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ABSTRACT

The switched-mode dc-dc converters are some of the most widely used power electronics
circuits for its high conversion efficiency and flexible output voltage. These converters used for
electronic devices are designed to regulate the output voltage against the changes of the input
voltage and load current. This leads to the requirement of more advanced control methods to
meet the real demand. Many control methods are developed for the control of dc-dc converters.
To obtain a control method that has the best performances under any conditions is always in

demand.

Conventionally, the dc-dc converters have been controlled by linear voltage mode and current
mode control methods. These controllers offer advantages such as fixed switching frequencies
and zero steady-state error and gives a better small-signal performance at the designed operating
point. But under large parameter and load variation, their performance degrades. Sliding mode
(SM) control techniques are well suited to dc-dc converters as they are inherently variable
structure systems. These controllers are robust concerning converter parameter variations, load
and line disturbances. SM controlled converters generally suffer from switching frequency
variation when the input voltage and output load are varied. This complicates the design of the
input and output filters. The main objective of this research work is to study different control
methods implemented in dc-dc converter namely (linear controllers, hysteresis control, current
programmed control, and sliding mode (SM) control). A comparison of the effects of the PWM
controllers and the SM control on the dc-dc buck converter response in steady state, under line

variations, load variations is performed.



The thesis shows that, in comparison with the PWM controllers, the SM control provides
better steady-state response, better dynamic response, and robustness against system uncertainty
disturbances. Also the hysteretic controlled converters response to disturbances and load change
right after the transient take place and they give excellent transient performance. It does not
require the closed loop compensation network and results with a lesser component count and
small size in implementation. Hence, hysteretic control is considered as the simplest and fastest
control method. The dc-dc buck converter employing current hysteresis control scheme is given
in thesis. The result shows that hysteresis control converters have inherently fast response and

they are robust with simple design and implementation.

A hysteretic current control technique for a tri-state buck converter operating in constant
switching frequency is designed and its behavior is studied by making the use of essential tools
of sliding mode control theory because dc-dc buck converter is a variable structure system due to
the presence of switching actions. The principle of operation of tristate dc-dc buck converter is
explained. The converter response is investigated in the steady-state region and in the dynamic
region. The problem of variable switching frequency is eliminated without using any

compensating ramp.

Keywords: Hysteresis control, Sliding mode control, Dc-dc buck converter, variable structure

system.
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CHAPTER 1

Introduction

1.1 Motivation

The switched mode dc-dc converters are some of the simplest power electronic
circuits which convert one level of electrical voltage into another level by switching
action. These converters have received an increasing deal of interest in many areas. This
is due to their wide applications like power supplies for personal computers, office
equipments, appliance control, telecommunication equipments, DC motor drives,
automotive, aircraft, etc. The analysis, control and stabilization of switching converters
are the main factors that need to be considered. Many control methods are used for
control of switch mode dc-dc converters and the simple and low cost controller structure
is always in demand for most industrial and high performance applications. Every control
method has some advantages and drawbacks due to which that particular control method
consider as a suitable control method under specific conditions, compared to other control
methods. The control method that gives the best performances under any conditions is

always in demand.

The commonly used control methods for dc-dc converters are pulse width modulated
(PWM) voltage mode control, PWM current mode control with proportional (P),
proportional integral (P1), and proportional integral derivative (PID) controller. These
conventional control methods like P, PI, and PID are unable to perform satisfactorily

under large parameter or load variation. Therefore, nonlinear controllers come into



picture for controlling dc-dc converters. The advantages of these nonlinear controllers are
their ability to react suddenly to a transient condition. The different types of nonlinear

controllers are hysteresis controller, sliding mode controller, boundary controller, etc.

The hysteresis control methods for power converters are also gaining a lot of interest
due its fast response and robust with simple design and implementation. The hysteresis
controllers react immediately after the load transient takes place. Hence the advantages of
hysteretic control over other control technique include simplicity, do not require feedback
loop compensation, fast response to load transient. However, the main factors need to be
considered in case of hysteresis control are variable switching frequency operation and
stability analysis.

The dc-dc converters, which are non-linear and time variant system, and do not lend
themselves to the application of linear control theory, can be controlled by means of
sliding-mode (SM) control, Which is derived from the variable structure control system
theory (VSCS). Variable structure systems are systems the physical structures of which
are changed during time with respect to the structure control law. The instances at which
the changing of the structure occurs are determined by the current state of the system.
Due to the presence of switching action, switched-mode power supplies (SMPS) are
generally variable structured systems. Therefore, SM controllers are used for controlling
dc-dc converters.

SM control method has several advantages over the other control methods that are
stability for large line and load variations, robustness, good dynamic response, simple
implementation. Ideally, SM controllers operate at infinite switching frequency and the
controlled variables generally track a particular reference path to achieve the desired
steady state operation. But an infinite switching frequency is not acceptable in practice,

especially in power electronic circuits and therefore a control technique that can ensure a



finite switching frequency must implemented. The extreme high speed switching
operation results in switching losses, inductor and transformer core loss and
electromagnetic-interference (EMI) generation. Variable switching frequency also
complicates the design of input and output filter. Hence, for SM controllers to be
applicable to dc-dc converters, their switching frequency should be constricted within a
practical range.

Though SM control compiles of various advantages, SM controlled converters suffers
from switching frequency variation when the input voltage and output load are varied.
Hence there are many control methods which have been developed for fixed switching
frequency SM control such as fixed frequency PWM based sliding mode controllers,
adaptive SM controller, digital fuzzy logic SM controller, etc. In case of adaptive control,
adaptive hysteresis band is varied with parameter changes to control and fixate the
switching frequency. But, these methods require more components and are unattractive
for low cost voltage conversion applications.

The different types of hysteresis controller are hysteretic voltage-mode controller, \/2
controller, and hysteretic current-mode controllers. The current hysteresis control
incorporates both the advantages of hysteresis control and current mode control. It can be
implemented using two loop control method. The error between the actual output voltage
and reference voltage gives the error voltage. A PI control block can use the voltage error
signal to provide a reference current for hysteresis control. This is also called sliding
mode control for dc-dc converter. Therefore, the current mode hysteretic controller can be
considered as a sliding mode control system and the analysis of hysteretic controller can
be done as per sliding mode control theory. The essential tools of this nonlinear control

theory can be introduced for the study of the behavior of hysteresis controller.



Therefore, the motivation of this thesis is to improve the performance of a dc-dc buck
converter through controller improvements. Hence, this thesis focused on the design and
analysis of a fixed frequency hysteretic current mode controller with improved
performance for dc-dc buck converter circuit. The problem of switching frequency

variation is alleviated with simplicity in controller design.

1.2 Literature Review

The dc-dc switching converters are the widely used circuits in electronics systems.
They are usually used to obtain a stabilized output voltage from a given input DC voltage
which is lower (buck) from that input voltage, or higher (boost) or generic (buck—boost)
[1]. Most used technique to control switching power supplies is Pulse-width Modulation
(PWM) [2]. The conventional PWM controlled power electronics circuits are modeled
based on averaging technique and the system being controlled operates optimally only for
a specific condition [3]-[4]. The linear controllers like P, PI, and PID do not offer a good

large-signal transient (i.e. large-signal operating conditions) [4]-[5].

Therefore, research has been performed for investigating non-linear controllers. The
main advantages of these controllers are their ability to react immediately to a transient
condition. The different types of non-linear analog controllers are: (a) hysteretic current-
mode controllers, (b) hysteretic voltage-mode/V2 controllers, (c) sliding-mode/boundary
controllers. Advantages of hysteretic control approach include simplicity in design and do
not require feedback loop compensation circuit. M. Castilla [6]-[8] proposed voltage-
mode hysteretic controllers for synchronous buck converter used for many applications.
The analysis and design of a hysteretic PWM controller with improved transient response

have been proposed for buck converter in 2004[9].



The use of SM control techniques in variable structure systems (VSS) makes these
systems robust to parameter variations and external disturbances [10]-[11]. Sliding mode
control has a high degree of design flexibility and it is comparatively easy to implement.
This explains its wide utilization in various industrial applications, e.g. automotive
control, furnace control, etc. [10]-[12]. Switched mode dc-dc converters represent a
particular class of the VSS, since there structure is periodically changed by the action of
controlled switches and diodes. So it is appropriate to use sliding mode controllers in dc-
dc converters [13]. It is known that the use of SM (nonlinear) controllers can maintain a
good regulation for a wide operating range. So, a lot of interest is developed in the use of
SM controllers for dc-dc converters [14]-[63]. Siew-Chong Tan presented a detail

discussion on the use of SM control for dc-dc power converters [15].

In 1983 and 1985, the implementation of sliding mode control for dc-dc converters is
first presented [13]-[14]. Then SM controller is applied in higher order converters in 1989
[16]. Huang et al. applied SM control for cuk switching regulator. After this, a series of
related works on the cuk converter was carried out [17]-[20]. Fossas and Pas [21] applied
a second-order SM control algorithms to buck converter for reduction of chattering.
Then, two types of SM-control for boost and buck-boost converters: one using the method
of stable system centre [22] and the other using sliding dynamic manifold [23] is
proposed by Yuri B. Shtessel. Sira-Ramirez [24] proposed a hysteresis modulation type
of SM controller to achieve a generalized proportional integral (GPI) continuous control
of a buck converter. Sira-Ramirez also presented a tutorial revisit of traditional sliding
mode control approach for the regulation of dc-dc power converters, of the ‘buck’,
‘boost’ and ‘buck-boost’ type and proposed the use of GPI control technique to improve

system robustness [25].



Raviraj and Sen presented a comparative study on buck converter’s performance when
controlled by PI, SM, and fuzzy-logic controllers in 1997 [26]. They showed that there
are certain similarities in the system behavior between fuzzy-logic and SM controllers.
SM controller is also applied on parallel connected dc-dc converters. Donoso-Garcia et al.
[27] and shtessel et al. [28] proposed the use of SM control for current distribution and
output-voltage regulation of multiple modular dc-dc converters. Sira-Ramirez and Rios-
Bolivar [29] applied extended linearization method in SM-controller design that has
excellent self scheduling properties. They also proposed to combine a SM control scheme
with passivity-based controllers into the dc-dc converter that enhances its robustness
properties [30]-[31]. In 1997, Carrasco et al. [32] proposed neural controller with SM
controllers to improve the robustness, stability and dynamic characteristic of the PWM

dc/dc power circuit with power factor corrector.

The nonlinear behavior exhibited by current mode controlled boost converter is
studied by Morel [33]-[35]. Then, he introduced a practical SM control method aiming to
eliminate chaotic behavior and keep the desired current-controlled property. The standard
method (slope compensation) only partly cures this major drawback and, even though it
eliminates chaos, the converter is not current-controlled any more. He concluded that the
proposed method does not only provide stability, it also increases the input voltage

variation domain for which the system remained stable.

Mattavelli et al. [36] proposed a general-purpose sliding-mode controller, which is
applicable to most dc-dc converter topologies. The circuit complexity is same as current-
mode controllers and it provides extreme robustness and speed of response against line,
load and parameter variations. The same group derived small signal models for dc-dc
converters with SM control, which allows the selection of control coefficients, the

analysis of parameter variation effects, the evaluation of the closed loop performances

6



like audio susceptibility, output and input impedances, and reference to output transfer

function [37].

Despite various advantages of SM controller, the practical implementation of this
controller for dc-dc converters is rarely discussed. This is due to the lack of understanding
in its design and systematic procedure for developing such controllers. Escobar et al. [38]
performed experiments to compare five different control algorithms on dc-dc boost
converter. He concluded that nonlinear controllers provide a promising alternative to the
linear average controller. Alarcon et al. [39] presented the design of analog IC SM
control prototype with linear sliding surface for switching converters. Ahmed et al. [40],
[41] presented an analysis and experimental study of SM controlled buck converter. They
also showed the implementation of the SM controller for buck-boost converter through
control desk dSPACE [42]. Dominguez et al. [43] presented a stability analysis of buck
converter with input filter by means of SM control technique. Zhang li and QIU Shui-
sheng implemented Proportional-Integral sliding mode controller in dc-dc converters.
They showed that the implementation of PI SM control is simpler than other SM control
schemes and steady state error is eliminated [44]. Castilla et al. [45] created a novel
design methodology of SM control schemes for quantum resonant converters. The
method is based on the imposition of a specified output-voltage dynamic response, and it
provides a set of sliding surfaces guaranteeing high robustness and large signal stability.
Siew-Chong Tan presented a systematic approach for designing a practical SM controller

for buck converter [46].

An ideal SMCT (sliding mode control technique) operates at infinite switching
frequency [46]-[47]. This infinite switching frequency invites inductor, transformer core
losses and electromagnetic interference noise issues. Hence, practical SM controllers are

operated at finite switching frequencies only. Thus, ideal SM is brought to quasi-sliding

7



mode .The frequency limited SM controllers are generally called as Quassi —sliding mode
controllers [47]. Cardoso et al. [48] proposed several methods to constrict the switching
frequency of the SM controlled converters. Switching frequency variation can be
eliminated by employing PWM based SM control instead of hysteresis modulation (HM)

[49].

Nguyen and Lee proposed an adaptive hysteresis type of SM controller for buck
converter [50]. They again proposed an indirect implementation of SM controllers in
buck converter to achieve constant switching frequency operation [51]. Chiacchiarini et
al. [52] performed experiment to compare the performance of buck converter controlled
by analog and also for digital sliding-mode controllers. Sira-Ramirez et al. [53] proposed
a geometric approach to map the PWM feedback control onto SM control and provide the
equivalence between SM and PWM controller [54]. The discrete control input is replaced

by a smooth analytic function of the state, known as the duty ratio.

Mahadevi et al. [55] proposed state space averaging method to PWM based SM
controlled dc-dc converters with a constant switching frequency. They also applied neural
networks into their PWM-based SM controlled converters [56]. Siew-Chong Tan
proposed a new adaptive sliding mode controller for buck converter in continuous
conduction mode of operation [57]. They concluded that adaptive SM controlled
converter has faster dynamic response with reduced steady state error when it operated
above the nominal load, and it eliminates overshoots and ringing in the transient response
when operated below the nominal load. In 2004, a digital fuzzy logic SM-like controller
that has zero steady state error and fixed switching frequency is proposed by Perry et al.
[58]. lanneli and Vasca proposed method of dithering to SM controlled converters for

maintaining a finite and constant switching frequency [59].



Steady-state switching frequency of sliding mode controlled dc-dc converters is
generally affected by line and load variation. For line variation, an adaptive feed forward
control that varies the hysteresis band in the hysteresis modulator of the SM controller in
the event of any change of the line input voltage and for load variation, an adaptive
feedback controller that varies the control parameter with the change of output load is
proposed by Siew-Chong Tan [60]. Dc-dc converters can be operated either in continuous
conduction mode (CCM) or in discontinuous conduction mode (DCM). Dc-dc converters
that operated in DCM provide faster transient response (due to its low inductance) at the
expense of higher device stresses. He also presented a fixed frequency PWM based
sliding mode controllers for dc-dc converters operating in DCM [62]-[63].

Buck converter when operated in CCM, gives a continuous output current, with
smaller current ripple and low switching noise. CCM operation is usually preferred for
large current applications, because it can deliver more current than the converter
operating in DCM. However, a DCM converter has a much faster transient response and a
loop gain that is easier to compensate than a CCM converter. Hence, for fulfill of both the
requirements, a new converter that combines the advantage of both CCM and DCM
converters is developed. Converters operate in a new operation mode-the pseudo CCM.
This new switching converter that is operating in pseudo-continuous-conduction-mode
(PCCM) with freewheel switching control is proposed by Dongsheng Ma and Wing-Hung
Ki [64]-[65]. They showed that pseudo CCM buck converter has much improved current

handling capability with reduced current and voltage ripple.



1.3 Basic principles of SM control

The basic idea of SM control is to design first a sliding surface in state space and then
the second is to design a control law direct the system state trajectory starting from any
arbitrary initial state to reach the sliding surface in finite time, and finally it should come
to a point where the system equilibrium state exists that is in the origin point of the phase
plane. The existence, stability and hitting condition are the three factors for the stability of
sliding mode control. SM control principle is graphically represented in Figure 1, where
S =0, represent the sliding surface and x; and x, are the voltage error variable and
voltage error dynamics respectively. The sliding line (when it is a two variable SM
control system in two-dimensional plane) divides the phase plane into two regions. Each
region is specified with a switching state and when the trajectory arrives at the system

equilibrium point, the system is considered as stable.

X X
$=0 2 =0 2
S>0 $>0
4
X1 ) X
§<0 «— Phase <0 .~ Phase
Trajectory N Trajectory
Converging
to
origin
(@) (b)

Figure 1.1: Phase Plot for (a) ideal SM Control (b) actual SM control

If the hysteresis band around the sliding line becomes zero, then system is said to be

operated with ideal SM control. But, from the practical point of view, this is not possible

10



to achieve. Hence, the actual SM control operation that is when the hysteresis band is not

ideal having a finite switching frequency is shown in figure 1.1(b) [46].

1.4 Review on SM control theory

The SM control theory is a well discussed topic [12], [61]. In this section a general
review on SM control theory is presented. Let us consider a general system with scalar

control as an example for better understanding of design procedure of SM control.

dx
T f(x,t,u) (1.1

where x is the column vector that represents the state of the system, f is a function

vector with n dimension, u is the control input that makes the system discontinuous. The

function vector f is discontinuous on the sliding surface S(x,t) =0, which can be
represented as,

f7(x,t,u") for S(x,t)>0

(1.2)
f~(x,t,u”) for S(x,t)<0

f(x,t,u)={

where S(x,t) =0is the sliding surface (sliding manifold). The system is in sliding mode

if its representative point (RP) moves on the sliding surface S(x,t) =0.

Existence condition and reaching condition are two requirements for a stable SM
control system. The existence condition of sliding mode requires that the phase
trajectories belongs to the two regions, created by the sliding line, corresponding to the

two different values of the vector function f must be directed towards the sliding line.
While approaching the sliding line from the point which satisfiesS(x,t)>0, the

corresponding state velocity vector f* must be directed toward the sliding surface, and
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the same happens for the points above S(x,t) <Ofor which the corresponding state

velocity vector is f .

The normal vectors ( f,*, f,,~) of the function f are orthogonal to the sliding surface or

the sliding line, which is given by,

lim f," <0 = lim VS.f* <0

50" $—>0" (1.3)
lim f," >0 = limVS.f” >0

S—>0" S—>0"

where VS is the gradient of surface S . This is expressed as

N
dS _ S Oy (1.4)
dt 4= ox dt

Therefore, in mathematical terms the sliding-mode existence condition is represented as
limS as <0 (1.5)
s—>0 dt

When the inequality given in equation (2.5) holds in the entire state space, then this is the

sufficient condition for the system RP to reach the sliding surface.

The reaching condition means the system RP will reach the sliding surface within
finite time interval. The scalar discontinuous input uat any instant depends upon the
system RP in state space at that instant. Hence, the control input for the system in (1.1)

can be written in mathematical form as,

Ue {u* for S(x,t) >0 (16)

u- for S(x,t) <0
where u"and u~ are the switching states which belong to the region S(x)>0and

S(x) <0 respectively. Let [e" |and [e” | be the steady state RPs corresponding to the

12



inputs u™ and u".Then a sufficient condition for reaching the sliding surface is given by:

[e*] e S(x,t)<0 7
[e"]e s(xt)>0

If the steady state point for one substructure belongs to the region of phase space reserve

to the other substructure, then sooner or later the system RP will hit the sliding surface.

Then, the behavior of dc-dc switching converter when operated in sliding mode with the

equivalent input is described below.

For the dc-dc converter system the state space model can be written as,

dx
pr = f(x,t)+g(x,t)u (1.8)

The control input u is discontinuous on sliding surface S(x,t) =0, while f and g are

continuous function vectors. The sliding surface is a combination of state variables as
S(x,t) =kx+¢ (1.9)

Under SM control, the system trajectories stay on the sliding surface, therefore:

S(x,t)=0

= iS(x,t):O (1.10)
dt

ds &8s dx,

dt  &ox dt

s &

o (1.11)
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where k is a 1 by n matrix, the elements of which are the derivatives of the sliding

surface with respect to the state variables (gradient vector) and ¢is some constant value.

Using equations (1.8) and (1.11) leads to

k% =kf (x,t) +kg(x,t)u,, =0 (1.12)
where the discrete control input u was replaced by an equivalent continuous control

input u,,, which maintains the system evolution on the sliding surface. The expression for

the equivalent control is given as
U,y =—(kg) *KF (x,1) (113)
Substituting equation (1.13) into equation (1.8) gives

%:[I ~g(kg) K] F (x.1) (L14)

Equation (1.14) describes the system motion under the SM control. The system should be
stable around any operating point. For satisfying the stability condition of the SM control,
the created sliding surface will always direct the state trajectory towards a point where
system stable equilibrium exits. This is generally accomplished through the design of the
sliding coefficients to meet the desired dynamical property. This is possible by using the
invariance property. Since in sliding mode operation, the state trajectory will track the
path of the sliding surface to a point of stability, the dynamical property of the system can

be determined by proper selection of sliding coefficient.
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1.5 Objective and Scope of this Dissertation

Control of switching converters is an interesting research area. The dynamic
performance improvement and stability of switching power converters has always been a
main concern. Most times the analysis is based on linear, small signal formalism, in order
to tune and then design new schemes. Hence, the scope of the work is motivated by a

need of new tools and techniques in order to explore better solutions.

Since dc-dc converters are nonlinear time variant systems, they represent a hard task for
control design. As dc-dc converters are variable structured in nature, so nonlinear
controllers are proved to be effective for the control of dc-dc converters. These controllers
respond immediately to the transient conditions. The types of non-linear controllers
include hysteretic controllers, sliding-mode/boundary controllers, etc. Advantages of
hysteretic control technigue include simplicity in design and do not require feedback loop
compensation circuitry. SM controllers are well known for robustness and stability. SM
control with infinite operation frequency challenges the feasibility of applying SM
controllers to switching power converters. Extreme high switching frequency results in
serious EMI, switching losses. Therefore the constant frequency operation becomes the

key point to be considered for practical controller design of switching converter.

The buck converter is the most widely used dc-dc converter topology in power
management and microprocessor voltage regulator applications. Here the analysis and
design of controller is made on the simplest dc-dc converter circuit i.e. the buck converter
circuit. The main objective of this research work is to study different control methods and
to design an efficient controller with improved performance. The proposed technique
requires less component and simple for implementation and eliminates the problem of

variable switching frequency.
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1.6 Organization of Thesis

The contents of each chapter are organized as follows:

Chapter 1: The importance of switch mode dc-dc converter for various applications is
given. This chapter explains the various types of linear and nonlinear control techniques.
The problems associated with the control methods for dc-to-dc converters are discussed.
A literature survey in detail is done on the control techniques available. The basic

principle of SM control theory is described.

Chapter 2: In this chapter the most commonly used analog PWM control method for dc-
dc buck converter are studied. Also the sliding mode control technique for buck converter
is analyzed, and comparative studies of the discussed control methods are given. The
advantage of using sliding-mode controller is discussed. The result shows that SM

controller offers better steady state and transient response than other control methods.

Chapter 3: This chapter describes a simple and brief study on hysteretic controllers. The
hysteretic control converters are inherently fast response and simple in design. Therefore,
the use of hysteretic controller for buck converter is given. This chapter also discusses
about the operation of tri-state buck converter. The design of a fixed frequency hysteretic
controller for tri-state buck converter is given. The concept of sliding mode control theory
is used to study the behavior this control scheme. Simulation results demonstrating the

steady state and dynamic performances are presented.

Chapter 4: Includes the thesis conclusions and further research directions.
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CHAPTER 2

Control Methods for dc-dc converter

2.1 Introduction

The switching converters convert one level of electrical voltage into another level by
switching action. They are popular because of their smaller size and efficiency compared
to the linear regulators. Dc-dc converters have a very large application area. These are
used extensively in personal computers, computer peripherals, and adapters of consumer
electronic devices to provide dc voltages. The wide variety of circuit topology ranges
from single transistor buck, boost and buck-boost converters to complex configurations
comprising two or four devices and employing soft-switching or resonant techniques to

control the switching losses.

There are some different methods of classifying dc-dc converters. One of them
depends on the isolation property of the primary and secondary portion. The isolation is
usually made by a transformer, which has a primary portion at input side and a secondary
at output side. Feedback of the control loop is made by another smaller transformer or
optically by optocoupler. Therefore, output is electrically isolated from input. This type
includes Fly-back dc-dc converters and PC power supply with an additional ac-dc bridge
rectifier in front. However, in portable devices, since the area to implement this bulky
transformer and other off-chip components is very big and costly, so non-isolation dc-dc

converters are more preferred.
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The non-isolated dc/dc converters can be classified as follows:

* Buck converter (step down dc-dc converter),

* Boost converter (step up dc-dc converter),

 Buck-Boost converter (step up-down dc-dc converter, opposite polarity), and

* Cuk converter (step up-down dc-dc converter).

Similar type of methods for analysis and control are applied to many of these
converters. The dc-dc buck converter is the simplest power converter circuit used for
many power management and voltage regulator applications. Hence, the analysis and
design of the control structure is done for the buck converter circuit. All the terms,
designs, figures, equations and discussions in this thesis are most concerned with dc-dc

buck converter circuit.

2.2 The Dc-dc Buck Converter

The buck converter circuit converts a higher dc input voltage to lower dc output

voltage. The basic buck dc-dc converter topology is shown in figure. 2.1. It consists of a

controlled switch S, , an uncontrolled switch D (diode), an inductor L, a capacitorC, and

a load resistance R .

0 s
SW L iL +X1
Vln A
o DA %) R%Vo

Figure 2.1: Dc-dc buck converter topology
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Vptl C— R% Y C—~ R% Y,

(@) (b)
Figure 2.2: Buck converter circuit when switch: (a) turns on (b) turns off

In the description of converter operation, it is assumed that all the components are ideal
and also the converter operates in CCM. In CCM operation, the inductor current flows
continuously over one switching period. The switch is either on or off according to the

switching function gand this results in two circuit states. The first sub-circuit state is

when the switch is turned on, diode is reverse biased and inductor current flows through
the switch, which can be shown in figure 2.2(a). The second sub-circuit state is when the
switch is turned off and current freewheels through the diode, which is shown figure

2.2(b).

When the switch S, is on and D is reverse biased, the dynamics of inductor current i,

and the capacitor voltage v, are

ﬂ:l Vin_VO and %:%:ilc
dt L d dt C (2.1)

When the switch S, is off and D is forward biased, the dynamics of the circuit are

dip 1 dv, dv. 1.
—_— =YV d _0:_C_
gt Lo g T

c*® 2.2)

When switch S, is off and D is also not conducting,

di, d dv, dv, 1.

=—L ="
dt d¢ dt C° 2.3)
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The state space representation for converter circuit configuration can be expressed as

d A Xx+ B U; whenS is closed,
_X_{ 1 1 (2.4)

dt A,x + B,U; when S is opened.

where x =[x, X,]'=[v. i_]" is the state vector and A’s and B’s are the system matrices.

The state matrices and the input vectors for the ON and OFF periods are

1 1
RC C ° 0
A1:A2— 1 ) Blz 1’ Bzz[o}
-— 0
L L
andU=V, 0.

2.3 Modes of Operation

The operation of dc-dc converters can be classified by the continuity of inductor
current flow. So dc-dc converter has two different modes of operation that are (a)
Continuous conduction mode (CCM) and (b) Discontinuous conduction mode (DCM). A

converter can be design in any mode of operation according to the requirement.
2.3.1 Continuous Conduction Mode

When the inductor current flow is continuous of charge and discharge during a
switching period, it is called Continuous Conduction Mode (CCM) of operation shown in

figure 2.3(a). The converter operating in CCM delivers larger current than in DCM. In

CCM, each switching cycle T consists of two parts that is D,T; and D,T; (D, +D, =1).
During D/Tg , inductor current increases linearly and then in D,Tg it ramps down that is

decreases linearly.
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2.3.2 Discontinuous Conduction Mode

When the inductor current has an interval of time staying at zero with no charge and
discharge then it is said to be working in Discontinuous Conduction Mode (DCM)
operation and the waveform of inductor current is illustrated in figure 2.3(c). At lighter
load currents, converter operates in DCM. The regulated output voltage in DCM does not
have a linear relationship with the input voltage as in CCM. In DCM, each switching

cycle is divided into of three parts that is DT, , D,T; and D,T; (D, + D, + D, =1). During

the third mode i.e. in D,Tg , inductor current stays at zero.

© ' T, ot t
. DT, D,T, ° (a) °
zLJ\ §
|
I
I
I /\
’ DT, : D,T s s t
11s 21s
i A (b)
L
1
! I
! 1
I
| 1
O—(—)-;—-(—)-J—-(—)-—:TS :2Ts t

D]TS DZTS' D3Ts

Figure 2.3: Inductor current waveform of PWM converter (a) CCM (b) boundary of CCM

and DCM (c) DCM
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2.4 Control Methods for Dc-dc Buck Converter

Voltage-mode control and Current-mode control are two commonly used control
schemes to regulate the output voltage of dc-dc converters. Both control schemes have
been widely used in low-voltage low-power switch-mode dc-dc converters integrated
circuit design in industry. Feedback loop method automatically maintains a precise output

voltage regardless of variation in input voltage and load conditions.

2.4.1 Voltage-mode Controlled Buck Converter

The voltage feedback arrangement is known as voltage-mode control when applied to
dc-dc converters. Voltage-mode control (VMC) is widely used because it is easy to
design and implement, and has good community to disturbances at the references input.

VMC only contains single feedback loop from the output voltage.

X
2 NS
S L I X2
V; —=| =z Y
Ml D& CTrE °
-T 1/k
v
q
v —
+ con K,
a Vet +

W
VL/VF Viamp

Figure 2.4: Block diagram of voltage mode controller

The voltage mode controlled buck converter circuit is shown in figure 2.4. It consists

of a controlled switch S,(MOSFET), an uncontrolled switch diode D (diode), an

inductor L, a capacitorC, and a load resistance R . The circuit shown in figure 2.4 is a

nonsmooth dynamical system described by two sets of differential equations:
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n

v, =V . .
-n__0 s isconducting

di
d_tL R (25)
—2, S, isblocking
L
i o
]
and % -— R (2.6)

The switch is controlled by analog PWM feedback logic. This is achieved by obtaining a

control voltage v, as function of the output capacitor voltage V. and a reference signal
V_. in the form,

V
Vcon = kp (Vref - k_o) (27)

1

where, Kk is the gain of proportional controller and k, is the factor of reduction of the
output voltage V. An externally generated saw-tooth voltage defined as Vi, () is used
to determine the switching instants.

Veamp (1) =V + (W =V F(t/T;) (2.8)
Where T is the time period and V,, and V _ are upper and lower threshold voltages
respectively. Here F(x)denotes the fractional part ofx: F(x)=xmod1 . In voltage
mode control, the controlled voltage v_,, is then compared with the periodic saw-tooth

wave V., , to generate the switching signal q [1,0] is described by

If Vi <Vens d=1

ramp

If Vramp > VCOI']; q = O (29)

The inductor current increases while the switch S, is on i.e gq=1 and falls while the

switch Sis offi.e. q=0.
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If the current reaches zero value before the next clock cycle, the operation is said to be in
DCM, else it is in CCM. The state equation that describes the dynamics of the buck

converter can be written as

d_X _ {Alx + Blu’ (kpxl -Vref ) <Vramp’ (2 10)

dt | Ax+B,U; (k% -V, )>V, .

where X =[x, Xz]T =[vi]' is the state vector and A’s and B’s are the system matrices.

The state matrices and the input vectors of the converter are given by

1 1
RC C ° 0
A=A, = ) Bi=1] Bzz{ }

1 0 L 0
L
and U=V, 0

The switching hypersurface (h) can be written as
Vramp
h=x -V, — ” =0, k, = 0. (2.11)

p

For discontinuous conduction mode, inductor current reaches zero before the next clock

cycle. In this case, the state equation of the converter can be written as

% | [— o]
T =] "RC { } (2.12)
X, o o

However, VMC have a few disadvantages. Any change in input voltage will alter the gain
and influence the system dynamics behavior. VMC cannot correct any disturbance
immediately until it is detected at the output since the disturbances are delayed in phase

by the inductor and capacitor prior to the output.
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2.4.2 Current-mode Controlled Buck Converter

Another control scheme that is widely used for dc-dc converters is current mode
control. Current-mode controlled dc-dc converters usually have two feedback loops: a

current feedback loop and a voltage feedback loop. The inductor current is used as a

feedback state.
2 il g gt
S L 1
W V;
mn P~y 0
+___ DA C R %
* B
> >
q clock iL
4 -
Q S J—<- T Controller
R IrEf

V +

ref

Figure 2.5: Current-mode controlled dc-dc buck converter

A current mode controlled dc-dc buck converter circuit is shown in figure.2.5. At the

beginning of a switching cycle, the clock signal sets the flip-flop (q=1), turning on the

(MOSFET) switch. The switch current, which is equal to the inductor current during this
interval, increases linearly. The inductor current i, is compared with the control signal
i, from the controller. When i, is slightly greater than i , the output of the comparator

goes high and resets the flip-flop (g =0), thereby turning off the switch. The switch will

be turned on again by the next clock signal and the same process repeated.

The buck converter circuit operates at continuous conduction mode. Depending on
the state of the switch, there are two circuit configurations, which are described by the

following differential equations:
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V. -V ) )
'”L %, s, isconducting

(jj—'tL = (2.13)
ﬂ, S,, is blocking
i -0
-0
and W _* R (2.14)
dt C
If the switch position is expressed with the switching functionq, then
1, S, closed (2.15)
4= 0, S, opened '

The control input signal is proportional to reference currenti., . The reference current i
is a function of output of the controller to regulate the output voltage.

The control voltage can be defined as,

Veon = K, (V. —\Ii—o) for P controller

1

con ref

and v =kp[v -V—O)+k, Vref-V—Ojdt,forplcontroller.
K, K,

. . v, : o
Hence the reference current can be written asi, :ﬁ, where R, is a proportionality
f

factor. The voltage waveforms are scaled to equivalent current waveforms by the
proportionality factor R, .

The state equation that describes the dynamics of the buck converter can be written as

A x+B.U; when S is closed,
%—{ v (2.16)

dt A,x+B,U; when S is opened.

where X=[x X,]'=[vi]" is the state vector and A’s and B’s are the system matrices.

The state matrices and the input vectors for the ON and OFF periods are
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1 1
RC C ° 0
A=A, = ., B=|1| B,=
1 0 1 0
3 L
and U=y, 0.

There are two types of current mode control strategies. In both, the switch is turned on at
the beginning of every clock period. In peak current mode control, the inductor current is
compared with a reference current signal with a compensation ramp, and the switch is

turned off when the two become equal. In the average current mode control, the inductor

current is compared with a ramp waveform, and the switch is tuned off when i, < iramp. Itis

turned on again at the next clock instant. Here a brief overview of peak current mode

control scheme is described.

2.4.2.1 Current Mode Control with Compensating Ramp

Figure 2.7 shows the waveform of inductor current of a switching converter
operating in continuous conduction mode (CCM). The inductor current changes with a
slope miduring the first subinterval, and a slope —m, during the second subinterval. The
peak inductor current is controlled and the controlled method is therefore called peak
current-mode control. The current mode controller is unstable whenever the steady-state

duty cycle is greater than 0.5, resulting in sub-harmonic oscillation.

To avoid this stability problem, the control scheme is usually modified by adding an

external ramp to the sensed inductor current waveform. Let the slope of compensating

ramp is ma. when m, > 0.5m, ;then the controller is stable for all duty cycles. The

relationship between the ramp, inductor and reference current is given in (2.12),

i dT, +i_ dT, =i, (2.17)
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Then, the control equation is given by

. . t
I, —|lg—m —|=0 (2.18)
FIT—/\
S, |t
+ : Ty
= =
= DL c %k n

Controller —

N Veamp Viet

Figure 2.6: Peak Current Mode Control

ON OFF | oN |OFF| ON

Figure 2.7: Inductor Current waveform with compensating ramp

Advantages of peak current mode control include Control of the peak inductor
current, inherent peak current limiting and sharing, good dynamic performance, first order
transfer function. Some of the main drawbacks of this control are the limited duty ratio,
increased output impedance, sub-harmonic oscillation, noise sensitivity. These problems
are rectified by means of an artificial ramp signal either subtracted from the control signal

or added to the inductor-current signal.
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2.5 Sliding Mode Control for Dc-dc Buck Converter

Buck Converter is a time variable and a nonlinear switch circuit which possesses
variable structure features. Sliding mode control is well known for its good dynamic
response and stability due to its insensitive for parameters change and easier in
implementation, so this control technique is used extensively for the control of dc-dc
power converters [40], [41], [46]. This section explains about the implementation of a

hysteresis modulation (HM) based SM controller for dc-dc buck converter.
2.5.1 System Modeling

A typical SM controller for switching power converters has two control modes:

voltage mode and current mode. Here, voltage mode control is employed, i.e. output
voltage v,, is the parameter to be controlled. Figure 2.8 shows the schematic diagram of a
SM voltage controlled buck converter. Here the state space description of the buck
converter under SM voltage control, where the control parameters are the output voltage

error and the voltage error dynamics is described.

L
) (T
S, i |
N 1
gl DI C7| p3
T D

W

Xy
el %
Sliding

| Mode /] | -
Controller [~ ﬁl

Vref t

Figure 2.8: Basic structure of an SMC buck converter system
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Hence the voltage error x, and the voltage error dynamics (i.e. the rate of change of

voltage error) x, under CCM operation can be expressed as

V.-V
_|:X1:|_ ref 0
x=| "|=|d
X, _(Vref _VO)

dt
X =Vref Vo
e o o0 v e

27 dt - dt C

(2.19)

where V., represents the reference voltage, v, is the output voltage, and i. denotes the

capacitor current. Here the reference voltage V,, is assumed to be constant and capacitor

ESR is zero. Then, by differentiating (4) with respect to time

The capacitor current equation when the switch is on can be expressed as
i =1~

Substituting equation (2.18) into (2.19) results in

x,=—L9;_94;
2 cldtt dt°

Consider dc-dc buck converter equation when the switch is on

d Vi, =V,

n

—j =
dt - L

Y
Substituting (2.21) into (2.20) and for i, :EO results in

Vo Vo LA
LC LC RC dt

By rearranging the terms, we get X, =—
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(2.22)

(2.23)

(2.24)

(2.25)



From equation (2.19), the output voltage, V, =V, — X (2.26)

Substituting equation (2.24) into (2.23) leads to

L ] . V
X, =~ _ X Vi Vet (2.27)
LC RC LC LC

Hence, the system equations, in terms of state variables x,and X, can be written as

X =X
. X X, Vin Vref (2 ' 28)
X, =——+1-——+- -4
LC RC LC LC
The state space model describing the system can be derived as
X = Ax+Bu+D (2.29)
0 1 0 0
A=l 1 1 |, B=| v, |, D=V,
LC RC LC LC

For DCM, inductor current is zero before the next clock cycle. This creates constraints to
the state variables. This can be derived by putting, i, =0. Hence, the equation of the can
be written as

X, = %[vm = (2.30)

The equation 2.12 represents a straight line in phase plane passing through points (V,,,0)

and (0,V,,, /RC).

ref

2.5.2 Design of SM Controller

In SM controller, the controller employs a sliding surface to decide its input states to
the system. For SM controller, the switching states u which corresponds the turning on
and off of the converter’ switch is decided by sliding line. The sliding surface is described

as a linear combination of the state variables. Thus the switching function is chosen as
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S=¢X%+C,X,=C'x=0 (2.31)

where C' =[c,,c,] is the vector of sliding surface coefficients and X = x, X, " This

equation describes a sliding line in the phase plane passing through the origin, which
represents the stable operating point for this converter (zero output voltage error and its

derivative).

The sliding line acts as a boundary that splits the phase plane into two regions. Each of
this region is specified with a switching state to direct the phase trajectory toward the
sliding line. When the phase trajectory reaches and tracks the sliding line towards the

origin, then the system is considered to be stable, i.e., x, =0 and x, =0.

Substituting equation (2.20) into (2.31) results in

S=cx +C,% =0 (2.32)
This describes the system dynamic in sliding mode. Thus, if existence and reaching

conditions of the sliding mode are satisfied, a stable system is obtained.

To ensure that a system follows its sliding surface, a control law is proposed. In this
system, the control law is defined as
1=0ON when S >k

u=<0=0FF whenS < -k (2.33)
previous state, otherwise

where kis an arbitrarily small value. The reason for choosing S >k and S <-k as the
switching boundary is to introduce a hysteresis band which determines the switching
frequency of the converter. If the parameters the state variables are such that S >k, switch

S,, of the buck converter will turn on. WhenS <—k, it will turn off. In the region

—k <S <k, switch remains in its previous state.
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Thus, this prevents the SM controller from operating at a high frequency for the power
switch to respond. It also alleviates the chattering effect which induces extremely high

frequency switching. The switching conditions in equation (2.33) are graphically shown

in figure 2.9.
X3
=0 N \\\
\\\\\\ ON
: SN xf
OFF NN
S=-k

Figure 2.9: Sliding line on X, — X, phase plane

2.5.3 Derivation of SM Existence Condition

The control law in (2.33) only provides the information that the system trajectory is
driven toward the sliding line. In order to ensure that the trajectory is maintained on the
sliding line, the existence condition of SM operation, which is derived from Lyapunov’s
second method to determine asymptotic stability, must be satisfied.

limS.S <0 (2.34)

S—0

Hence the specific conditions for the sliding regime to exist can also be expressed as

$ <0, ifS>0
R (2.35)
S>0, ifS<0
The existence condition can be expressed in the standard form
S=C" x=C" (Ax+Bu+D) (2.36)
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Then the equation (2.32) in two circumstances, it gives,

é3>o ZCT).(

=C"Ax+C'B+C'D<0
. . (2.37)
Ss<o :CT X

=C"Ax+C'D<0

For buck converter, when S — 0", the switch functiong=1, and when S — 0, the
switch function g =0. By substituting the matrices A, B, and D, and state variable x, the

above inequality becomes:

Case-l when S — 0F, é<0

C2 C2 Vref _Vin
=lc ——% X, ——2X + c, <0 2.38
A (1 chz lcet ¢ = (2.38)
Case-1l when S -0, é>0
C, C, Vref
={C ——=— [X, ——=X + c, >0 2.39
@(lRCszCxl e (2:39)

The equations 4, =0 and A, =0 define two lines in the phase plane with the same slope

passing through points V

ref 1

0 and V. —v,,0 respectively. These two lines determine

in?
the two boundaries of existence region from simulation these are clearly shown in figure

2.10. Point V. —v,,0 is the stable equilibrium point for the trajectories when the

in?
switch is on. Similarly the trajectories corresponding to the system off state dynamic

always tries to converge to the point V

»0 , which is the off state equilibrium point. The
phase trajectory in SM operation is shown in figure 2.11. Sliding mode will occur on the
portion of the sliding line, S =0, that covers both the on state and off state region and it

will overshoot the sliding line if the phase trajectory present outside the existence region.

The value of system parameters and sliding coefficients are given in section 2.6. In figure
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2.12, we have increased the value of sliding coefficientsC,to 5, so the overshoot is

increased and that changes the structure of the trajectory.
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Figure 2.10: Region of existence of SM mapped in the phase plane
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The chattering phenomenon can be defined as an undesirable oscillation around the
sliding surface at a high switching frequency due to the presence of switching
imperfections, parasitic effects etc. To control this undesirable high frequency oscillation,
generally a hysteresis band is imposed and the width hysteresis band determines the
switching frequency. The chattering phenomenon is illustrated in figure 2.14. From
figure, it is seen that narrower the hysteresis band higher the switching frequency and

except steady state operation, switching frequency is not constant.
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-500

-1000

Change 1n Votage Error

150 ? 3 ‘
-8.4 -0.2 0 0.2 0.4 0.6
Voltage Error Xl (V)

Figure 2.14: Chattering Phenomena of SM control
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2.6 Simulation Results and Discussions

In this section the simulation results are presented for comparison between the
different control methods that are discussed in above sections undergoing load current
step transient, input voltage step transient. The results of comparison are explained. There
are two different types of comparison study are presented. The first one is the
performance comparison between PWM based voltage-mode controlled buck converter
and HM based SM controlled buck converter. The second one is the performance
comparison between peak current-mode controlled buck converter with HM based SM

controlled buck converter.

The control methods have the same power circuit parameters and operate at the same

input and output voltages. The design specifications and the circuit parameters, for

simulation are chosen as: input voltage Vv,,=20V, desired output voltage Vv,=5V,
inductance L=3mH, capacitance C =69uF, and minimum load resistance R, =10Q,
maximum load resistance R =15Q, voltage reduction factor k,=0.4, proportional gain
k,=2, and the upper and lower threshold of ramp voltage V, =3.8 and V,,=8.2. The

sliding coefficients ¢, =2 and C,=0.001. The switching frequency f is set to 100 kHz.

2.5.1 PWM based Voltage-Mode Controller versus SM Controller

In this subsection, dynamic performance of PWM based voltage mode controlled
buck converter is compared with HM based SM controlled buck converter. The results
from simulation are given in figure 2.15-2.18. The transient responses of buck converter
employing PWM based voltage-mode control and SM control techniques are shown in

following figures respectively.
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Figure 2.15 shows the output voltage waveform of the converter for a step change in
load resistance from 15Q to 10Q and then back to 15 Q for both VMC and SM control.
The SM control Scheme takes 1.2ms settling time (time required to return to the steady
state) with an overshoot of 0.04volt as compared to 7ms and 0.5volt in case of the VMC.

Hence, SM control has a smaller overshoot and zero steady state error than VMC.

The inductor current response for a step load transient from 15Q to 10Q2 and then
back to 15 Q for both VMC and SM control is then shown figure 2.16. From the result in
figure 2.16, we can see that the settling time is 0.04ms which is less compared to VMC
that has 7ms. This shows poor large-signal transient response due to the oscillatory nature

of the output voltage and the long settling time.

Similarly the system response for a change in input voltage from 20 volt to 15 volt
then back to 20 volt using both control schemes is shown in figure 2.17 and figure 2.18
respectively. From the results it is shown that the output of converter is not affected by
the input voltage variation in case of SM control where as the performance of converter
with VMC degrades having a long settling time and larger steady state error. This
demonstrates the advantage SM controller over VMC for providing faster transient

response for a wide operating range.

2.5.2 Peak-Current-Mode Controller versus SM Controller

In this subsection, the dynamic performance of Peak-Current-mode controlled buck
converter is compared with HM based SM controlled buck converter. The comparison
results are shown in the following figures. The transient responses of buck converter
employing PWM based peak-current-mode control and SM control techniques are shown

in the following figures respectively.
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From the above figures (figure 2.19 to figure 2.22), it is seen that the transient response
corresponding to SM controller is faster and has smaller overshoot when compared to the
transient responses in PCMC. PCMC is usually faster than VMC because of its additional
inner current control loop and compensation technique used for PCMC is lesser complex
than VMC. Also the transient response of PCMC is faster than VMC. But, when the
PCMC method is compared with the SM controller, again SM control method is proved

to be better solution for its robustness to line and load variations.

The transient response of SM controlled buck converter can be understood from phase
plane analysis method. The phase plane plot of SM control for a step change in load from
15Q to 10Q and then back to 15€ is shown in figure 2.23. From figure we can see that
the phase trajectory starting from any initial position always tries to settle at the stable
equilibrium point (origin) and when the load changes the trajectory located at some other

initial position again tracks the sliding line by reaching back to origin.
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Figure 2.23: Phase plane plot under step load transient for SM control
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2.7 Conclusion

The different control methods for dc-dc buck converter are discussed. The simulation
results are also presented. The results of comparison are explained. The dynamic results
in order to validate the disturbance rejection in larger range of variations are presented.
The SM control method shows better dynamics for changes in input voltage and load
compared to the PWM voltage-mode and current-mode control methods. It can be seen
that the SM control method can well regulate the output voltage even in large range of

load and line variation.

45






CHAPTER 3

Fixed Frequency Hysteresis Control

3.1 Introduction

The use of hysteretic controllers for low voltage regulators used in computer and
communication systems has been gaining interest due its various advantages. Advantages
of this control approach includes fast response and robust with simple design and
implementation. They do not require components for feedback loop compensation [6]-[8].
This reduces the number of components and size of theoretical analysis for
implementation and also reduces the design effort for calculating the circuit component
values (like inductor, capacitor, and input voltage). They response to disturbances and
load change right after the transient takes place. Hence they give excellent transient
performances. While the elimination of the compensation network allows for fast
responses to transient, the hysteresis controlled converter suffers from two major
drawbacks: variable switching frequency and non zero steady-state error. Non zero
steady-state error may be rectified by adding a Pl block in series with the voltage
feedback. Also, the output voltage ripple is higher than the fixed band of hysteresis
comparator. That is because of delays and output filter parasitic element. The application
of nonlinear control theory can be used for study and analysis of hysteretic controlled
converters for alleviating the above mentioned problems. This way of analysis gives a

better idea for proper design method [6].
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3.2 Variable Frequency Hysteretic Controllers

In this section, the basic ideas about the hysteretic controlled converters with variable
switching frequency are described. As shown in Figure 3.1, the voltage hysteretic
controller regulates the output voltage ripple within the hysteretic band. Similarly, a
current hysteretic controller directly regulates the inductor current of the converter by

regulating the inductor ripple or a scaled version of it within the hysteretic band.

Hysteresis
Veef comparator
I
e +J]' Power
Error amplifier circult
I

Figure 3.1: voltage hysteresis control
3.2.1 Hysteretic Voltage-Mode Controller

Hysteretic voltage-mode control is the simplest control method available. The
concept of operation is very simple. The switch is turned on, when the output voltage falls
below minimum set point (i.e., lower boundary) and turns off when output voltage is
higher than maximum set point (i.e., upper boundary). Since the controller does not use a
compensation network, the converter is able to react quickly to a transient event making it
seem like a perfect solution for voltage regulator modules. However, the drawback of the
voltage-mode hysteretic controller is its reliance on the converter’s output capacitor
parasitic. A block diagram of voltage hysteretic controlled converter is illustrated in

Figure 3.1.
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3.2.2 Hysteretic Current-Mode Controller

Hysteretic current-mode control functions by controlling both the peak inductor
current and the valley inductor current. It does not require an external oscillator or saw-
tooth generator for operation and it has the ability to provide a fast response to a transient
event. Figure 3.2 illustrates a block diagram of a current-mode hysteretic controlled dc-dc

converter.

V. | Power + v
T circuit o

AAA
VYVY

controller 'H_

—— Vet

Hys. Comp. Error Amp

Figure 3.2: Hysteretic CM controlled buck converter

The power converter circuit with feedback control generally consists of:

1. apower stage with switches S, and D, and storage elements Land C,

2. an inner controller preserving the converter’s working principle by switching the
circuit topology,

3. an outer controller adjusting the inner loop’s reference in response to deviations from
the desired output.

The control system shown in figure 3.2 consists of two control loops. One is the
current control loop and the other is the voltage control loop. The error between the actual
output voltage and reference voltage gives the error voltage. A P or Pl control block can
use the voltage error signal to provide a reference current for hysteresis control. Hence

the current hysteretic control method can be viewed as a sliding mode control system.
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The hysteretic comparator implements the control law i.e.

1, S>0
us= (3.2)
0, S<O

where, Sis the sliding surface, which is defined as the difference between the two

comparator inputs.

S:Kp(vref _VO)_k'iL (32)

where K is the current sensing gain which has a fixed value and K  is proportional gain as

we consider a proportional controller here. From the previous chapter, we know that the

buck converter power circuit is described by two sets of differential equations that are,

i dv,
L‘jj—'th v, -V, and c%:h—vﬁ‘) (3.3)

Let the two state variable of the control system are x, =V, -V, and X, =i, then by

taking the derivative,

:>X. _i V;n ref (34)
T
. VvV . —
)(2 =C )(1_|_ref—x1
and R v (3.5
- X1 — _ﬁ _i_ﬁ_ ref
C RC RC
The state space model in terms of state variables is given by,
X=AX+Bu+D; (3.6)
< |7 + Vin u Vref (37)
X, 1 0 o
'E X, L L
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where ‘u’ is a discontinuous input that is either 0 or 1. The sliding dynamics of the system
are obtained by using the equivalent control method [12]. The discrete form of the control
input u is substituted with a continuous function u,,. The dynamics of the closed loop
system, assuming that an ideal sliding motion (infinite switching frequency) exists on the

switching surface, S ’, is governed by the conditions,

S=0=5=0
dt = ox dt
ds

-5 _VS.x=Gx
dt
where G is a 1 by n matrix and the above equation is given as,
Gx=(AX+B, +D,) =0
The equivalent continuous control input u,, can be written as,
ueq = _(GBl_l)G(Aix + Dl)
X = Ax+D, - B, (GB, ")G(Ax + D,) (3.9)
= x=[1-B,(GB, ")G](Ax+D),)
This equation describes motion equation of the converter when operating in SM

operation.
3.3 Simulation Results

The simulation results are shown below derived for a current hysteresis controlled
dc-dc buck converter with the same power circuit parameters that we have taken earlier in
chapter 2. The effectiveness of hysteretic controlled converters is demonstrated through
the results. Figure 3.3 shows the transient performance for step change in load from 15Q
to 10Q and back to 15Q. Figure 3.4 shows the transient response for input voltage

variation from 20V to 15Vand back to 20V.
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From the results, it is seen that current hysteretic controller quickly responds to
disturbances for large line and load variation. For a input voltage transient response, the

current hysteretic controller has a negligible steady state error.

Phase plane analysis using the phase portrait is a very good graphical tool for
analyzing the behavior of fast transient hysteretic control. This analysis is suitable for

large signal analysis. By phase plane analysis method, the transient response is better

understood and is shown in figure 3.5.
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Figure 3.5: Phase portrait with load transient

In steady state the phase trajectory is on the stable equilibrium point. When transient
occurs, the equilibrium is broken and the phase trajectory will direct towards a new

equilibrium point and settles there again by making limit cycle.
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3.4 Constant Switching Frequency Current-mode Hysteretic
Controller

As discussed in previous chapter, different control techniques are used for
controlling dc-dc converters. Some of the conventional control techniques are also
described in previous chapter. In this section, a new control topology, which includes the
concept of SM control and peak current mode control is proposed. Therefore the essential
tools of the nonlinear control theory can be introduced for the study of this hysteresis
controller. The proposed control scheme is actually a fixed frequency hysteretic current
mode controller for dc-dc buck converter that operates in pseudo-CCM (PCCM) [64],
[65]. In PCCM operation, the conventional buck converter circuit is modified by
connecting an extra of switch across the inductor. This divides the total switching cycle
into three subintervals which is termed as PCCM. The converter with this additional third
interval is also known as tristate converter. Thus, the new control approach provides the
advantages that are simple in implementation, fixed switching frequency operation, good

transient performances and does not require a compensating ramp signal.

3.4.1 Basic Concept of Operation

The operation of the tristate dc-dc buck converter with hysteretic current-mode

control scheme is discussed in this subsection. Figure 3.6 shows the tristate buck

converter topology. It consists of two controlled switches S, and S,, an uncontrolled

switch D, an inductor Land a capacitor C, a load resistance R. Switch S, is the

additional switch which is connected across the inductor. The operation of the tristate

converter includes three different configuration or structures that are show in figure 3.7.

At the start of the clock period, the switch S, is turned on and the switch S, is turned off,
During this interval (mode 1), inductor current increases with a slope of (%)

54



When i, reaches a peak value (upper bound), S,turns off. Then, i_starts falling with a
slope of (__I\_/Oj until it reaches some lower threshold. This interval is denoted as mode 2.

During this interval, diode is forward biased and both switch S,and S, are turned off.
When the inductor current reaches lower threshold, it stays constant at lower boundary,
because the switch S,shorts the inductor Land voltage across the voltage across the
inductor is thus equal to zero. During this interval S, is turned on while S,and diode are

off. This is the additional interval, denoted as mode 3.The inductor current waveform
showing the switch conditions for a tristate buck converter is shown in figure 3.8. All the

circuit components are assumed to be ideal in the derivations.
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Figure 3.7: Equivalent circuits under different modes of operation: (a) mode 1 ( D/T), (b)
mode 2 (D,T; ), and (c) mode 3 (D,T;).
These three modes of operation can be described as follows:

Mode 1: when S,is on and, S, is off, the state space equation of buck converter is derived

as

1 1
& | "R c|. |’
—= X+ | 11|V (3.10)
dt |1 5

L

wherex =[v, i_]", v, is the output voltage, i, is the inductor current.

Mode 2: when S; and S, both are off, the equation is derived as,

1 1
"RC C 0
&X_| RC C X+ v, (3.11)
dt 1 0
-—— 0
L

1
- 0
%: RC 0 X+ { }vm (3.12)
0
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Figure 3.8: Inductor current waveform of tristate buck converter showing the switch

conditions
3.4.2 Mathematical Analysis of Proposed Controller

The operation of a hysteretic current-mode controller for tristate dc-dc buck converter is

proposed and the schematic diagram of proposed controller is shown figure 3.9.
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Figure 3.9: Schematic diagram of the hysteretic controller for tristate buck converter
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The digital logic blocks generates required switching pulses for controlling the
switches S, and S, . This block consists of two SR flip-fops and some logic gates that can

be shown in figure 3.10.

S Q S ﬂzll_olzllzl' CMP1

S Q R __|_ hyst
2 ovp) L
Q R | e

Figure 3.10: Schematic diagram of pulse generator circuit

The state-space description of the system in terms of the desired control variables (i.e.,

voltage, current etc) is developed. The proposed current controller employs both the
output voltage error X, and the inductor current X, as the controlled state variables, which

are expressed as

{Xi =Vt —Vo (313)

X, =1,
where i_represent the inductor current,v,andv,, represent the output voltage and

reference voltage respectively. Here the switching state of the switch is either 1 or 0.

Then by taking the derivative of (3.13) with respect to time,

Y
dt (3.14)
X =G
dt
Considering the buck converter when the switch S, is on, S, off
di
L—Lt=v -V 3.15
dt in 0 ( )
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dv. v
_C+_0

i =C 3.16
O TR (3.16)
Substituting equation (3.14) into equation (3.15) and (3.16) results in
)21 _ 1 X1 1 X + Vref
I PN
RC C RC (3.17)
VI
2Lt LL

The dynamics of the converter circuit, when S,and S, are off, can be expressed as,

y
Lﬁ:—v0 (3.18)
. d

i :c%ﬁ’ﬁo (3.19)

Substituting equation (3.14) into equation (3.18) and (3.19) results in

)21=—ix Ly g Y

RC™" C? RC (3.20)
X, = Ly o
LY L

The dynamics of the converter circuit in mode 3, when S,is on, S,is off, can be

expressed as,

di
L=—L=0 3.21
ot (3.21)
. dv. v
i =C—<4+2 3.22
L i TR (3.22)

Since in this mode of operation, inductor current stays at a constant value, so we get the
derivative of a constant value is zero. By substituting equation (3.14) into equation (3.21)

and (3.22) results in,

-1
T R (3.23)
X2 = 0
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Then, the state-space modeling of the converter circuit with state variables x, and X, is

given by,

A x+B,+D,; whenS, ison,andS,is off
dx

i A,x + B,+D,; when both S and S,are off (3.24)
A,x+B,+D,; when S, is off,and S,is on

where x =[x, X,]" is the state vector and A’s and B’s are the system matrices.

The state matrices and the input vectors for the three periods are,

1 1
Al:A2= F;_C C y A3: -E '
— 0 0 0
L

0 = 1
_ |0 RC ==
Bl_ Vin ’BZ_ ’Dl_DZ_ ref v M3 RC
L ° = 0

L

As studied from the previous discussion that the basic principles of a hysteresis control
is based on the two hysteresis bands (upper and lower bands), whereby the controller
turns the switch on when the output current falls below the lower band and turns the
switch off when output is beyond the upper bound. The switching action can be

determined in the following way,

1. If i, <lower bound, u=1(ON)
2. If i, >upper bound, u=0 (OFF) , where u is the control input.

In this case, the hysteretic current controller shown in figure 3.2 consists of two
control loops. One is the current control loop and the other is the voltage control loop.
The difference between the actual output voltage and reference voltage generates the error

voltage. A controller may a P or PI type use the voltage error signal to provide a control
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voltage which is consider as the upper boundary or the upper threshold Vis, - Here a

simple proportional controller is considered for easy analysis. The control voltage v, is

a function of the output voltage Vv, and a reference signal V., in the form,

ref

Vcon = kp (Vref _VO) (325)

where, k is the gain of proportional controller. The lower threshold Vigs is determined

by subtracting a small constant term A, which is given as, Vs —A. Hence, there

:Vhys+
are two switching actions u, and u,are occurring on the two switching surfaces in the

region of phase plane. The control law determines the switching action. This can be

represented mathematically as,

1, when ki, <V, andh >0
= L hys+ (3.26)
0,when ki, >V, andh, <0
1, whenk.ii <v.. andh, <0
u2 _ L hys 2 (3.27)
0, otherwise

where h and h, are the two switching surfaces (manifolds) in sliding mode phase plane

that can be expressed as the combination of state variables,

h =k x —kx, = ¢,
p1 2 1 ] (328)

h, =—k,x +kx,+A= ¢, X
where x,and Xx,are the state variables,k is a constant factor that transforms the current

signal to voltage signal, k, is the proportional gain, which is known as sliding coefficient.

In the equations (3.26) and (3.27), u,and u,can be known as the discrete control inputs

to the system and this equations forms the basis of control law for the hysteretic control

system.
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Generally a SM control design approach consists of two components. The first involves

the design of a sliding surface and the second is concerned with the selection of a control

law that directs the system trajectory towards system stable operating point. If we assume

the width of the hysteresis band A — 0, then there exists only a single switching surface

h, in phase plane. And for sliding mode to be exist on the switching surface, then h =0.

This is said to be as ideal SM operation. Hence for ideal SM operation dh,/dt = h1 =0.

Also the equivalent control produces trajectory whose motion is exactly equivalent to the

trajectory’s motion in an ideal SM operation [15]. In equivalent control, the discrete

control input is substituted by continuous equivalent control signal u,, and is obtained by

solving the equations,

dh,/dt =h, =0
=c' x=0
=¢, (Ax+Bu,+D)=0

= ueq = _[ClT Bl]ilclT [A1X + Dl]

Then substituting the values, we get
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(3.30)

(3.31)



21 (3.32)

¢, (Ax+Bu, +D;)=0

Kk K . KV . kv (3.33)
__Pr _ E X1 __Pr X2 _ kvln ueq + p " ref + ref _ O
C L RC L

From above equation (3.33), u,, can be found as

p ka - kaVref Vref
“ Tk, RC L) ™ "ok, TReky, ¢ (839

in in

where u,, is a smooth function of the discrete input functionu and bounded by 0 and 1.

Then by substituting (3.21) into 0 <u,, <1, the function can be expressed as,

k k L k LV, V
<L %k =V i+ LY | (3.35)
kv, RC L Ckv,, RCkv,, v,
Multiplying the above equation byv,, ,
K k. L k. L
o<t Do 1)y v S5 v v (3.36)
ki RC L Ck RCk

The SM existence region provides a range of sliding area where the sliding motion takes
place. The condition for the existence of sliding mode is achieved, if the following

inequalities are satisfied.

lim h,-h <O
hlA>0+

(3.37)
lim h -h >0
h —0
For h, 0%, h <0: h =¢,(Ax+B,+D,)<0 (3.38)
For h, >0, h <0: h =¢(Ax+B,+D,)>0 (3.39)
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By solving the above equations, we get,

kK, k) ok, KV kv kv
Lit| ——2 == |% ——2 X, + 2L L = <0 for h, >0 3.40
1( RC iji C? RC L L g (340
Ko k) kK, kv kv
Loi| ——2—= %, —=2x,+2L 4+ 50 for h <0 3.41
2[ RC ijl C? RC L " (3.41)

The above two equations represents two lines in phase plane with same slope. As there
are two switching surfaces, so the SM existence region for hysteresis controlled
converters can be found out by considering both the switching surfaces for analysis. From
these equations we can find out the values of control parameters such that it will satisfy

the existence condition.
3.5 Model including parasitic elements

The influence of parasitic elements on the converter behavior is not yet discussed.

Therefore the circuit including the parasitic elements is given below. The tristate buck

converter circuit consists of parasitic elements in the switches (1, and r,), the capacitor

(r.), the inductor (r, ), and the diode (r,), are shown in figure 3.11.

.
b
— wWw—
\Y)
r I l L
1 L 'L
Lt
S1 +
Vin D 2 %
1 R< Vo
T r, C—~ .

Figure 3.11: Model of tristate buck converter with all parasitic elements
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The three modes of operation can be described as follows:

Mode 1: when S, is on and S, is off, the state space equation of buck converter is

derived as
1 R
Y=Y Y 0
C(R+r) C(R+r)
%: X+ | 1]V, (3.42)
dt R 1 Rr —
—— =l (n+r)+ ‘ L
L(R+r.) L (R+r)

wherex =[v_ i_ 1", i, is the inductor current, v, is the output voltage.

Mode 2: when S, and, S, both are off, the equation is derived as,

_ R
C(R+r) C(R+r) 0
& = X+ A (3.43)
dt R 1 Rr, 0
—_— —=(r+r)+
L(R+r) L (R+r)
Mode 3: when S, is off, and S, is on, the state-space equation is
1
0
d_| C(R+r) ‘s { } v (3.44)
dt IL+h 0

3.6 Simulation Results
In this subsection, based on the above proposed hysteretic current control method, the
simulation studies have been performed on a dc-dc buck converter under steady-state and

also under dynamic conditions of line and load variations. The buck converter parameters

chosen for the simulation studies are input voltage v,,=20V, desired output voltage v,
=5V, inductance L=3mH, capacitance C =69uF, minimum load resistance R . =10Q,

maximum load resistance R, =15Q, voltage reduction factor k;=0.8, proportional gain

65



k,=2, delta A= 0.03, and current sensing gain k =3Q.The switching frequency fj is set

to 100 kHz. A simple proportional controller is considered here. The simulations are done

using MATLAB/SIMULINK.

Output Voltage (V)
.
o ———

(3

O | | | 1 |
Time (S) x 10~
2 : :
~ N
3 1.5
g1 i
3 1
5
= :
=) |
E % f
0
'0‘50 1 2 3 4 5 6
Time (S) x10°

Figure 3.12: Start-up transient performance of the converter with the proposed controller

The current hysteretic control converter operated in PCCM operation showed less
current and voltage ripple. From the results, we got the value of output voltage ripple and
inductor current ripple as 0.005 V and 0.012A in steady state.
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Figure 3.15: Output voltage response from load transient 10Q to 15
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Figure 3.17: Load transient response from 15 to 10€2 for conventional current hysteretic

control method

From figure 3.16 and 3.17, it is seen that in case conventional current hysteretic control

method the switching frequency is not constant (T1¢T2) when load is varied. But for the

proposed control technique we are getting a fixed switching frequency ( T1=T2) when

load varies.

69



9
8_ ............................................................................................................................. |
7 NN S NS S S S ]
Q
S
s \
oA PSS N S SRS SRS S -
=
&
S SO .
S
3_ ............................................................................................................................. |
27 4 6 8 10 12
Time (S) x 107
2
R T 1 e D s B -
<
R s e e -
e
3 \
5 | S S S b WSSOSO SO -
(=}
2 Vv
E Of .
0.5 .
2 4 6 8 10 12
Time (S) x 1073
8
=3 N U N S |
)
on
=
o i
[P ]
(&)
S s
8
[¢)
-
4, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
2 4 6 8 10 12
Time (S) X 10'3

Figure 3.18: Transient response due to a step change in reference voltage from 6V to5V

and back to 6 VV
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Figure 3.19 shows the motion of the phase trajectory in two dimensional plane. In this
case three states exist on phase plane. When the phase trajectory hits the lower boundary,
system status changes to first sub circuit state. When it touches the upper boundary,
system status changes to second sub circuit state and again when it touches the lower
boundary, system status changes to third sub circuit state for a fixed period. With these
switching actions, the trajectory slide within the hysteretic band towards the system
steady state operating point and makes a limit cycle around that point. Hence, the states

are regulated in one operating point by means of control law.

2 |

s = Switching

E{ / lines

5 1

B |
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Figure 3.19: phase plane diagram
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Figure 3.20: Magnified view showing the phase trajectory and hysteresis band
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The simulation results for the buck converter with the proposed current hysteretic
controller including all the parasitic elements are shown in following figures. The values

of the resistive parasitic components are chosen as: I, =2.1 mQ, r,= 0.2 Q, r,=5.5 mQ,

r.=0.8 Q,r, =2.1 mQ respectively.

5.01

5.005

4.995

Output Voltage (V)
.
.
T~
__ o~
o~
.
T~
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4.99 5.92 5.94 5.96 5.98 6
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0.385

0.38

Inductor Current (A)

0.375

0.37

5.94 5.95 5.96 5.97 5.98 5.99 6
Time (8) x 107

Figure 3.21: The output voltage ripple and inductor current ripple in steady state

operation by considering the effect of parasitic elements
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To increase the duration of mode 3 the level of lower boundary must be increased.

Therefore to increase the level of lower lower boundary that is v, =V, —A, the

value of A is decreased. So A value is taken as 0.02. The inductor current ripple in steady

state operation is shown in figure 3.22 that shows the longer duration for mode 3.

0.42

Inductor Current (A)

0.415

594 595 596 597 598 599 6
Time (S) <107

Figure 3.22: The inductor current ripple in steady state operation
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3.7 Conclusion

In this chapter, the principle and operation of different types of hysteresis controllers are
discussed. The effectiveness of hysteretic controller for faster transient response is
described through the simulation results. The main problem associated with these
conventional hysteretic controlled converters is variable switching frequency operation.
Thus a constant switching frequency hysteretic controller is proposed. The controller is of
current-mode operation. The proposed controller is simple in design and implementation
without the use of compensating ramp circuit. The steady state and transient responses are

presented. The result shows good performances.
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CHAPTER A4

Conclusions

4.1 Conclusions

This chapter summarizes the contributions and the main results of the thesis. The thesis
has explained about the merits and demerits of different control methods such as the
PWM voltage mode control, peak current mode control, hysteresis control and sliding
mode control for dc-dc buck converter. A fixed frequency current hysteresis control has

been designed for buck converter.

Chapter 1 describes the importance and application of switch mode dc-dc converter. The
various control schemes used for dc-dc converters has been explained in brief. A review
study on the previous work in this area has been presented. The main frame of the work

and also the work done in each chapter has been described.

In chapter 2 a detailed explanation and classification of existing control techniques for
switched mode power supplies have been given. The chapter also defined and
summarized, with the aid of mathematical equations for dc-dc buck converter. The
information about the different modes of operations that are continuous conduction mode
(CCM), discontinuous conduction mode (DCM) has been given. A comparison study has
been carried out for studying the effects of PWM controllers and SM control on the dc-dc
buck converter response in steady state, under line variations, load variations, and

different component variations.
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Chapter 3 gives a detail study on hysteretic control dc-dc converters. The advantages and
drawbacks of main types of hysteretic controllers i.e. voltage hysteresis control and
current hysteresis control has been explained. The principle of operation of tristate buck
converter was given. A hysteretic current control technique for a tri-state buck converter
operating in constant switching frequency has been designed and behavior of the
controller is studied by using sliding mode control theory because dc-dc buck converter is
a variable structure system due to the presence of switching actions. The converter

response has been investigated in the steady-state region and in the dynamic region.

The main work of this thesis can be summarized as follows:

e Study of the PWM voltage mode control, PWM current mode control and their
operation has been given. The advantages and drawbacks of each control method
when implemented in switched-mode power converters are shown.

e The analysis and the theories of SM control were given in details. SM control
implemented in dc-dc buck converter is presented. Then a comparative analysis on
conventional PWM controllers and SM control has been done. The simulated result
showed the satisfying theories of SM control. The advantages of SM control over
other control methods are described.

e The basic concept of operation of tristate buck converter has been studied. The
implementation of fixed frequency hysteretic current control to the tristate buck
converter has been given. The output voltage, main inductor current waveforms

were studied in steady-state region and in dynamic region.
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4.2 Scope of Future Work

Following are the areas of future study which can be considered for further research

work.

e The proposed control method is applied on dc-dc buck converter. It can be applied
to many other converter topologies. The non zero steady state error is minimized
by adding PI block in the feedback control loop.

e The using the sliding mode control concept used for studying the behavior of
hysteretic controlled dc-dc buck converter can be extended for other converter
topologies.

e To verify the theoretical study, the proposed control scheme can be done with

experimental prototype.
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