinωt
}
,

(2.45)

where

ω =
√

1
4r2C2 −

1
LC

. (2.46)

On the other hand, druing the time interval [dTT, T ] with initial conditions iL(dTT )

and vC(dTT ), the analytical solution yields

iL(t) = e−
(t−dT T )

2rC

{
iL(dTT ) cosω(t− dTT ) + 1

ω

[ 1
2rC iL(dTT )− 1

L
vC(dTT )

]

× sinω(t− dTT )
} (2.47)

vC(t) = e−
(t−dT T )

2rC

{
vC(dTT ) cosω(t− dTT ) + 1

ω

[ 1
C
iL(dTT )− 1

2rC vC(dTT )
]

× sinω(t− dTT )
}
,

(2.48)

where the terms iL(dTT ) and vC(dTT ) are defined as
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iL(dTT ) = vI
r

+ e−
dT T

2rC

{(
iL(0)− vI

r

)
cosωdTT + 1

ω

[ 1
2rC

(
iL(0)− vI

r

)
− 1
L

(
vC(0)− vI

)]
sinωdTT

} (2.49)

vC(dTT ) = vI + e−
dT T

2rC

{(
vC(0)− vI

)
cosωdTT + 1

ω

[ 1
C

(
iL(0)− vI

r

)
− 1

2rC
(
vC(0)− vI

)]
sinωdTT

}
.

(2.50)

Hence, the analytical periodic solution of the ideal dc-dc buck converter dynamics in

CCM becomes

îL(t) =



vI

r
+ e−

t
2rC

{(
iL(0)− vI

r

)
cosωt+ 1

ω

[
1

2rC

(
iL(0)− vI

r

)
− 1
L

(
vC(0)− vI

)]
sinωt

}
, for t ∈ [0, dTT ]

vI

r
+ e−

(dT T )
2rC

{
1
ω

[
vI

L
− vI

2r2C

]
sinω(dTT )− vI

r
cosω(dTT )

}

+e− t
2rC

{
iL(0) cosωt+ 1

ω

[
1

2rC iL(0)− 1
L
vC(0)

]
sinωt

}
, for t ∈ [dTT, T ]

(2.51)

v̂C(t) =



vI + e−
t

2rC

{(
vC(0)− vI

)
cosωt+ 1

ω

[
1
C

(
iL(0)− vI

r

)
− 1

2rC

(
vC(0)− vI

)]
sinωt

}
, for t ∈ [0, dTT ]

vI − e−
(dT T )

2rC

{
vI cosω(dTT ) + 1

2ωrC sinω(dTT )
}

+ e−
t

2rC

{
vC(0) cosωt

+ 1
ω

[
1
C
iL(0)− 1

2rC vC(0)
]

sinωt
}
, for t ∈ [dTT, T ].

(2.52)

Note that iL(0) and vC(0) are determined according to (2.41) and substituted in (2.51)

and (2.52) to solve for îL(t) and v̂C(t), respectively.
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2.3.3 Analytical Periodic Solution of Ideal Boost Converter

The switched model of the ideal dc-dc boost converter is

 i̇L
v̇C

 =
 0 − ūs

L

ūs

C
− 1
rC

  iL
vC

+
 1
L

0

 vI . (2.53)

The analytical solution of the boost converter dynamics druing the time interval

[0, dTT ] with initial conditions iL(0) and vC(0) is

iL(t) = iL(0) + vI
L
t (2.54)

vC(t) = vC(0)e− t
rC . (2.55)

Alternatively, the analytical solution druing the time interval [dTT, T ] with initial

conditions iL(dTT ) and vC(dTT ) gives

iL(t) = vI
r

+ e−
(t−dT T )

2rC

{(
iL(dTT )− vI

r

)
cosω(t− dTT ) + 1

ω

[ 1
2rC

(
iL(dTT )− VI

r

)
− 1
L

(
vC(dTT )− vI

)]
sinω(t− dTT )

}
(2.56)

vC(t) = vI + e−
(t−dT T )

2rC

{(
vC(dTT )− vI

)
cosω(t− dTT ) + 1

ω

[ 1
C

(
iL(dTT )− vI

r

)
− 1

2rC
(
vC(dTT )− vI

)]
sinω(t− dTT )

}
,

(2.57)

where the terms iL(dTT ) and vC(dTT ) are

iL(t) = iL(0) + vI
L
dTT (2.58)

vC(t) = vC(0)e−
dT T

rC . (2.59)
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Thus, the analytical periodic solution of the ideal dc-dc boost converter dynamics in

CCM results in

îL(t) =



iL(0) + vI

L
t, for t ∈ [0, dTT ]

vI

r
+ e−

(t−dT T )
2rC

{(
iL(0) + vI

L
dTT − vI

r

)
cosω(t− dTT ) + 1

ω

[
1

2rC

(
iL(0)

+vI

L
dTT − vI

r

)
− 1

L

(
vC(0)e−

dT T

rC − vI
)]

sinω(t− dTT )
}
, for t ∈ [dTT, T ]

(2.60)

v̂C(t) =



vC(0)e− t
rC , for t ∈ [0, dTT ]

vI + e−
(t−dT T )

2rC

{(
vC(0)e−

dT T

rC − vI
)

cosω(t− dTT ) + 1
ω

[
1
C

(
iL(0) + vI

L
dTT

−vI

r

)
− 1

2rC

(
vC(0)e−

dT T

rC − vI
)]

sinω(t− dTT )
}
, for t ∈ [dTT, T ].

(2.61)

As mentioned previously, iL(0) and vC(0) can be determined according to (2.41) and

then substituted in (2.60) and (2.61) to solve for îL(t) and v̂C(t), respectively.

2.4 Validation of Large-Signal Averaged Models
2.4.1 Pulse-Width Modulator

The pulse-width modulator of the dc-dc converter is an inverting comparator, in which

the control voltage ue is applied to the non-inverting input, whereas the ramp voltage

Vt is applied to the inverting input. As ue increases, the duty cycle dT also increases,

resulting in an increase in vO. Fig. 2.5 shows the circuit and waveforms in a typical

pulse-width modulator. The slope M of the ramp voltage Vt can be written as [72]

M = tan(φ) = ue
dTT

= VT
T
, (2.62)

where VT is the peak ramp voltage, and the transfer function of the pulse-width

modulator is

Tm = 1
VT

= 1
MT

. (2.63)
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According to [72], the relationship among the large-signal duty cycle dT , peak ramp

voltage VT , and the control signal ue is

dT = ue
VT
. (2.64)

The behavioral model of the pulse-width modulator can be created in MAT-

LAB/SIMULINK via emulating the function of the inverting comparator to generate

the required duty cycle dT . The control signal ue is a time-varying large-signal quantity

that adjusts dT such that the output voltage vO is maintained constant during large

disturbances.

Table II: PWM DC-DC Converter Parameters

Description Parameter Buck Converter Boost Converter

Inductor L 301 µH 156 µH
Capacitor C 51.2 µF 68 µF
Load Resistor r (20− 100) Ω (40− 200) Ω
Inductor ESR rL 0.050 Ω 0.190 Ω
Capacitor ESR rC 0.200 Ω 0.111 Ω
MOSFET On-Resistance rDS 0.180 Ω 0.180 Ω
Diode Forward Resistance rF 0.022 Ω 0.072 Ω
Diode Threshold Voltage VF 0.700 V 0.700 V
Input Voltage vI 28± 4 V 12± 3 V
Output Voltage VO 14 V 20 V
Switching Frequency fs 100 kHz 100 kHz
Ramp Voltage Amplitude VT 10 V 5 V

2.4.2 Steady-State Open-Loop Response of Nonlinear Models

The nonlinear models of the power converters are simulated in MATLAB/SIMULINK.

The design specifications and parameters of buck and boost converters are given

in Table II [72]. The large-signal non-ideal dynamics of the dc-dc converters are
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(a)

(b)

Figure 2.5: (a) The circuit and (b) the waveforms of the pulse-width modulator.
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simulated using s-function with zero initial conditions. The behavioral model of PWM

is constructed to generate a square waveform with a duty cycle of 0.5 for buck converter

and 0.44 for boost converter. An automatic ode solver with 1 µs step size are selected

for the time-domain simulation. The MATLAB/SIMULINK model of dc-dc converters

is shown in Fig. 2.6.

In order to validate the power converters nonlinear models, the open-loop response

obtained from MATLAB and SaberRD has been compared. The operating conditions

of the buck and boost converters are (VI = 28 V, R = 40 Ω) and (VI = 12 V, R = 60

Ω), respectively, while their steady-state waveforms are shown in Figs. 2.7 and 2.8,

respectively. The steady-state values of the open-loop responses are summarized in

Table III. It can be noticed that the results are in good agreement, which validate

the nonlinear models of dc-dc converters for CCM. The slight difference between

the results of the two simulation platforms is due to the non-ideality of switching

network and circuit components in SaberRD compared to the mathematical models

in MATLAB.

Table III: Stead-State Values of PWM DC-DC Converters

Parameter
Buck Converter Boost Converter

SaberRD MATLAB SaberRD MATLAB

D 0.5142 0.5000 0.4387 0.4400

VO (V) 13.930 13.980 19.599 19.660

IL (A) 0.3505 0.3580 0.5910 0.5700

IC (A) 0.0023 0.0018 0.0016 0.0020

2.4.3 Transient Open-Loop Response of Nonlinear Models

The output voltage response of the dc-dc buck converter in CCM to a large step

change in input voltage, load current, and duty cycle are shown in Figs. 2.9, 2.10, and

2.11, respectively. On the other hand, the output voltage response of the dc-dc boost
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Figure 2.6: MATLAB/SIMULINK model of PWM dc-dc converters.

converter in CCM to a large step change in input voltage, load current, and duty cycle

are shown in Figs. 2.12, 2.13, and 2.14, respectively. The inductor current waveforms

show that the abrupt decrease in input voltage, load current, and duty cycle moves

the power converters operation from CCM towards DCM. Hence, the designer should

identify the large disturbance limits, so as to maintain the power supply operation in

CCM. Otherwise, the dc-dc converter enters the DCM operation, thus the model and

the corresponding control design become invalid.

Table IV: Open-Loop Buck Converter Response Parameters During Large Disturbance

Disturbance PO/PU (%) ts (ms) VO (V) IL(A)

∆VI = 28→ 42 (V) 21.6 4.5 20.8 0.35

∆VI = 28→ 20 (V) 25.0 4.5 10.0 0.16

∆R = 60→ 15 (Ω) 9.0 3.5 13.9 0.93

∆R = 15→ 200 (Ω) 12.5 5.5 14.0 0.07

The parameters of the open-loop response of the buck and boost converters under
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(a)

(b)

Figure 2.7: Buck converter steady-state waveforms. a) SaberRD results. b) MATLAB
results.
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(a)

(b)

Figure 2.8: Boost converter steady-state waveforms. a) SaberRD results. b) MATLAB
results.
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large disturbances are summarized in Tables IV and V, respectively. The tabulated

results show that the line disturbance deviates the output voltage from the desired

value significantly, whereas the steady-state output voltage is closer to the desired

value during the load disturbance. In addition, it can be noticed that the percentage

overshoot/undershoot and settling time of the output voltage response are significantly

large and undesirable. Thus, the open-loop power stages must be controlled via robust

control circuits to achieve the desired transient response characteristics and improve

the regulation performance.

Table V: Open-Loop Boost Converter Response Parameters During Large Disturbance

Disturbance PO/PU (%) ts (ms) VO (V) IL(A)

∆VI = 12→ 18 (V) 16.0 5.0 30.35 0.89

∆VI = 12→ 7 (V) 35.5 3.5 11.4 0.33

∆R = 60→ 20 (Ω) 5.4 3.0 19.35 1.70

∆R = 20→ 200 (Ω) 7.6 3.5 21 0.20
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Figure 2.9: The open-loop response of the buck converter during a large step change
in input voltage vI . a) Step change in vI from 28 V to 42 V. b) Step change in vI
from 28 V to 20 V. 34
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Figure 2.10: The open-loop response of the buck converter during a large step change
in load resistor r. a) Step change in r from 60 Ω to 15 Ω. b) Step change in r from 15
Ω to 200 Ω. 35
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Figure 2.12: The open-loop response of the boost converter during a large step change
in input voltage vI . a) Step change in vI from 12 V to 18 V. b) Step change in vI
from 12 V to 7 V. 37
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Figure 2.13: The open-loop response of the boost converter during a large step change
in load current r. a) Step change in r from 60 Ω to 20 Ω. b) Step change in r from 20
Ω to 200 Ω. 38
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3 Closed-Loop SSMVC of PWM DC-DC Buck Con-
verter

3.1 Introduction

In this chapter, a SSMVC of PWM dc-dc buck converter for CCM is introduced.

Based on the behavioral model of the buck converter, the averaged control-oriented

model is developed, and the equivalent control law is derived based on the invariance

conditions. The existence and stability conditions are derived to determine the choice

of the controller gains. The control equation is realized using a simple analogue circuit.

The design procedure of the control circuit is given in detail. Simulation results

based on MATLAB/SIMULINK and SaberRD are also presented. The regulation

and tracking performance are investigated. Finally, the tracking performance and

disturbance rejection capability of the proposed voltage-mode control system are

compared with the other PWM-based control schemes.

3.2 Background

It is known that the pulse-width modulator compares the ramp voltage with the

control signal to generate a square wave, which goes as an input to the gate driver of

the power converter. Therefore, the fixed switching frequency of the ramp voltage is

inherited to the vGS that turns the switch ON and OFF. Such feature also exists in the

design of linear voltage- and current-mode control of PWM dc-dc converter. However,

this research focuses on deriving the SMC law based on the equivalent control method

and mapping it onto a duty cycle for pulse-width modulator implementation.

As explained in Chapter 1, the idea of moving from the hysteresis modulation to

the pulse-width modulation in SMC design of dc-dc converters was not straightforward.

Considerable research efforts have been conducted to establish this theory and imple-

ment the PWM-based SM controller. The motivation of designing and implementing
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PWM-based SMC using analogue components has been initiated by [7] and other

related articles. The aforementioned endeavors are the base of designing a simplified

version of SMC schemes of power converters that provides robust tracking and wide

operating range. The key of designing the proposed nonlinear controllers relies on

considering the averaged power converter dynamics under SM operation in the control

design process, which is explained in the following sections.

3.3 Simplified Sliding-Mode Voltage Control

The control design procedure is introduced in the following subsections, and it is

summarized as follows. First, a suitable switching function is defined to meet the

hitting condition, which guarantees that all the trajectories reach the sliding surface

regardless of their initial conditions. Next, the equivalent control law is derived and

mapped onto a duty cycle to suit the pule-width-modulator implementation. Finally,

the existence and stability conditions are derived to determine the criteria of choosing

proper sliding coefficients. The existence condition ensures that all the trajectories

remain in the neighborhood of the sliding manifold during the sliding phase, while the

stability condition forces the trajectories toward the desired equilibrium point.

3.3.1 Control-Oriented Model of DC-DC Buck Converter

In order to design the SMC system, the dynamics of the dc-dc converter in terms of

control state variables are required. In this chapter, the SM voltage control of PWM

dc-dc buck converter for CCM is discussed. The control state variables can be chosen

as 
x1

x2

x3

 =


Vr − βvO

ẋ1∫
x1dt

 , (3.1)

where Vr and β are the reference voltage and feedback network gain, respectively.

The choice of states variables is decided based on the error output voltage, its time
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derivative, and its integral terms. Hence, deriving the error output voltage signals to

zero ensures that the control objective is achieved via tracking the desired trajectory. It

is worth mentioning that the choice of state variables is similar to the one being made

in HM-based PID SMVC [7]. However, in this design approach, the HM is replaced by

a PWM with an equivalent control law to prevent the variation in switching frequency.

If the ideal nonlinear model of PWM dc-dc buck converter for CCM is reflected

into (3.1), the control state variables yield
x1

x2

x3

 =


Vr − βvO
− β
C
iC∫

(Vr − βvO)dt

 , (3.2)

Thus, deriving (3.2) with respect to time results in the dynamics of the buck

converter required for the design of SM controller [7]
ẋ1

ẋ2

ẋ3

 =


− β
C
iC

β
rC2 iC + β

LC
vO − β

LC
vIu

Vr − βvO

 . (3.3)

In (3.3), u is the switching control law that takes the value 0 or 1. The dynamics

given in (3.3) can also be described by control state variables as


ẋ1

ẋ2

ẋ3

 =


x2

− 1
LC
x1 − 1

rC
x2 + Vr

LC
− β

LC
vIu

x1

 . (3.4)

According to [73], if the averaging theory is applied to a system defined by the dynamics

ẋ = f(x, t, ε) with a small positive parameter ε, where ẋ is T -periodic in t, then the

averaged system dynamics are

ẋ = 1
T

∫ T

0
f(x, τ, ε)dτ. (3.5)

Suppose that the Jacobian of (3.5) is Hurwitz. Then, the T -periodic solution of the

average system ẋ is an O(ε) approximation for the exact solution of the system ẋ.
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Hence, applying the averaging theory to (3.4) results in the averaged control-oriented

model of dc-dc buck converter for CCM


ẋ1

ẋ2

ẋ3

 =


x2

− 1
LC
x1 − 1

rC
x2 + Vr

LC
− β

LC
vIue

x1

 , (3.6)

which can be expressed in terms of voltage and current as


ẋ1

ẋ2

ẋ3

 =


− β
C
iC

β
rC2 iC + β

LC
vO − β

LC
vIue

Vr − βvO

 , (3.7)

where ue is the averaged quantity of the switching control law u. The average

capacitor current iC is the difference between the averaged quantities of inductor and

load currents

iC = iL − iO = 0. (3.8)

In fact, the averaged capacitor current is zero at steady-state due to the charge/discharge

process of the output filter capacitor at every switching period. In the following sec-

tions, it can be shown that the averaged control-oriented model is important in

simplifying the equivalent control law and shaping the control system structure.

3.3.2 Equivalent Control Method

As shown in Fig. 3.1, the instantaneous trajectory during the sliding phase can be

identified by high- and low-frequency components [6]. Obviously, the high-frequency

component fluctuates up and down the sliding surface. On the other hand, the low-

frequency component slides toward the origin. It is known that the instantaneous

trajectory moves due to the action of the switching control law u. Therefore, the low-

frequency component of the trajectory can be associated with a continuous switching

function uL such that U− < uL < U+. Furthermore, the high-frequency component of
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the trajectory is related to a discontinuous switching function uH that is given by

uH =


U+ − uL for ψ > 0

U− − uL for ψ < 0
, (3.9)

where ψ is the sliding surface or the instantaneous trajectory, which can be defined as

a linear combination of the control state variables. Thus, the switching function is the

sum of uL and uH . The component uH is considered as unwanted high-frequency ripple,

which can be removed from the switching control law u by the output filter of the

converter. Hence, the movement of the instantaneous trajectory ψ can be decided by

the component uL only. Consequently, it is possible to assume that the component uL

is equivalent to the ideal switching function u that drives the instantaneous trajectory

along the sliding manifold. This assumption results in the equivalent control law ue,

which has been summarized in [6] as follows.

For a dynamical system ẋ = f(x, u, t) with an ideal SMC law, the instantaneous

trajectory ψ moves on the sliding manifold toward the equilibrium point, yielding

ψ = 0. If the high-frequency component of the instantaneous trajectory is ignored,

then the dynamics of this trajectory ψ̇ is also zero. Now, assuming that there is a

control law ue similar to the ideal control law u, which controls the trajectory under

the sliding-mode operation. Hence, substituting the system ẋ into the sliding surface

dynamics ψ̇ yields

ψ̇ = ∂ψ

∂x
f(x, u, t) = 0, (3.10)

which may also be expressed as

ψ̇ = ∂ψ

∂x
f(x, ue, t) = 0. (3.11)

If (3.11) is solved for ue, an equivalent control law is obtained. Additionally, substi-

tuting ue into the system dynamics ẋ yields

ẋ = f(x, ue, t) = 0, (3.12)

where the latter is called the system dynamics under SM operation.
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Figure 3.1: The state trajectory with low and high frequency components during
sliding phase.

3.3.3 Derivation of Equivalent Control Law

The derivation process is summarized as follows [7]. First, the equivalent control

law ue is derived from the sliding surface dynamics by solving ψ̇ = 0. Next, ue is

mapped onto a duty cycle dT to implement the pulse-width modulator. The general

sliding-mode control law that meets the hitting condition is defined as a switching

function

u =


1 for ψ > 0

0 for ψ < 0
, (3.13)

whereas the sliding surface ψ is chosen as

ψ = α1x1 + α2x2 + α3x3. (3.14)

The parameters α1, α2, and α3 are positive constants that represent the sliding

coefficients.

The implementation of the SM controller via a pulse-width modulator is not

straightforward. The equivalent control law should be derived and translated to a duty

cycle, so that it becomes applicable to PWM dc-dc converters [7], [62]. Moreover, the

pulse-width modulator is needed to maintain a constant switching frequency during

the SM operation, thus the complications associated with the design of required filters

and EMI issues are reduced [6]. The equivalent control law can be derived based on
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the invariance conditions [7], in which the sliding surface dynamics ψ̇ yield

ψ̇ = α1ẋ1 + α2ẋ2 + α3ẋ3 = 0. (3.15)

Next, substituting the averaged control-oriented model into (3.15) results in

α1

(
− βiC

C

)
+ α2

[
βiC
rC2 + β

LC
(vO − vIue)

]
+ α3

(
Vr − βvO

)
= 0. (3.16)

It is known that the averaged capacitor current iC is zero at steady-state. Hence,

if iC terms are neglected, then ψ̇ becomes

α2

[
β

LC
(vO − vIue)

]
+ α3

(
Vr − βvO

)
= 0. (3.17)

Thus, solving for the equivalent control law yields

ue = LC
α3

α2

Vr − βvO
βvI

+ vO
vI
. (3.18)

The equivalent control law ue is a continuous function, where 0 < ue < 1. Now, if

(3.18) is substituted into the inequality, and the latter is multiplied by βvI , one obtains

the following

0 < ûe = LC
α3

α2

(
Vr − βvO

)
+ βvO < βvI . (3.19)

According to [7], the relationship among the duty cycle dT , control signal ûe, and peak

ramp voltage VT can be written as

0 < dT = ûe
VT

< 1. (3.20)

Thus, the comparison between the equivalent control equation and the duty cycle

yields

ûe = K(Vr − βvO) + βvO (3.21)
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and

VT = βvI(nom), (3.22)

where vI(nom) is the nominal input voltage and K is the sliding-mode controller gain

that is defined by

K = LC
α3

α2
. (3.23)

The block diagram of the SSMVC of PWM dc-dc buck converter is shown in Fig.

3.2. Unlike [7], [62], the capacitor current is not required in the control equation,

which results in a control scheme with reduced complexity and components count.

Additionally, the peak ramp voltage VT in (3.22) is defined by the nominal input

voltage vI(nom). Thus, the feedback signal is constructed by the sum of the sensed

output voltage and the output voltage error scaled by the controller gain K. As

reported in [62], the control equation can be scaled down by a constant γ, where

0 < γ < 1. Such modification keeps the SM controller parameters within practical

range for the analogue implementation. Hence, (3.21) and (3.22) can be rewritten as

ûe = γK(Vr − βvO) + γβvO (3.24)

and

VT = γβvI(nom). (3.25)

3.3.4 Remarks

1) It can be noticed that the control equation ûe contains the averaged value of the

output voltage, but the instantaneous output voltage is utilized in the control

scheme. This is because the averaged output voltage is the main component that

contributes in the control action, whereas the effect of the output voltage ripple is

negligible.

2) The implementation of the pulse-width modulator reduces the robustness of the

sliding-mode controller, but it maintains a constant and finite switching frequency.
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Figure 3.2: The block diagram of the PWM-based SM voltage control of dc-dc buck
converter for CCM.

Thus, the problems associated with the high and variable switching frequency can

be avoided.

3.3.5 Existence and Stability Conditions

The existence and stability conditions must be considered to achieve a proper choice

for the sliding coefficients. According to [7], the existence condition is obtained via

inspecting the local reachability condition ψψ̇ < 0, which is the time derivative of the

Lyapunov function V (ψ) = 1
2ψ

2, such that the inequality

lim
ψ→0

ψψ̇ < 0 (3.26)

is satisfied. The condition (3.26) can be also be expressed in two cases:


ψ → 0+ , where ψ̇ < 0 and u = 1

ψ → 0− , where ψ̇ > 0 and u = 0
. (3.27)

The first case yields

α2
β

LC
(vO − vI) + α3(Vr − βvO) < 0, (3.28)
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whereas the second case gives

α2
β

LC
vO + α3(Vr − βvO) > 0. (3.29)

Combining the two cases, one obtains the local existence condition

0 < βVO +K(Vr − βVO) < βVI . (3.30)

On the other hand, the local stability condition is derived as follows. First, the ideal

sliding dynamics of buck converter in CCM is obtained, and the switching function is

replaced by the equivalent control law. Next, the stability of the equilibrium point

is analyzed via checking the Eigenvalues of the linearized sliding dynamics of the

buck converter. If the Jacobian matrix is Hurwitz, then it can be concluded that

the instantaneous trajectory converges to the desired equilibrium point on the sliding

surface.

The ideal nonlinear buck converter model is given by

 i̇L
v̇O

 =
− 1

L
vO + 1

L
vIu

1
C
iL − 1

rC
vO

 , (3.31)

where vO = vC . If the switching control law u is replaced by the equivalent control

law ue, one obtains the ideal sliding dynamics

 i̇L
v̇O

 =
− 1

L
vO + 1

L
vIue

1
C
iL − 1

rC
vO

 . (3.32)

Assuming that the system dynamics have a stable equilibrium point at the origin, if

i̇L and v̇O are set to zero, the equilibrium point IL = VO/R is obtained. Hence, the

ideal sliding dynamics can be linearized around the equilibrium point, yielding

 ˙̃iL
˙̃vO

 =
0 β(1−K)−1

L

1
C

− 1
RC

 ĩL
ṽO

 =
j11 j12

j21 j22

  ĩL
ṽO

 , (3.33)
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where j11, j12, j21, and j22 are the Jacobian matrix elements. Note that ĩL and ṽO

represent the perturbed quantities of iL and vO around the equilibrium point. The

linearization process has been performed assuming that vI = VI , r = R, and Vr = βVO.

It has also been assumed that IL � ĩL and VO � ṽO. The characteristic equation of

the linearized system is

λ2 − (j11 + j22)λ+ (j11j22 − j12j21) = 0. (3.34)

If the system given in (3.33) is stable, then (3.34) must satisfy the following
j11 + j22 < 0

j11j22 − j12j21 > 0
, (3.35)

from which the local stability conditions yield
1
RC

> 0

K > β−1
β

. (3.36)

Hence, based on the existence and stability conditions given in (3.30) and (3.36), the

SM voltage controller gain K can be selected.

3.4 Analogue Implementation of SSMVC Scheme

In this section, the MATLAB/SIMULINK model of the SSMV controlled PWM dc-dc

buck converter for CCM is introduced. In addition, The analogue realization and the

design procedure of the control circuit elements are presented.

3.4.1 Control Equation Parameters

The PWM dc-dc buck converter parameters have been given in Table II. The feedback

network gain β is defined as β = Vr/VO. If Vr and VO are 5 V and 14 V, respectively,

then β is 0.3571. The SM controller gain K can be set to 250, which satisfies the

existence and stability conditions. Since the nominal input voltage is 28 V, the peak
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ramp voltage VT is set to 5 V according to (3.25). Furthermore, a suitable scaling

factor γ of 0.5 is selected to scale down VT and K within the practical range of the

analogue components. Hence, the SSMVC equation becomes

ûe = 0.5
[
250(Vr − βvO) + βvO

]
. (3.37)

The MATLAB/SIMULINK model of the SSMVC system is depicted in Fig. 3.3.

The s-function template is coded inside the Buck Converter subsystem, which con-

tains the nonlinear dynamics of the dc-dc buck converter for CCM. The pulse-width

modulator and the equivalent control equation are coded inside the PWM and SMC

subsystems, respectively.

3.4.2 Control Circuit Structure

The mathematical expression of the SSMVC law of PWM dc-dc converter should

be converted into a simple analogue circuit. The circuit should also be simulated

and compared with the corresponding design in MATLAB before moving to the

experimental and prototype phases. Clearly, the control equation in (3.37) requires

differential, summing, and inverting operational amplifiers. The output voltage can

be sensed via a voltage divider. The analogue realization of SSMV controlled PWM

dc-dc buck converter is shown in Fig. 3.4, which can be simulated and tested using

SaberRD software.

3.4.3 Design Procedure

The design procedure of the control circuit parameters is partially adopted from [7],

which can be summarized as follows:

1. Output voltage sensor: Assuming that Vr is 5 V, the feedback network gain

β = Vr/VO = RB/(RA +RB) = 0.3571. If RA is assumed to be 9.1 kΩ/1 %/0.25

W, then RB is 5.1 kΩ/1 %/0.25 W.
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Figure 3.3: MATLAB/SIMULINK model of the SSMV controlled PWM dc-dc buck
converter.

2. Differential amplifier: The controller gain K is selected as 250. Assuming that

RF = RD and R1 = R2 for the differential op-amp, K can be realized by the

ratio RF/RV 1. If R1 and R2 are chosen as 1 kΩ/5 %/0.25 W, then RF and RD

are 250 kΩ/5 %/0.25 W.

3. Summing and inverting amplifiers: The resistors RS1, RS2, and RS3 for the

summing op-amp and RI1 and RI2 for the inverting op-amp can be set to 5.1

kΩ/5 %/0.25 W.

4. PWM generator: Since the nominal input voltage is 28 V, the ramp voltage

VT = βVI = 10 V, and a switching frequency of 100 kHz is selected.
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Figure 3.4: Analog realization of SSMV controlled PWM dc-dc buck converter for
CCM.

5. Scaling factor: If a scaling factor γ is required to scale down VT to 5 V, then RI1

and RI2 can be set to 2.5 kΩ/5 %/0.25 W and 5.1 kΩ/5 %/0.25 W, respectively.

It is worth mentioning that the choice of the SM controller gain K is not unique.

The designer can choose any value within the practical range, but the gain must meet

both the existence and stability conditions for a valid SMC design. In addition, the

corresponding differential op-amp resistors RF and RD can be tuned to achieve an

accurate tracking and a consistent transient response. It should also be noticed that

the feedback resistors values should be selected such that RA +RB >> R(max) in order

to minimize the loading effect of the control circuit.
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3.5 Simulation Results and Discussions
3.5.1 Steady-State Performance

The SSMV controlled PWM dc-dc buck converter has been simulated in SaberRD and

compared with the corresponding MATLAB/SIMULINK model. The steady-state

waveforms of the control system are depicted in Fig. 3.5. It can be noticed that the

steady-state values of dT , vO, and iL in MATLAB results are 0.51, 14.00 V, and 0.352

A, respectively. As for SaberRD results, the corresponding steady-state values are

0.5126, 13.997 V, and 0.35074 A, respectively. It can be seen that the simulated results

of SaberRD and MATLAB are in good agreement, which validate the theoretical

design approach. Notably, the tracking performance is excellent during steady-state,

and the switching frequency is maintained constant, which is the main advantage of

implementing the PWM-based voltage-mode control system.

3.5.2 Tracking Performance under Large Disturbances

The response of the SSMVC of PWM dc-dc buck converter during abrupt and large

line and load disturbances are shown in Figs. 3.6, 3.7, 3.8, and 3.9. The simulation

is conducted using MATLAB/SIMULINK and SaberRD. The comparison between

the two simulation platforms shows that the transient response in SaberRD is slightly

different from the transient response obtained using MATLAB. This is due to the

non-ideality of the switching elements and analogue components in SaberRD, which are

not included in MATLAB/SIMULINK model. However, MATLAB results provide a

good prediction for the analogue control circuit behavior in SaberRD and the practical

implementation.

The load current iO and output voltage vO waveforms during abrupt increase and

decrease in load current are depicted in Figs. 3.6 and 3.7, respectively. Based on the

simulation results, it can be noticed that when iO changes from 0.35 A to 0.7 A, the

output voltage has an undershoot around 0.7 % and recovers the steady-state value
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(a)

(b)

Figure 3.5: Steady-state waveforms of SSMV controlled PWM dc-dc buck converter
for CCM. a) MATLAB results b) SaberRD results.
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after 50 µs. On the other hand, when iO deceases from 0.35 A to 0.08 A, vO exhibits

an overshoot of 0.5 %. After 50 µs, the output voltage settles at the steady-state

value.

The input voltage vI and output voltage vO waveforms during abrupt increase and

decrease in input voltage are shown in Figs. 3.8, and 3.9. It can be seen that the major

effect of the line disturbance has been rejected, but there is a small deviation at the

steady-state value of vO, which is about ±30 mV. Hence, the output voltage tracks

the desired value with a 3 % steady-state error. The tracking error has occured due

to the implementation of the equivalent control equation via a pulse-width modulator.

That is, the integral term does not appear in the SMC scheme, which is derived based

on the equivalent control method. In order to improve the tracking performance of

the proposed controller, a different control state variables should be chosen. One

possible approach to eliminate the steady-state error is the design of the double-integral

SSMVC, which has been introduced in Chapter 4.

3.5.3 Line and Load Regulation Performance

The regulation performance of the nonlinear controller of PWM dc-dc buck converter

for CCM is investigated. The dc output voltage VO versus dc load resistance R at

different dc input voltage levels is plotted in Fig. 3.10. The range of dc quantities of

load resistance and input voltage considered in this study is within 20 Ω to 190 Ω and

20 V to 42 V, respectively. It can be noticed that the output voltage remains close to

the desired value 14 V within the entire range of load. Additionally, it can be noticed

that as the input voltage level reduces, so does the dc output voltage. Obviously, the

line regulation performance is degraded at R = 20 Ω and VI = 20 V compared to

all other operating conditions. The output voltage VO is 13.96 V under maximum

loading resistance and minimum input voltage, so VO deviates 40 mV from the desired

value. Hence, even at the worst operating condition, the output voltage is still within
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Figure 3.6: The SSMVC system response during abrupt increase in load current. a)
MATLAB results b) SaberRD results.
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Figure 3.7: The SSMVC system response during abrupt decrease in load current. a)
MATLAB results b) SaberRD results.
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Figure 3.8: The SSMVC system response during abrupt increase in input voltage. a)
MATLAB results b) SaberRD results.
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Figure 3.9: The SSMVC system response during abrupt decease in input voltage. a)
MATLAB results b) SaberRD results.
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an acceptable level.

According to [72], the line and load regulation performance of power converters can

be analyzed using the percentage line and load regulation measures. The percentage

line regulation PLNR can be computed by

PLNR = ∆VO/VO(nom) × 100%
∆VI

. (3.38)

On the other hand, the percentage load regulation PLOR is

PLOR =
VOR(max)

− VOR(min)

VOR(min)

× 100%, (3.39)

Hence, based on (3.38) and (3.39), the PLNR and PLOR of the PWM-based

SSMVC of dc-dc buck converter are calculated for several cases as shown in Tables VI

and VII, respectively.

Table VI: Percentage Load Regulation of SSMVC System

VI (V) ∆VO = VOR(max)
− VOR(min)

(V) P LOR (%)

20 0.005 0.0358

28 0.010 0.0715

35 0.019 0.1356

42 0.022 0.1568

Table VII: Percentage Line Regulation of SSMVC System

R (Ω)
P LNR (%/V)

∆VI = 28→ 20 (V) ∆VI = 28→ 35 (V) ∆VI = 28→ 42 (V)

20 0.0313 0.0184 0.0168

50 0.0321 0.0194 0.0179

90 0.0321 0.0204 0.0179

130 0.0330 0.0204 0.0189

190 0.0357 0.0276 0.0230
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Figure 3.10: The output voltage VO versus load resistance R at different input voltages
VI .

It can be noticed the control system provides good line and load regulation. As

shown in Table VI, the maximum PLOR is 0.1568 %, which occurs at the input

voltage VI = 42 V. At this operating condition, when the load resistance changes

from minimum 20 Ω to maximum 190 Ω, the deviation in output voltage is only 22

mV. On the other hand, the maximum PLNR is 0.0357 %/V, which occurs when the

input voltage changes from the nominal value 28 V to 20 V at 190 Ω load resistance.

Thus, the tabulated results show that the proposed control system maintains the

output voltage of the buck converter close to the desired value under various operating

condition.

3.5.4 Comparison with Other PWM-Based Controllers

The tracking performance of the proposed control system is compared with two

PWM-based linear voltage-mode controllers, which are a PI controller and a Type II

controller. The proportional and integral gains of the PI controller are set to 3.6 and

1650, respectively. Type II controller, on the other hand, is designed based on [72] to
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achieve a phase margin of 42◦, from which the transfer function of the controller is

Tc(s) = vo(s)
d(s) = 4.4× 107 s+ 2691

s(s+ 1.467× 106) . (3.40)

The output voltage response of the proposed, PI, and Type II controllers during large

line and load disturbances are shown in Figs. 3.11 and 3.12, respectively. It can be

noticed that the PWM-based SSMVC system exhibits a lower percentage overshoot

and a shorter settling time as compared to the other control systems. This is due to

the fact that the linear controllers are designed based on the linearized buck converter

model, thus they are only effective for a small deviation around the operating point.

On the other hand, it can be seen that the response of the proposed controller shows

a steady-state error, especially during the line disturbance. This is attributed to

the implementation of the equivalent control method, which yields a degraded SMC

performance. Table VIII summarizes the transient response characteristics of the

PWM-based controllers during large disturbances.

Table VIII: Transient Response Characteristics of SSMVC, PI, and Type II Controllers
during Large Disturbance

∆VI/∆R
SSMVC TYPE II PI

PO/PU
(%)

ts
(ms)

VO
(V)

PO/PU
(%)

ts
(ms)

VO
(V)

PO/PU
(%)

ts
(ms)

VO
(V)

∆VI =
28→ 42 (V) 0.13 0.05 14.03 0.7 0.50 14 1.3 5.0 14

∆VI =
28→ 20 (V) 0.14 0.05 13.97 0.9 1.50 14 1.6 6.0 14

∆R =
60→ 15 (Ω) 1.3 0.03 13.99 1.4 0.2 14 1.6 0.2 14

∆R =
15→ 200 (Ω) 1.3 0.03 13.99 1.6 0.15 14 2.0 0.2 14

Additionally, the proposed controller is compared with the conventional PWM-
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Figure 3.11: The output voltage response vO of the proposed, PI, and Type II control
systems under large (a) increase and (b) decrease in input voltage vI .
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Figure 3.12: The output voltage response vO of the proposed, PI, and Type II control
systems under large (a) increase and (b) decrease in load current iO.
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based SMVC system given in [7], [62], where the latter is designed to achieve a system

bandwidth of 10 kHz and defined byu∗e = −13.3iC + 60.8(Vr − βvO) + βvO

VT = 10V
. (3.41)

The output voltage response of the two control systems during large load disturbance

is depicted in Fig. 3.13. It can be noticed that proposed controller is featured with

a simpler control law and produces a smaller steady-state error as compared to the

controller given in [7], [62]. It can also be noticed that the effect of the capacitor

current is not significant in the control action. In contrast, the sensed output voltage

βvO and the output voltage error Vr−βvO play a vital role in the tracking, regulation,

and disturbance rejection.
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Figure 3.13: The output voltage response vO of the proposed and conventional SMVC
systems under large (a) increase and (b) decrease in load current iO.
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4 Closed-Loop PI-SSMVC of PWM DC-DC Buck
Converter

4.1 Introduction

A PI-SSMVC of PWM dc-dc buck converter for CCM is designed. The averaged

control-oriented model is obtained based on the behavioral buck converter model,

and a proper sliding surface is selected. The equivalent control law along with the

existence and stability conditions are derived. The design procedure and analogue

realization of the control circuit are explained. The control design is also validated

using MATLAB/SIMULINK and SaberRD simulations. The regulation performance

is analyzed, and the tracking performance is compared with the other PWM-based

sliding-mode voltage control circuits.

4.2 PI-Simplified Sliding-Mode Voltage Control

The PWM-based SSMVC of dc-dc buck converter has been discussed in Chapter

3. It has been noticed that the choice of the control state variables and averaging

the control-oriented model can shape the SM control circuit. In addition, both

of the traditional PWM-based SMVC and the simplified control schemes exhibit

the disturbance rejection property, but they introduce a steady-state error at the

output voltage response. This is attributed to the implementation of the equivalent

control law via a pulse-width modulator. Although an integral term is included in

the control state variables, the application of the equivalent control method does

not benefit from the entire combination of the control state variables. According

to [61], one possible approach to eliminate the steady-state error can be achieved using

a double-integral sliding term in the control state variables to increase the system

type. Such design approach results in a PWM-based SSMVC scheme cascaded with a

proportional-integral (PI) controller, which is called PWM-based PI-SSMVC system.
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The control state variables x1, x2, x3, and x4 can be chosen as an output voltage

error, a time derivative of output voltage error, an integral of output voltage error,

and a double integral of output voltage error, respectively


x1

x2

x3

x4

 =


Vr − βvO

ẋ1∫
x1dt∫∫
x1dt

 . (4.1)

The fourth state in (4.1) contains a double integral term, which is added to ensure a

precise tracking performance during the large disturbance condition.

4.2.1 Control-Oriented Model of DC-DC Buck Converter

If the buck converter model in CCM is reflected by the control state variables given

by (4.1), one obtains


x1

x2

x3

x4

 =


Vr − βvO
− β
C
iC∫

(Vr − βvO)dt∫∫
(Vr − βvO)dt

 . (4.2)

The control state variables can be derived with respect to time, which give
ẋ1

ẋ2

ẋ3

ẋ4

 =


x2

β
rC2 iC − βvI

LC
u+ βvO

LC

x1

x3

 . (4.3)

Thus, the averaged control-oriented model is obtained via averaging (4.3), yileding
ẋ1

ẋ2

ẋ3

ẋ4

 =


x2

β
rC2 iC − βvI

LC
ue + βvO

LC

x1

x3

 . (4.4)
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The expression in (4.4) can also be written as

ẋ1

ẋ2

ẋ3

ẋ4

 =



− β
C
iC

β
rC2 iC − βvI

LC
ue + βvO

LC

Vr − βvO∫
(Vr − βvO)dt

 . (4.5)

4.2.2 Equivalent Control Law

A switching control law can be defined as

u =


1 for ψ > 0

0 for ψ < 0
(4.6)

to satisfy the hitting condition, where the sliding surface ψ is given by

ψ = α1x1 + α2x2 + α3x3 + α4x4. (4.7)

If (4.7) is derived with respect to time, one obtains the following

ψ̇ = α1ẋ1 + α2ẋ2 + α3ẋ3 + α4ẋ4 = 0, (4.8)

which is equated to zero based on the invariance conditions. The averaged control-

oriented model in (4.5) can be substituted into (4.8), yielding

α1

(
− β

C
iC

)
+α2

(
β

rC2 iC−
βvI
LC

ue+ βvO
LC

)
+α3

(
Vr−βvO

)
+α4

[ ∫
(Vr−βvO)dt

]
= 0.

(4.9)

If the terms iC are neglected, then (4.9) becomes

α2

(
− βvI
LC

ue + βvO
LC

)
+ α3

(
Vr − βvO

)
+ α4

[ ∫
(Vr − βvO)dt

]
= 0. (4.10)

Thus, rearranging (4.10) yields the equivalent control equation

ue = LC
α3

α2

(
Vr − βvO
βvI

)
+ LC

α4

α2

[∫ (Vr − βvO)dt
βvI

]
+ vO
vI
, (4.11)
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which can also be expressed as

ue = Kp

(
Vr − βvO
βvI

)
+Ki

[∫ (Vr − βvO)dt
βvI

]
+ vO
vI
. (4.12)

The controller gains Kp and Ki are given by
Kp = LC α3

α2

Ki = LC α4
α2
.

(4.13)

The next step is to map the equivalent control equation onto a duty cycle, yielding

ûe = Kp

(
Vr − βvO

)
+Ki

[∫
(Vr − βvO)dt

]
+ βvO (4.14)

and

VT = βvI(nom). (4.15)

It should be emphasized that (4.14) and (4.15) can be scaled down by a constant γ

between 0 and 1 to accommodate the practical limitation of the analogue components.

The block diagram of the PI-SSMVC of PWM dc-dc buck converter is shown in Fig.

4.1.

4.2.3 Existence and Stability Conditions

The existence condition for steady-state operation is derived according to the local

reachability condition [4], which gives
Kpx1(max) +Kix3(max) < β(VI(min) − VO)

−Kpx1(min) −Kix3(min) < βVO.
(4.16)

The minimum and maximum quantities are included to take the full-load operating

conditions into account. This condition ensures that all the state trajectories remain

within the vicinity of the sliding surface ψ.

In order to analyze the stability of the closed-loop dynamics of the buck converter

around the desired equilibrium point, the linearized closed-loop model is required.
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Figure 4.1: The block diagram of the SSMVC of PWM dc-dc buck converter.

The closed-loop nonlinear dynamics are given by i̇L
v̇O

 =
− 1

L
vO + 1

L
vIue

1
C
iLue − 1

rC
vO

 , (4.17)

where ue is the equivalent control law given in (4.12). The linearized model is obtained

by perturbing (4.17) around the equilibrium point IL = VO/R, which results in


d̃iL
dt

dṽO

dt

d[
∫
ṽOdt]
dt

 =


0 −Kp

L
−Ki

L

1
C

− 1
CR

0
0 1 0




ĩL

ṽO∫
ṽOdt

 , (4.18)

where (4.18) can also be expressed as
d̃iL
dt

dṽO

dt

d[
∫
ṽOdt]
dt

 =


0 j12 j13

j21 j22 0
0 1 0




ĩL

ṽO∫
ṽOdt

 . (4.19)

The linearized model has been obtained assuming that vI = VI , r = R, and Vr−βVO =

0. It has also been assumed that IL � ĩL and VO � ṽO.
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The characteristic equation of the linearized model is∣∣∣∣∣∣∣∣∣
λ −j12 −j13

−j21 λ− j22 0
0 −1 λ

∣∣∣∣∣∣∣∣∣ = λ3 + P1λ
2 + P2λ+ P3 = 0, (4.20)

where 

P1 = −j22

P2 = −j12j21

P3 = −j13j21.

(4.21)

Hence, using Routh-Hurwitz stability criterion, one obtains the stability conditions

P1 > 0

P3 > 0

P2 >
P3
P1
.

(4.22)

The gains Kp and Ki should be selected according to (4.16) and (4.22) to ensure a

proper sliding-mode control operation.

4.3 Analogue Implementation of PI-SSMVC Scheme

In this section, the MATLAB/SIMULINK model of the PI-SSMVC of PWM dc-dc

buck converter is presented in this section. The analogue realization and the design

procedure of the control circuit are also introduced in detail.

4.3.1 Control Equation Parameters

The PWM dc-dc buck converter parameters have been given in Table I. The feedback

network gain β is computed as β = Vr/VO, whereas Vr and VO are 5 V and 14 V,

respectively. The controller gains Kp and Ki are set to 910 and 4×106, respectively.

Furthermore, a scaling factor γ of 0.4 is selected, yielding the PI-SSMVC equations


ûe = 0.4

{
910(Vr − βvO) + 4× 106

[∫
(Vr − βvO)dt

]
+ βvO

}
VT = 4V.

(4.23)
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Figure 4.2: MATLAB/SIMULINK model of the PI-SSMVC controlled PWM dc-dc
buck converter.

The MATLAB/SIMULINK model of the control system is depicted in Fig. 4.2. The

power stage model is coded inside Buck Converter subsystem, whereas the pulse-

width modulator and the equivalent control equation are coded inside the PWM and

PI-SSMVC subsystems, respectively.

4.3.2 Control Circuit Structure

The analogue realization of the PI-SSMVC system is shown in Fig. 4.3. The control

equation requires differential, summing, and inverting operational amplifiers. An

op-amp is also required to build the PI controller. The output voltage, on the other

hand, can be sensed via a voltage divider.
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Figure 4.3: Analog realization of PI-SSMVC controlled PWM dc-dc buck converter
for CCM.

4.3.3 Design Procedure

The design procedure of the control circuit parameters is summarized as follows:

1. Output voltage sensor: The voltage sensor gain β is set to 0.3571, where

β = Vr/VO = RB/(RA +RB). If RA is assumed to be 9.1 kΩ/1 %/0.25 W, then

RB is 5.1 kΩ/1 %/0.25 W.

2. Summing and inverting amplifiers: The resistors RS1, RS2, and RS3 for the

summing op-amp and RI1 and RI2 for the inverting op-amp can be set to 5.1

kΩ/5 %/0.25 W.

3. PWM generator: Since the nominal input voltage is 28 V, the peak ramp voltage
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VT = βVI = 10 V, and a switching frequency of 100 kHz is selected.

4. Scaling factor: If a scaling factor γ is required to scale down VT to 4 V, then RI1

and RI2 can be set to 2 kΩ/5 %/0.25 W and 5.1 kΩ/5 %/0.25 W, respectively.

5. Proportional gain Kp: According to [72], the proportional gain of the PI controller

is defined as Kp = R2/R1. Thus, if Kp is 910 and R1 is selected as 1 kΩ/5

%/0.25 W, then R2 becomes 910 kΩ/5 %/0.25 W.

6. Integral gain Ki: In [72], the integral gain of the PI controller is defined as

Ki = 1/(R1C1). If the value of Ki is set to 4 ×106, then C1 can be selected as

220 pF/12 V .

4.4 Simulation Results and Discussions
4.4.1 Steady-State Performance

The PI-SSMV controlled PWM dc-dc buck converter has been simulated in SaberRD

and compared with the corresponding MATLAB/SIMULINK model. The steady-state

waveforms of the control system are depicted in Fig. 4.4. It can be noticed that

the steady-state values of dT , vO, and iL in MATLAB results are 0.51, 14.00 V,

and 0.352 A, respectively. As for SaberRD results, the corresponding steady-state

values are 0.51418, 13.999 V, and 0.35055 A, respectively. It can be seen that the

simulated results of SaberRD and MATLAB are in good agreement, which validate

the theoretical design approach.

4.4.2 Tracking Performance under Large Disturbances

The response of the PI-SSMVC of PWM dc-dc buck converter during abrupt and large

line and load disturbances are shown in Figs. 4.5, 4.6, 4.7, and 4.8. The simulation

is conducted using MATLAB/SIMULINK and SaberRD. The comparison between

the two simulation platforms shows that the transient response in SaberRD is slightly
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Figure 4.4: Steady-state waveforms of PI-SSMV controlled PWM dc-dc buck converter
for CCM. a) MATLAB results b) SaberRD results.
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different from the transient response obtained using MATLAB. This is due to the

non-ideality of the switching elements and analogue components in SaberRD, which are

not included in MATLAB/SIMULINK model. However, MATLAB results provide a

good prediction for the analogue control circuit behavior in SaberRD and the practical

implementation.

The load current iO and output voltage vO waveforms during abrupt increase and

decrease in load current are depicted in Figs. 4.5 and 4.6, respectively. Based on

SaberRD results, it can be noticed that when iO changes from 0.35 A to 0.7 A, the

output voltage has an undershoot around 0.7 % and recovers the steady-state value

after 80 µs. On the other hand, when iO deceases from 0.35 A to 0.08 A, vO exhibits

an overshoot of 0.5 %. After 80 µs, the output voltage settles at the steady-state

value.

The input voltage vI and output voltage vO waveforms during abrupt increase and

decrease in input voltage are shown in Figs. 4.7, and 4.8, respectively. As shown in

Fig. 4.7, the output voltage response exhibits an overshoot and a settling time of 0.36

% and 400 µs, respectively, while Fig. 4.8 shows that the output voltage response

has an undershoot and a settling time of 0.36 % and 400 µs, respectively. Hence,

the disturbance rejection property of the control system works well, and the output

voltage is maintained within the desired level in the presence of large line and load

disturbances. Moreover, the output voltage response exhibits a consistent transient

response and tracks the reference voltage.

4.4.3 Line and Load Regulation Performance

The line and load regulation performance of the proposed controller is investigated.

The dc output voltage VO versus dc load resistance R at different dc input voltage

levels is depicted in Fig. 4.9. The range of dc quantities of load resistance and input

voltage considered in this study is within 20 Ω to 190 Ω and 20 V to 42 V, respectively.
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Figure 4.5: The PI-SSMVC system response during abrupt increase in load current.
a) MATLAB results b) SaberRD results.
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Figure 4.6: The PI-SSMVC system response during abrupt decrease in load current.
a) MATLAB results b) SaberRD results.
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Figure 4.7: The PI-SSMVC system response during abrupt increase in input voltage.
a) MATLAB results b) SaberRD results.
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Figure 4.8: The PI-SSMVC system response during abrupt decease in input voltage.
a) MATLAB results b) SaberRD results.
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Figure 4.9: The output voltage VO versus load resistance R at different input voltages
VI .

It can be noticed that the output voltage is maintained at the desired value 14 V

during the entire range of operation. Therefore, the percentage line regulation PLNR

and percentage load regulation PLOR of the PWM-based PI-SSMVC of dc-dc buck

converter are 0 %/V and 0 %, respectively.

4.4.4 Comparison with Other PWM-Based Voltage-Mode Controllers

The PI-SSMVC system has been compared with the PI and Type II control systems

under large disturbances. The transfer functins of the PI and Type II controllers are

given in Chapter 3, which are designed to achieve the desired transient response and

stability margins. The response of the proposed, PI, and Type II controllers during

large line and load disturbances are shown in Figs. 4.10 and 4.11, respectively. It

can be noticed that the transient response of the linear PWM-based voltage control

system is degraded due to the large deviation from the nominal operating condition. In

contrast, the proposed PI-SSMVC system shows the best transient response, while the

worst response is exhibited by the PI controller. Table IX summarizes the percentage
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overshoot (PO), undershoot (PU), and settling time (ts) of the three control systems

response during the large disturbance conditions. Obviously, the PWM-based PI-

SSMVC system exhibits a lower PO or PU and a shorter ts as compared to the PI

and Type II control systems.

Table IX: Transient Response Characteristics of PI-SSMVC, Type II, and PI Con-
trollers during Large Disturbance

Disturbance
PI-SSMVC TYPE II PI

PO/PU
(%) ts (ms) PO/PU

(%) ts (ms) PO/PU
(%) ts (ms)

∆VI = 28→ 42 (V) 0.36 0.40 0.70 0.50 1.30 5.00

∆VI = 28→ 20 (V) 0.36 0.40 0.90 1.50 1.60 6.00

∆R = 60→ 15 (Ω) 1.30 0.08 1.40 0.20 1.60 0.20

∆R = 15→ 200 (Ω) 1.30 0.08 1.60 0.15 2.00 0.20
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Figure 4.10: The output voltage response vO of the proposed, PI, and Type II control
systems under large (a) increase and (b) decrease in input voltage vI .
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Figure 4.11: The output voltage response vO of the proposed, PI, and Type II control
systems under large (a) increase and (b) decrease in load current iO.
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5 Closed-Loop PI-SSMCC of PWM DC-DC Boost
Converter

5.1 Introduction

In this chapter, a proportional-integral simplified sliding-mode current control (PI-

SSMCC) of PWM dc-dc boost converter for CCM is designed. The behavioral model is

used to derive the averaged control-oriented model of the boost converter. A nonlinear

sliding surface is constructed using four control state variables. The equivalent control

law along with the existence and stability conditions are derived. The designed

procedure and analogue realization of the control circuit are presented. The proposed

nonlinear controller is simulated using MATLAB/SIMULINK and SaberRD. The

line and load regulation performance is also studied. The tracking performance

is investigated using MATLAB/SIMULINK and SaberRD. Finally, the proposed

current-mode controller is compared with the linear Type III controller under large

disturbances.

5.2 Sliding-Mode Current Control

The sliding-mode voltage control systems of dc-dc buck converter have been discussed

in Chapters 3 and 4. According to [4], the buck converter is considered as a minimum

phase system, i.e the control-to-output transfer function does not contain a right-half

plane zero (RHPZ). Thus, the voltage-mode control of the buck converter is preferred

due to the simplicity in the design and implementation. However, in the case of

the non-minimum phase systems such as the boost and buck-boost converters, the

voltage-mode control results in a slow response due to the presence of the RHPZ that

limits the system bandwidth. Therefore, the current-mode control is recommended for

these power converters in order to obtain a fast transient response. In the sliding-mode

current control (SMCC) design, an instantaneous reference current iR is generated,
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which can be defined as

iR = K(Vr − βvO), (5.1)

where K is a constant gain. Next, the reference current iR is compared with the

sensed inductor current iL. If the difference between iL and iR is approximately zero

at steady-state, then it can be concluded that the sensed output voltage βvO tracks

the desired reference voltage Vr.

5.2.1 PI-Simplified Sliding-Mode Current Control

As discussed in the PWM-based SSMVC design, the steady-state error is generated

during the large disturbances due to the implementation of the pulse-width modulator.

In contrast, the double-integral or PI-SSMVC system eliminates the dc error. Similarly,

in order to assure a precise tracking by the PWM-based SSMCC of PWM dc-dc boost

converter, the PI-SSMCC design approach is applied to the dc-dc boost converter.

5.2.2 Control-Oriented Model of DC-DC Boost Converter

The ideal switched model of the dc-dc boost converter in CCM is derived in Chapter

2 as  i̇L
v̇O

 =
 1
L
vI − 1

L
vOu

1
C
iLu− 1

rC
vO

 , (5.2)

where u is the complement of the switching control input u.

The control state variables x1, x2, x3, and x4 of the PI-SSMCC system are defined

as an inductor current error, an integral of output voltage error, an integral of inductor

current error, and a double integral of output voltage error, respectively. Hence,


x1

x2

x3

x4

 =


iR − iL∫

(Vr − βvO)dt∫
x1dt∫
x2dt

 . (5.3)
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The fourth state in (5.3) contains a double integral term, which is added to improve

the tracking performance. It should be noticed that the choice of the control state

variables shapes the SMC scheme and affects the controller performance.

Now, if the switched model is reflected by (5.3), then the time derivative of the

control state variables gives


ẋ1

ẋ2

ẋ3

ẋ4

 =


−βK

C
iC − vI−vOu

L

Vr − βvO
K(Vr − βvO)− iL∫

(Vr − βvO)dt

 . (5.4)

Thus, the averaged control-oriented model is obtained via averaging the dynamics

(5.4), yielding


ẋ1

ẋ2

ẋ3

ẋ4

 =


−βK

C
iC − vI−vOue

L

Vr − βvO
K(Vr − βvO)− iL∫

(Vr − βvO)dt

 , (5.5)

where ue is the averaged quantity of the switching control input complement u.

5.2.3 Equivalent Control Law

To satisfy the hitting condition, a proper switching control law is selected

u = 1
2

[
1 + sign(ψ)

]
, (5.6)

where the sliding surface ψ is given by

ψ = α1x1 + α2x2 + α3x3 + α4x4. (5.7)

As discussed previously, the direct implementation of the switching control law in

(5.6) with the pulse-width modulator is not possible. In contrast, an averaged control
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law ue should be derived based on the invariance conditions and mapped onto a duty

cycle [7]. Thus, equating the time derivative of (5.7) to zero yields

ψ̇ = α1ẋ1 + α2ẋ2 + α3ẋ3 + α4ẋ4 = 0. (5.8)

Next, the averaged control-oriented model in (5.5) is substituted into (5.8), yielding

α1

(
−βK
C
iC−

vI − vOue
L

)
+α2

(
Vr−βvO

)
+α3

[
K(Vr−βvO)−iL

]
+α4

[ ∫
(Vr−βvO)dt

]
= 0.

(5.9)

Now, ignoring iC from (5.9) gives

α1

(
− vI − vOue

L

)
+α2

(
Vr−βvO

)
+α3

[
K(Vr−βvO)− iL

]
+α4

[ ∫
(Vr−βvO)dt

]
= 0,

(5.10)

and the equivalent control equation becomes

ue = 1− vI
vO

+ L
α2

α1

(
Vr − βvO

vO

)
+ L

α3

α1

[
K(Vr − βvO)− iL

vO

]
+ L

α4

α1

[∫ (Vr − βvO)dt
vO

]
,

(5.11)

which can also be expressed as

ue = 1− vI
vO

+K1

(
Vr − βvO

vO

)
−K2

(
iL
vO

)
+Ki

[∫ (Vr − βvO)dt
vO

]
+Kp

(
Vr − βvO

vO

)
.

(5.12)

The controller gains K1, K2, Ki, and Kp are defined by

K1 = Lα2
α1

K2 = Lα3
α1

Ki = Lα4
α1

Kp = KLα3
α1
.

(5.13)

Finally, the equivalent control equation ue is mapped onto a duty cycle dT , which

results in

ûe = γ(vO−vI)+γK1(Vr−βvO)−γK2iL+γKp(Vr−βvO)+γKi

∫
(Vr−βvO)dt (5.14)
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and

VT = γvO(nom), (5.15)

where vO(nom) is the nominal output voltage and γ is a scaling factor (0 < γ < 1) to

scale down the control equation parameters and fit the practical implementation. The

block diagram of the PI-SSMCC of PWM dc-dc boost converter is shown in Fig. 5.1.

5.2.4 Remarks

1) It can be observed that the derivation the equivalent control equation gives the

term (vO − vI), which is not available in the linear current-mode control scheme.

This term contributes with the other terms of the proposed control equation to

improve the nonlinear control system performance.

2) As shown in (5.14), the gains Kp and Ki construct a PI controller at the outer

voltage loop, which eliminates the stead-state error at the output voltage during

the large disturbance condition.

5.2.5 Existence and Stability Conditions

Based on the local reachability condition [4], the existence condition for steady-state

operation is derived, yielding
K1(Vr − βVO) +K2x1(max) +Kix2(max) < VI(min)

−K1(Vr − βVO)−K2x1(min) −Kix2(min) < VO − VI(max).
(5.16)

Note that the minimum and maximum quantities are included to take the full-load

operating conditions into account. The existence condition ensures that all the state

trajectories remain within the vicinity of the sliding surface ψ.

The next step is to analyze the stability of the closed-loop dynamics of the boost

converter around the desired equilibrium point. The closed-loop boost converter
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Figure 5.1: The block diagram of the SSMCC of PWM dc-dc boost converter.

dynamics are given by  i̇L
v̇O

 =
 1
L
vI − 1

L
vOue

1
C
iLue − 1

rC
vO

 , (5.17)

where ue is the complement of the equivalent control law given in (5.12). Hence,

linearizing (5.17) around the equilibrium point given in (2.27) results in


d̃iL
dt

dṽO

dt

d[
∫
ṽOdt]
dt

 =


−K2

L
− (K1+Kp)β

L
−Kiβ

L

VI

VOC
+ 2K2VO

VICR
K1βVO

VICR
+ KpβVO

VICR
− K2VO

2

VI
2CR2 − 2

CR
KiβVO

VICR

0 1 0




ĩL

ṽO∫
ṽOdt

 ,
(5.18)

which can also be written as
d̃iL
dt

dṽO

dt

d[
∫
ṽOdt]
dt

 =


j11 j12 j13

j21 j22 j23

0 1 0




ĩL

ṽO∫
ṽOdt

 . (5.19)

The linearized model has been obtained assuming that vI = VI , r = R, Vr − βVO = 0,
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and Ir − IL = 0. It has also been assumed that IL � ĩL and VO � ṽO.

The characteristic equation of the linearized model in (5.19) is∣∣∣∣∣∣∣∣∣
λ− j11 −j12 −j13

−j21 λ− j22 −j23

0 −1 λ

∣∣∣∣∣∣∣∣∣ = λ3 + P1λ
2 + P2λ+ P3 = 0, (5.20)

where



P1 = −j11 − j22

P2 = j11j22 − j12j21 − j23

P3 = j11j23 − j13j21.

(5.21)

Hence, the stability conditions of the characteristic equation in (5.20) can be determined

using Routh-Hurwitz criterion, which yields

P1 > 0

P3 > 0

P2 >
P3
P1
.

(5.22)

The controller gains K1, K2, Kp, and Ki must satisfy the existence and stability

conditions given in (5.16) and (5.22) to ensure a proper sliding-mode control operation.

5.3 Analogue Implementation of PI-SSMCC Scheme

The MATLAB/SIMULINK model of the PI-SSMCC of PWM dc-dc boost converter

for CCM is introduced in this section. Furthermore, the analogue realization and the

design procedure of the control circuit are presented.

5.3.1 Control Equation Parameters

The PWM dc-dc boost converter parameters have been given in Table I. The feedback

network gain β is defined as β = Vr/VO. If Vr and VO are 2.5 V and 20 V, respectively,
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then β is 0.125. Based on the existence and stability conditions, the controller gains

K1, K2, Kp, and Ki are set to 6.744, 12, 204, and 588000, respectively. Furthermore,

a scaling factor γ of 0.125 is selected to scale down the peak ramp voltage and other

control parameters within the practical range, which yields K1, K2, Kp, Ki, and VT

to 0.843, 1.5, 25.5, 73500, and 2.5 V, respectively. Hence, the PI-SSMCC equations

become


ue = 0.125(vO − vI) + 0.843(Vr − βvO)− 1.5iL + 25.5(Vr − βvO) + 73500

∫
(Vr − βvO)dt

VT = 2.5V.
(5.23)

The MATLAB/SIMULINK model of the control system is depicted in Fig. 5.2. The

s-function template is coded inside the Boost Converter subsystem, which contains the

nonlinear dynamics of the dc-dc boost converter for CCM. The pulse-width modulator

and the equivalent control equation are coded inside the PWM and SMC subsystems,

respectively.

5.3.2 Control Circuit Structure

The mathematical expression of the PI-SSMCC law should be converted into an

analogue circuit, simulated on SaberRD, and compared with the corresponding design

in MATLAB to validate the design approach. The control equation in (5.23) requires

differential, summing, and inverting operational amplifiers. An op-amp is also required

to build the PI controller. The input and output voltages can be sensed via a voltage

divider, while the inductor current can be sensed via sensing the MOSFET current

using a sensing resistor. The analogue realization of the closed-loop control system is

shown in Fig. 5.3.

5.3.3 Design Procedure

The design procedure of the control circuit parameters is summarized as follows:
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Figure 5.2: MATLAB/SIMULINK model of the PI-SSMCC controlled PWM dc-dc
boost converter.

1. Input and output voltage sensor: The voltage sensor gain β is set to 0.125, where

β = Vr/VO = RB/(RA +RB). If RA is assumed to be 4.3 kΩ/1 %/0.25 W, then

RB is 620 Ω/1 %/0.25 W.

2. Inductor current sensor: The inductor current is sensed using a sensing resistor

Rs with a low resistance value, which is connected in series with the MOSFET

with respect to the ground.

3. Differential amplifier: A differential op-amp with a unity gain is required to

subtract the input voltage from the output voltage. Hence, the resistors RF1

and RF2 can be chosen as 39 kΩ/5 %/0.25 W.
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Figure 5.3: Analog realization of PI-SSMCC controlled PWM dc-dc boost converter
for CCM.

4. Summing and inverting amplifiers: The resistors RS1, RS2, RS3, and RS4 for the

summing op-amp and RI1 and RI2 for the inverting op-amps can be set to 5.1

kΩ/5 %/0.25 W.

5. PWM generator: Since the nominal output voltage is 20 V, the peak ramp

voltage VT without a scaling gain is 20 V. The switching frequency, on the other

hand, is set to 100 kHz.

6. Scaling factor: A scaling factor γ is required to scale VT down for the practical

range of the pulse-width modulator. Hence, if γ is 0.125, then VT becomes 2.5

V.
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7. Output voltage error gain K1: The value of γK1 is chosen as 0.843 in the previous

section, where γK1 = RV 2/RV 1. If RV 1 is assumed to be 5.1 kΩ/5 %/0.25 W,

then RV 2 is 4.3 kΩ/5 %/0.25 W.

8. Inductor current gain K2: The value of γK2 is chosen as 1.5 in the previous

section, where γK2 = RL2/RL1. If RL1 is assumed to be 10 kΩ/5 %/0.25 W,

then RL2 is 15 kΩ/5 %/0.25 W.

9. Proportional gain Kp: According to [72], the proportional gain of the PI controller

is defined as γKp = R2/R1. Thus, if γKp is 25.5 and R1 is selected as 20 kΩ/5

%/0.25 W, then R2 becomes 510 kΩ/5 %/0.25 W.

10. Integral gain Ki: In [72], the integral gain of the PI controller is defined as

γKi = 1/(R1C1). If the value of γKi is set to 73500, then C1 can be selected as

680 pF/12 V .

It should be emphasized that the choice of the controller gains is not unique. The

designer can choose various values within the practical range as long as they meet

both the existence and stability conditions to assure a proper SMC operation. It

should also be noticed that the feedback resistors values must be selected such that

RA +RB >> R(max) in order to minimize the loading effect of the control circuit.

5.4 Simulation Results and Discussions
5.4.1 Steady-State Performance

The PI-SSMCC circuit given in Fig. 5.3 has been constructed using SaberRD simulator.

The control circuit is developed using LF356 op-amps along with their corresponding

components. In addition, the power stage is created using an MTP4N50 power

MOSFET, a MBR10100 Schottky diode, a 156 µH/0.19 Ω inductor, a 68 µF/0.10 Ω

capacitor, and a 60 Ω/20 W load resistor. The supply voltage, ramp voltage, and

switching frequency are 12 V, 2.5 V, and 100 kHz, respectively.
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The steady-state waveforms of the analogue control scheme in SaberRD have been

compared with the corresponding waveforms of MATLAB/SIMULINK model as shown

in Fig. 5.4. It can be noticed form Fig. 5.4(a) that the steady-state values of dT , vO,

and iL using MATLAB are 0.44, 19.99 V, and 0.600 A, respectively. As for the results

of SaberRD, which are given in Fig. 5.4(b), the steady-state values of dT , vO, and iL

are 0.454, 20 V, and 0.631 A, respectively. It can be noticed that the theoretical and

simulated results are in good agreement, which verify the proposed design approach.

Moreover, the control system provides an excellent tracking performance, while the

switching frequency is maintained constant during steady-state operation.

5.4.2 Tracking Performance under Large Disturbances

The response of the PI-SSMCC of PWM dc-dc boost converter during large line

and load disturbances are shown in Figs. 5.5 - 5.8. The comparison between MAT-

LAB/SIMULINK and SaberRD shows that the results are in good agreement. However,

the slight difference in the transient response characteristics of the results obtained

from the two platforms are due to the non-ideality of the switching elements and

analogue components in SaberRD, which are not included in MATLAB/SIMULINK

model.

The load current iO and output voltage vO waveforms during abrupt increase and

decrease in load current are depicted in Figs. 5.5 and 5.6, respectively. In Fig. 5.5, it

can be noticed that when iO changes from 0.333 A to 1 A, the output voltage exhibits

an undershoot around 3 % and then reaches the desired steady-state value after 1 ms.

On the other hand, Fig. 5.6 shows that when iO deceases from 0.333 A to 0.1 A, the

output voltage exhibits an overshoot of 0.9 % and a settling time of 1 ms.

The input voltage vI and output voltage vO waveforms during abrupt increase and

decrease in input voltage are shown in Figs. 5.7 and 5.8, respectively. As shown in

Fig. 5.7, when the input voltage increases abruptly from 12 V to 18 V, the output
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Figure 5.4: Steady-state waveforms of PI-SSMCC of PWM dc-dc boost converter for
CCM. a) MATLAB results b) SaberRD results.
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voltage response has an overshoot of 0.5 % and a settling time of 800 µs. In Fig. 5.8,

however, when vI decreases from 12 V to 7 V, the percentage undershoot and settling

time are about 2 % and 3 ms, respectively.

The simulation results from MATLAB and SaberRD show the excellent tracking

performance and large disturbance rejection capability of the PI-SSMCC system. The

transient response of the closed-loop control system has significantly been improved

as compared to the open-loop boost converter response in Chapter 2.

5.4.3 Line and Load Regulation Performance

The regulation performance of the PI-SSMCC of PWM dc-dc boost converter for

CCM have been investigated. Fig. 5.9 shows the dc output voltage VO versus the dc

load resistance R at different dc input voltage VI levels. In this study, the range of R

and VI is within 26 Ω to 200 Ω and 10 V to 16 V, respectively. It has been noticed

that the control system maintains a constant dc output voltage VO within the entire

range of operation. In other words, the steady-state output voltage is regulated at 20

V despite the load and line variations. Based on Fig. 5.9, it can be concluded that

the percentage line regulation PLNR and percentage load regulation PLOR of the

PI-SSMCC system for the entire operating range are 0 %/V and 0 %, respectively.

5.4.4 Comparison with PWM-Based Controller

The tracking performance of the proposed controller is compared with a Type III

controller during large disturbances. An integral double-lead controller is designed to

achieve a phase margin of 60◦, where the controller transfer function is [72]

Tc = 2.7095× 106 (s+ 2078)2

s(s+ 7.599× 104)2 . (5.24)

The output voltage response of the two control systems during large load distur-

bance is shown in Fig. 5.10. Obviously, both of them regulate vO to the desired level.

However, the linear Type III control system exhibits larger peak overshoot/undershoot
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Figure 5.5: The PI-SSMCC system response during abrupt increase in load current.
a) MATLAB results b) SaberRD results.
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Figure 5.9: The output voltage VO versus load resistance R at different input voltages
VI .

and longer settling time as compared to the nonlinear PI-SSMCC system. It can

be noticed that the nonlinear controller provides consistent dynamical response and

large-signal stability.

On the other hand, the tracking performance of the two controllers during large

line disturbances is shown in Fig. 5.11. It can be seen that Type III controller response

exhibits undesirable transient characteristics. In Fig. 5.11(a), the percentage peak

overshoot and settling time of Type III controller response are 17.5 % and 8 ms,

respectively, while the percentage undershoot and settling time in Fig. 5.11(b) are

about 20 % and 5 ms, respectively. This is the main drawback of the linear control

system, which is only valid for a small deviation around the equilibrium point.
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Figure 5.10: The output voltage response of the PI-SSMCC and Type III control of
PWM dc-dc boost converter during abrupt a) increase and b) decrease in load current.
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Figure 5.11: The output voltage response of the PI-SSMCC and Type III control
of PWM dc-dc boost converter during abrupt a) increase and b) decrease in input
voltage.
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6 PCB Prototype of Closed-Loop SSMV Controlled
PWM DC-DC Buck Converter

6.1 Introduction

The practical design and analogue implementation of the SSMVC of the PWM dc-dc

buck converter in CCM have been discussed in this chapter. The closed-loop control

system is implemented on a printed circuit board (PCB) and tested under steady-

state and large disturbance conditions. The experimental and simulated results are

compared together to verify the design approach.

6.2 Circuit Description

The design procedure in Chapter 3 is applied to design the the PWM-based SSMV

controlled buck converter in CCM. The power converter parameters are defined in

Table X. The components of the power stage include an IRF530 N-MOSFET, an

MBR10100 Schottky diode, an inductor of 330 µH, an electrolytic output capacitor of

56 µF, and an electrolytic input filter capacitor of 330 µF. On the other hand, the

control circuit components are summarized below

1. Output voltage sensor: The feedback network resistors RA and RB are 9.1 kΩ/1

%/0.25 W and 5.1 kΩ/1 %/0.25 W, respectively.

2. Differential amplifier: An LF357 op-amp is selected. The resistors RF and RD

are chosen to be 680 kΩ/5 %/0.25 W and 1.568 kΩ/5 %/0.25 W, respectively.

Additionally, RV 1 and RV 2 are set to 1 kΩ/5 %/0.25 W. Note that values of RF

and RD are adjusted based on SaberRD simulator to eliminate the steady-stat

error at vO.

3. Summing and inverting amplifiers: LF356 op-amps are selected. The resistors

RS1, RS2, RS3, and RI2 are 5.1 kΩ/5 %/0.25 W, whereas RI1 is 2.5 kΩ/5 %/0.25
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W.

4. PWM generator: The peak ramp voltage VT is set to 4 V, while switching

frequency is chosen to be 100 kHz. An LTC6992-2 is utilized as a pulse-width

modulator. The supporting circuitry is designed based on the data sheet and

LTspice simulation.

5. Gate driver: An LTC4440-5 high-side gate driver is selected to drive the MOS-

FET, where the supporting circuitry is developed using the data sheet and

LTspice simulation.

Table X: Experimental Buck Converter Parameters

Description Parameter Value

Inductor L 330 µH
Capacitor C 56 µF
Load Resistor r (20− 100) Ω
Inductor ESR rL 0.05 Ω
Capacitor ESR rC 0.200 Ω
Inductor ESR rL 0.050 Ω
Capacitor ESR rC 0.200 Ω
MOSFET On-Resistance rDS 0.180 Ω
Diode Forward Resistance rF 0.022 Ω
Diode Threshold Voltage VF 0.700 V
Input Voltage vI 28± 4 V
Output Voltage VO 14 V
Switching Frequency fs 100 kHz

The schematic diagram of the PWM-based SSMV controlled buck converter circuit

is shown in Fig. 6.1
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Figure 6.1: Schematic diagram of SSMV controlled PWM dc-dc buck converter circuit
for CCM.

6.3 Experimental Prototype

The schematic diagram of the proposed control circuit has been implemented on a

2-layer PCB. The first step is to draw the schematic diagram given in Fig. 6.1 using

AUTODESK EAGLE 8.2.2. Next, the schematic diagram is converted to a PCB

layout. Once the layout is printed, it can then be utilized to mount and solder the

analogue components.

6.3.1 Schematic Diagram

The schematic diagram of the SSMVC PWM dc-dc buck converter is drawn using

EAGLE 8.2.2 software as shown in Fig. 6.2. The diagram contains all the relevant
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Figure 6.2: EAGLE-based schematic diagram of closed-loop control system.

components of the power stage, feedback network, control circuit, LTC6992-2 pulse-

width modulator, and LTC4440-5 high-side gate driver. The ICs LTC6992-2 and

LTC4440-5 are mounted on adapters as shown in Fig. 6.3 to fit in the PCB. The

supporting components of the two ICs are set based on the data-sheets and LTspice

simulations.

6.3.2 PCB Layout

The schematic diagram in Fig. 6.2 is converted to a basic layout using EAGLE

software. The layout should be modified by the designer to place the components in

order and use the minimum PCB area. In such a hard-switching circuit, standard

design guidelines are recommended, which include the design of large ground plane.

Additionally, traces are made wide and short, especially those that carry a high current
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(a) (b)

Figure 6.3: The (a) pulse-width modulator and (b) high-side gate driver mounted on
their adapters.

Figure 6.4: PCB layout of closed-loop control system.

at the power stage. The final layout is shown in Fig. 6.4.

6.3.3 PCB Prototype

Once the the layout is printed, the circuit components can be mounted on the PCB

and soldered as shown in Fig. 6.5. The prototype can also be redesigned and optimized

based on the designer’s discretion. However, the purpose of designing the closed-loop
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Figure 6.5: PCB prototype of closed-loop control system.

power converter on PCB is to show the feasibility of the design approach and conduct

experimental tests.

6.4 Simulation and Experimental Results
6.4.1 Steady-State Performance

The steady-state waveforms of the PCB prototype are compared with the corresponding

results obtained from SaberRD as shown in Fig. 6.6. The power converter operates

at steady-state condition, where vI and r are 28 V and 40 Ω, respectively. It can be

seen that the simulated results are in good agreement with the experimental results.

In Fig. 6.6(a), the steady-state values of duty cycle, output voltage, and inductor

current are 0.5099, 13.996 V, and 0.344 A, whereas the corresponding experimental

results are 0.5, 14.00 V, and 0.365 A, respectively. Moreover, the switching frequency

of vGS is kept constant at 100 kHz.
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(a)

(b)

Figure 6.6: (a) Simulated and (b) experimental waveforms of gate-to-source voltage
vGS, output voltage vO, and inductor current iL during steady-state condition.
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6.4.2 Regulation Performance

Fig. 6.7 shows the output voltage of the proposed control system with respect to the

line and load variation. The discrepancies between the simulated and experimental

results are due to the tolerances of resistors and the non-ideality of the analogue

components in the actual control circuit, which are not modeled in SaberRD simulation.

The graphs show that as the load changes from 20 Ω to 190 Ω, the output voltage

remains close to the desired value 14 V. From the experimental results, it can be seen

that the maximum ∆VO occurs at VI = 42 V when R = 190 Ω and at VI = 20 V when

R = 20 Ω, where VO values are 14.060 V and 13.938 V, respectively. Hence, there is

about ±60 mV deviation in the desired VO at maximum operating conditions.

The PLOR and PLNR have been calculated for several cases as shown in Tables XI

and XII, respectively. Despite the discrepancy between the simulated and experimental

results, it can be noticed that the maximum PLNR is less than 0.1 %/V, and the

maximum PLOR is less than 1 %. The experimental results given in Table XI show

that when VI is 42 V, the maximum experimental PLOR is 0.399 %. At this operating

condition, if R varies from 20 Ω to 190 Ω, the maximum deviation in VO is about 56

mV. On the other hand, the maximum experimental PLNR in Table XII is 0.039

%/V, which occurs when VI changes from 28 V to 20 V at 190 Ω load resistance. Thus,

the tabulated results show that the proposed control system maintains an output

voltage close to the desired value under a wide operating range.

6.4.3 Tracking Performance

The tracking performance during large disturbances is investigated using MATLAB

simulations and compared with the corresponding experimental results. The waveform

of vO during abrupt increase and decrease in vI is shown in Figs. 6.8 and 6.9,

respectively. As shown in Fig. 6.8(b), when vI increases from 28 V to 42 V, vO

increases about 36.25 mV. Furthermore, if vI decreases from 28 V to 20 V as depicted
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Figure 6.7: (a) Simulated and (b) experimental plots of output voltage VO versus load
resistor R at different input voltages VI .
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Table XI: Simulated and Experimental Percentage Load Regulation of SSMVC System

VI (V)
∆VO = VOR(max)

− VOR(min)
(V) P LOR (%)

Simulated Experimental Simulated Experimental

20 0.005 0.035 0.036 0.249

28 0.010 0.042 0.072 0.298

35 0.019 0.054 0.156 0.386

42 0.022 0.056 0.157 0.399

Table XII: Simulated and Experimental Percentage Line Regulation of SSMVC System

R (Ω)

P LNR (%/V)

∆VI = 28→ 20 (V) ∆VI = 28→ 35 (V) ∆VI = 28→ 42 (V)

Sim. Exp. Sim. Exp. Sim. Exp.

20 0.031 0.033 0.018 0.019 0.017 0.017

50 0.032 0.034 0.019 0.024 0.018 0.018

90 0.032 0.036 0.020 0.025 0.018 0.018

130 0.033 0.036 0.020 0.027 0.019 0.022

190 0.036 0.039 0.028 0.031 0.023 0.024

in Fig. 6.9(b), vO decreases 45 mV. Next, the tracking performance during an abrupt

increase and decrease in load current iO is shown in Figs. 6.10 and 6.11, respectively.

Load current was measured using a current probe-to-voltage amplifier scaled 1:1 with

the voltage display setting of the oscilloscope. When iO changes from the nominal

value 0.35 A to 0.7 A, vO decreases 28.13 mV. However, if iO decreases from 0.35 A to

0.15 A, vO decreases 15.62 mV. It can be seen that the simulated and experimental

results are close to each other, and the disturbance effect is rejected within 40 µs.

However, a small steady-state error at vO is noticed, especially during line disturbance.

As mentioned in Chapter 3, the slight deviation in vO is due to the implementation of

the equivalent control equation via a pulse-width modulator with a constant ramp
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(a)

(b)

Figure 6.8: (a) Simulated and (b) experimental waveforms of output voltage vO when
input voltage vI increases from 28 V to 42 V.

voltage VT .
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(a)

(b)

Figure 6.9: (a) Simulated and (b) experimental waveforms of output voltage vO when
input voltage vI decreases from 28 V to 20 V.
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(a)

(b)

Figure 6.10: (a) Simulated and (b) experimental waveforms of output voltage vO when
load current iO increases from 0.35 A to 0.70 A.
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(a)

(b)

Figure 6.11: (a) Simulated and (b) experimental waveforms of output voltage vO when
load current iO decreases from 0.35 A to 0.15 A.

121



7 Conclusions and Future Work

7.1 Summary

The nonlinear modeling and the design of the simplified sliding-mode control of PWM

dc-dc converters in CCM have been discussed. In Chapter 2, the nonlinear models of

the buck and boost converters are

• Developed using Kirchhoff’s circuit laws and averaging technique.

• Validated via MATLAB/SIMULINK and SaberRD simulations.

• Studied under large line and load disturbances.

The single- and double-integral simplified sliding-mode voltage controlled PWM dc-

dc buck converter have been introduced in Chapters 3 and 4, respectively. Additionally,

the double-integral simplified sliding-mode current controlled PWM dc-dc boost

converter has been explored in Chapter 5, where

1) The equivalent control laws are derived based on the invariance conditions.

2) The existence and stability conditions are derived to set the criteria of choosing

the controller gains.

3) The design procedure and analogue realization of the control circuits are given in

details.

4) The proposed control circuits are simulated in MATLAB/SIMULINK and SaberRD.

5) The tracking performance under large disturbances and regulation performance

are investigated.

The practical implementation of the simplified sliding-mode voltage controlled

PWM dc-dc buck has been presented in Chapter 6, in which
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• The design aspects of the PCB prototype are explained.

• The experimental results are obtained under large line and load disturbances.

• The simulated and experimental results are compared to validate the design

approach.

7.2 Conclusions

1) The nonlinear dynamics of the switched-mode power converters in CCM can easily

be derived using Kirchhoff’s circuit laws and simulated in MATLAB/SIMULINK

using s-function. The models include all the parasitic components and can be

simulated without the need of Simscape.

2) The simulation results from SaberRD and MATLAB have showed that the nonlinear

models reflect the power converters behavior properly and can be used to investigate

the control system performance.

3) The PWM-based simplified sliding-mode voltage and current control schemes

exhibit more consistent transient response and better disturbance rejection as

compared to the linear control systems.

4) The PWM-based SMC circuits maintain a constant and low switching frequency,

thus the EMI issues and switching losses are reduced significantly. In contrast, the

HM-based SMC circuits operates at variable and high switching frequency.

5) The proposed control design approach results in simpler control schemes that can

be implemented with fewer added components as compared to the sliding-mode

control schemes in the previous literatures.

6) The sliding-mode current control method enhances the transient response of the

non-minimum phase systems such as the boost and buck-boost converters. In
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contrast, the sliding-mode voltage control method is suited for the buck converter

because it is a minimum phase system.

7) The proposed double integral simplified sliding-mode voltage and current control

circuits eliminate the steady-state error at the output voltage and ensure a precise

tracking in the presence of the large disturbances.

8) The simplified sliding-mode control design can be extended to the other types

of the basic power converters in CCM such as the buck-boost converter and the

dynamic power supplies. Interested readers can refer to [75], [77].

7.3 Contributions

The main contributions in this research are:

1) Large-signal non-ideal averaged models of basic switched-mode power converters

in CCM have been developed, simulated in MATLAB/SIMULINK, and validated

using SaberRD simulator.

2) Single- and double- integral simplified sliding-mode voltage control circuits for

PWM dc-dc buck converter have been designed along with the derivation of the

existence and stability conditions.

3) Double integral simplified sliding-mode current controlled PWM dc-dc boost con-

verter has been designed. The existence and stability conditions have also been

derived.

4) The design procedure and analogue realization of the PWM-based simplified

sliding-mode control systems have been introduced in detail.

5) The control equations and the corresponding analogue circuits have been simulated

in MATLAB/SIMULINK and SaberRD during steady-state and large disturbance

conditions.
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6) The line and load regulation performance of the proposed control systems has been

analyzed.

7) A PCB prototype of a simplified sliding-mode voltage controlled PWM dc-dc buck

converter has been designed and tested under various operating conditions.

7.4 Future Work

The following topics will be investigated in the future:

1) Discontinuous Conduction Mode (DCM)

The application of the simplified sliding-mode control design approach to the PWM

dc-dc converters in DCM. Modeling of power converter, derivation of equivalent

control law, and study of control system performance.

2) Complex Typologies

The investigation of the simplified sliding-mode control with more complex power

converters such as the Cuk, Zeta, Sepic, and cascaded power converters.

3) Constant Power Load

Solving the constant power load and relevant instability issues of tightly regulated

power converters using the simplified sliding-mode control systems.

4) Optimal Control Gains

The optimization of the simplified sliding-mode voltage and current control gains

that yield the optimal transient response and the widest operating range.

5) Isolated Power Converters

The application of the simplified sliding-mode control method to the isolated power

converters such as the flyback converters.
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