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Abstract

Control and analysis techniques in switched-mode inversion (dc-ac) and rec-
tification (ac-dc) are examined in this thesis. Current programming and sliding mode
control are used to provide regulation and obtain desired dynamic responses. The basic
buck, boost, flyback, and buck-boost topologies are used to illustrate the different methods
of control and analysis. For illustration, embodiments employ fast switching converters,
but the techniques described can be applied to any general converter.

Different possibilities for the current programming of dc-ac inverters and ac-dc
rectifiers are explored and the more practical and advantageous methods noted. Current
reference programming improves the dynamic response of the converter and simplifies the
design of the main regulatory loop. It also protects the switches from excessive current
stresses and enables the parallel operation of many converters to support a common
load. Constant frequency current reference programmed converters are, however, subject
to oscillations under certain operating conditions.

Describing equations are used to obtain the low frequency characterization
of current programmed converters. The system representation is first obtained in the
stationary abe reference frame and then transformed to the rotating dg¢ coordinate frame.
In the dg coordinate system, the low frequency characterizations of all balanced, polyphase
ac converter systems are represented by a set of continuous, time-inveriant differential
equations. The steady-state and linearized, small signal dynamic responses are then

obtained in this rotating reference frame.
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Sliding mode control is applied to inverters and rectifiers to provide regulation
and ensure the stability of the system in the presence of small and large signal distur-
bances. This is a natural method of control for variable structure systems and enables
the design of a robust controller that can provide stability and performance in the face
of plant uncertainities. However, it requires that all or many of the states of the system
be accessible and results in a variable switching frequency in the converter.

The equivalent control method is used to obtain the low frequency properties
of the sliding mode system, and can also be used to obtain the low frequency models of
duty ratio programmed converters. Different switching strategies can be used to provide
sliding mode control, as well as to optimize responses, maximize efficiency, or minimize
switching losses. Practical aspects such as hardware implementation, switch realization,

and measurement techniques are also discussed.
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Introduction

The field of switched-mode power conversion extends over myriad applica-
tions in the areas of energy processing systems. The four major areas of switched-mode
power conversion pertain to dc-dec conversion, tnversion, rectification, and cycloconver-
ston. Switched-mode converters in each of these areas have been used in various appli-
cations ranging from computers and motor drives to uninterruptable power supplies and
switched-mode amplifiers. Various topologies and modulation strategies have been used
depending on the application and power level involved.

The analysis and design of dc-de converter systems has progressed over a
considerable period of time towards it present state. Many good analysis and design
methods, and control techniques have been developed for dc-dc systems. Polyphase
inversion, rectification, and cycloconversion systems, however, pose a much more difficult
problem from the point of view of analysis and control. This difficulty stems from the
multiple-input, multiple-output nature of polyphase converters in which the nonlinearity
cannot be approximated easily using linear approximations, as is done in the case of
dec-dc systems. Different analysis and control methods have been used depending on the
application and are predominantly related to the areas of motor drives. Many of these
evolved from slow switching converters that were utilized for high power applications;
the switching frequency and size, weight and dynamic limitations of the converters being
effectively determined by the power-speed limitations of the semiconductor devices used.

The advent of new semiconductor devices with higher power-speed limitations,



such as MOSFETs and GTOs, has enabled the development of polyphase conversion sys-
tems that use high switching frequencies. Consequently, converters with low ac harmon-
ics, smaller size and weight, and improved dynamic responses, have emerged. Adequate
analysis and control methods are required to exploit the full potential available in these
converters. Different methods of analysis and control of polyphase converters are dis-
cussed in this thesis.

The first three chapters pertain to fast-switching, sinusoidally pulse width
modulated, inverters and rectifiers. The basic converter topologies and pulse width mod-
ulation schemes are reviewed in Chapter 1. The low frequency representation of the
system is obtained using describing functions, but can also be obtained (through a more
lengthy procedure) using state space averaging techniques. This low frequency represern-
tation of the converter adequately describes the properties of interest for most real-life
applications. However, the presence of large signal time-varying states in the system,
cross-coupling of outputs, and the presence of nonlinearities, make it difficult to apply
simple single loop design techniques to design a regulator for the MIMO system.

Current programming of polyphase inverters and rectifiers is considered in
Chapter 2. Techniques for current programming of polyphase converters are explored and
seen to be more advantageous for some topologies than for others. Current programiming
helps reduce the distortion in ac waveforms, as well as improve the dynamic responses
of the converter. In some cases, it helps reduce the cross-coupling between input-output
pairs and simplifies the design of the MIMO controller by reducing it to a series of
single loop controllers. Current programming also provides inherent protection for the
semiconductor devices of the converter. The analysis of the current programmed buck-

boost converter is discussed in detail in Chapter 3.

The latter three chapters are devoted to the sliding mode control of polyphase



converter systems. Sliding mode is a method of control that has been utilized in, and is
especially suitable for, variable structure systems. The concepts and notations used in
sliding systems, and the sliding mode control of dc-dc converters, are reviewed in Chap-
ter 4. A generalized method of sliding mode control for polyphase converters, based on
the topological classification of the converters, is discussed in Chapters 5 and 6. Differ-
ent techniques are used to obtain conditions required for sliding motion, and to obtain
nonconservative estimates for the sliding domain. Appendix A reviews the mathematical
fundamentals used to obtain the conditions necessary for sliding motion to exist in the

system.






Chapter 1
Review of Fast-Switching Sinusoidal PWM

Inverters and Rectifiers

Three phase and single phase alternating current systems are the backbone
of electrical power generation and distribution systems. However, many modern electric
and electronic systems utilize direct current power supplies, and so many present day
applications require the conversion of electrical power from ac to dc form. Similarly,
there are numerous applications such as motor drives and uninterruptable power supplies,
where electric power has to be converted from dc to ac form. This transformation of power
from ac to dc form is done using a rectifier and the process is known as rectification.
The corresponding transformation of electrical power from dc to ac form is labelled as
inversion and is performed by an inverter. Alternating current systems may consist of
single phase or balanced polyphase outputs. However, only the latter kind of systems
with constant instantaneous power flow are discussed in this thesis.

Inverters can be classified under three main categories based on the value
of the switching frequency compared to the inversion frequency. The first class of in-
verters consists of those converters switched at the inversion frequency. In these “slow-
switching” inverters, the switching harmonics are close to the inversion frequency and
cannot be effectively filtered from the desired output. The six-stepped voltage-source and

current-source inverters [1,2,3] fall in this category. The second group comprises invert-



ers whose switching frequency is approximately an order of magnitude higher than the
Inversion frequency. Some stepped-synthesis inverters and PWM inverters implemented
using thyristor switches belong to this group [4,5,6]. Although the switching frequency
is higher, the switching harmonics are still not separated well enough from the inversion
frequency to be attenuated effectively using filters which are small in size.

The third category consists of inverters whose switching frequency is two or
more orders of magnitude higher than the inversion frequency. Consequently, small filters
are used to suppress the switching harmonics. Switched-mode power amplifiers, resonant
inverters, and sinusoidal PWM inverters belong to this category [7,8,9].

Rectifiers can also be classified in a manner similar to that described above.

This chapter reviews fast switching sinusoidal PWM inverters and rectifiers.
Section 1.1 describes the topology and PWM modulation schemes used for some of the
basic converters belonging to this family. Though the topologies and modulation can be
utilized for general polyphase systems, they are illustrated using three phase systems.
The method of describing the system using state equations is discussed in Section 1.2 as
are the necessary transformations to convert the time-varying system of equations into
a time-invariant form. From these equations, the steady-state and dynamic models are

obtained in Section 1.3.

1.1 Description of Topology and PWM Modulation

The following subsections describe the topology and operation of the buck,
boost, and flyback fast-switching, pulse width modulated inverters and rectifiers. In all
cases, the switching frequency is presumed to be two or more decades above the inversion
frequency or source frequency of operation. The term “high frequency, sinusoidal pulse

width modulation” is used to refer to the operation of switches that are pulse width
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Figure 1.1: Three phase buck inverter with three, sinusoidally pulse width modulated,
double-throw switches.

modulated at a high switching frequency with the duty ratios varied according to sinu-
soidal functions or segments of sinusoidal functions. The converters are described using
duty ratios for the various switches, and not with switch timing waveforms, as most of
the properties of the converter depend only on the duty ratios and not on the specific
switching sequence. Any constraints imposed on the operation of the switches by the

topology itself, or by practical considerations, are noted as and when they arise.

1.1.1 Buck Topology

The three phase buck inverter and buck rectifier are derived from the buck dc-
dc converter. The buck inverter, Fig. 1.1, consists of a single-pole, double-throw switch
for each phase of the balanced polyphase output. Each of the double-throw switches can

operate independently and the only constraint imposed by the topology is that the top



and bottom throws of each switch should be non-overlapping to prevent shoot through
faults. The duty ratio of each switch consists of a dc offset and a continuous, or piecewise

continuous, sinusotdal modulation. One way of implementing this is by using:

1 d, 27
dy1 = 2 + —2—cos[9m —(w — 1)?] (1.1)
dw2 = 1- dwl (12)
where
¢
Hm:/w(r)dr y A €1 and 1< w<3 (1.3)
0
The effective duty ratio is given by
13 dm 2
dy =dy1 — = Z dat = —cos{lpm — (w — 1) =] (1.4)
3 =1 2 3

A different modulation strategy would only change the amplitude of the effective duty
ratio and not the basic properties of the circuit. This is analogous to having a pulse
width modulator with a different gain in the modulator. The instantaneous modulation
frequency w can assume any real value that is sufficiently lower in magnitude than the
switching frequency. A negative frequency w signifies a reversal in the phase sequence.
The above mentioned duty ratios can be realized by different switching functions and
the actual drive depends on the ease of implementation and on second order effects. All
switches in the buck inverter are voltage unidirectional current bidirectional switches
and can be implemented using a transistor and anti-parallel diode for each throw of the
switch.

The three phase buck rectifier of Fig. 1.2 consists of two single-pole, triple-
throw switches. The input voltages are assumed to be balanced, three phase, ac voltages

and represented by

vgk = vy cos[dy — (k — 1)2?"], (L<k<3) (1.5)
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Figure 1.2: Three phase buck rectifier with two triple-throw switches pulse width modu-
lated by sinusoidal functions.

where
t
0, :/ wy(r) dr + &, (1.6)
[0]

The lower case vy, and w, denote the instantaneous source amplitude and frequency,

respectively. The sinusoidally pulse width modulated duty ratios are given by

iy = L+ %”icos[am ~ -1, 1<k<3) (1.7)
o = % - d?mcos[ﬂm . 1)2?”1, (1<k<3) (1.8)

where
dp <1 and 6, = /Ot wy(7) dr + brm (1.9)

The effective duty ratios that affect the circuit properties of the inverter are given by

2d., 2
dp = dig — dog = 5 cos[lpm — (k — 1)%} (1.10)
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Figure 1.3: Three phase boost inverter with two, sinusoidally pulse width modulated,
triple-throw switches

The LC low pass filter attenuates the switching harmonics only and does not have to filter
low frequency harmonics of the source frequency. Elimination of the source frequency
and its harmonics from the dc output is primarily a result of the sinusoidal pulse width
modulation, and not the LC filter. This enables the use of a small filter, unlike the

slow-switching rectifier whose filter has to attenuate harmonics of the source frequency.

1.1.2 Boost Topology

This subsection describes the boost inverter and boost rectifier, both of which
are derived from the boost dc-dc converter. The boost inverter, Fig. 1.3, can also be
obtained by interchanging the inputs and outputs of a buck rectifier in the same way as
in the case of the boost and buck dc-dc converters. The boost inverter consists of two

single-pole, triple-throw switches which are current unidirectional, voltage bidirectional
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in nature. This is a current-fed topology and the inductor acts like a dc current source
which is steered to the three phase outputs by the two triple-throw switches. The duty

ratios of the switches are similar to those of the buck rectifier and are given by

dhw = 3+ %cos[ﬁm - @-17 (1.11)
dlyw = % — %cos[ﬁm —(w— 1)2?”] (1.12)

where
d'm <1, QmZ/Otw(T)dT—}—qu and 1<w <3 (1.13)

The prime on the duty ratios is used to indicate that the switch lies on the output side

of the circuit. The resulting effective duty ratios are

2d',, 2
cos[bp, — (w — 1)—7r] , 1<w<s (1.14)

d,w:dllw_d,%u: 3

The boost rectifier, Fig. 1.4, is obtained from the boost dc-dc converter or
by reverse operation of the buck inverter. It is a current fed topology like the boost
inverter or boost dc-dc converter. The three phase boost rectifier comprises three small
inductors that transform the three phase source voltages into a set of balanced three phase
currents. The three single-pole, double-throw switches on the output side transform these
ac currents into a dc current for the load. This topology results in smooth input currents
with low source frequency harmonics even with small input inductors because the switches
operate at a high frequency and the duty ratios are sinusoidally pulse width modulated.

The three phase source voltages are as specified in Egs. (1.5) and (1.6). The duty ratios

of the switches are

1 dy, 2
Ay = 5+ coslin — (k- 1)?”] , (1<k<3) (1.15)
dy = 1-d% , (1<k<3) (1.16)
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Figure 1.4: Three phase boost rectifier with three, sinusoidally pulse width modulated,
double-throw switches.

where

t
d', <1 and Bm:/o wy(r) dr + ém (1.17)

The effective duty ratio of each phase is given by

!
- 2
dh= ol ~ (k-] | (1K< (1.18)

The boost rectifier uses high frequency, pulse width modulation to generate a clean dc

output in which harmonics of the source frequency are eliminated without the use of a

bulky filter at the source frequency.

1.1.3 Flyback Topology

The flyback inverter originates from the flyback dec-dc converter. Again, this

Is a current-fed topology as seen in the three phase flyback inverter of Fig. 1.5. The
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Figure 1.5: Three phase flyback inverter with one triple-throw and one quadruple-throw
switch.

inductor, L, is connected across the dc source for a portion of each switching period to
store energy in it. This stored energy is then steered to the three phase outputs using
the switches on the load side in a manner analogous to that of the boost inverter. The

duty ratios of the switches on the load side are given by

d'" d', 27

d'lw = -+ Tcos[ﬁm - (w— 1)?] (1.19)

dby — %’ - i‘lgicos[am ~(w- 1)2?”] (1.20)
where

d'=1-d , d'n<d and 1<w<3 (1.21)

and 6,, is the instantaneous phase of the modulation, as defined before. The effective
duty ratios d'y are as given by Eq. (1.14) along with the constraint that d,, < d'. The

high frequency, sinusoidal pulse width modulation enables the flyback inverter to produce
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Figure 1.6: Three phase flyback rectifier with one triple-throw and one quadruple-throw
switch.

output voltages with low inversion frequency harmonics.

The flyback rectifier is akin to reverse operation of the flyback inverter. The
three phase flyback rectifier, Fig. 1.6, has one triple-throw switch and one quadruple-
throw switch like the flyback inverter. Every switching cycle is partitioned into an energy

storage period dTs and an energy release period d'7T,. During dT,, the input throws are

activated according to the duty ratios

dyp = g + d?m coslom ~ (k ~ 1) 2] (1.22)
dop = g - Eigﬂcos[ﬁm ~ (k- 1)2?7r] (1.23)

where
dn <d , 1<k<3 and Bm:/()twg(r)dr+¢m (1.24)

with the source voltages as defined by Eqgs. (1.5) and (1.6). The output throw then diverts
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the inductor current to the load during the period d'T,, where

d'=1-d (1.25)

The effective duty ratio that results is
2dm 2
di = dug — dak = " cos[Om — (k - 1)?“] (1.26)

where d, < d. The three phase ac source voltages are rectified by the throws on the
input side to produce a dc current in the inductor during the period dTs. The inductor

then supplies energy to the load side during the period d'T; to produce a dc output which

is free of source frequency harmonics.

1.2 System Description

This section first obtains the state space representation of the system in terms
of the switching functions d} of the switches[10]. The exact describing equations are then
averaged over the switching period to obtain the low frequency state space representation
of the system. This average state space description consists of a system of differential
equations with time varying coefficients. This averaged system is then transformed into
a time invariant system of equations using suitable transformations. Thus, the ac sinu-
soidally time varying quantities are transformed into dc quantities in the new co-ordinate
reference frame. Standard methods can then be used to obtain steady-state and dynamic

models. The procedure is illustrated using the three phase buck-boost inverter of Fig. 1.7.

1.2.1 Describing Equations

In this subsection, the switching equations of the converter are obtained so
that the averaged state space model can be found without enumerating each and every

switched network and writing state space equations for each one.
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Figure 1.7: Three phase buck-boost inverter with two, sinusoidally pulse width modulated,
triple-throw switches and one pulse width modulated, double-throw switch.

Consider the three phase buck-boost inverter of Fig. 1.7. The symbols :* and
Uy, With the asterisk (*), are used for the exact values of the states and the d%  represent
the switching functions of the switches. Following Kirchhoff’s voltage law around the
loop containing the source, switches, inductor, and capacitors, the following switching

equation is obtained for the inductor:

di* S IR
Lo =diy = 3 (d, —df,) v (1.27)
w=1

Similarly, application of Kirchhoff’s current law at the positive node of each capacitor

results in

dv’ 1

3
w o * * * 1 *
C = (d'fw —d'%,) — E(vw -3 D), I<w< 3) (1.28)

Any general switched-mode converter includes switches, each with t, throws
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for 1 < s < 5. The total number of controllable throws 7, that result is given by
s
Te=Y (ts — 1) (1.29)
s=1
If switching functions d}, , 1 < n < T, are assigned to each of these controllable throws,
then the ezact state space switching equation of the ideal converter can be expressed as

T
Px* =) d;(A.x"+ B,u) (1.30)

n=0

where

x* is the N x 1 state vector,

P is the N X N LC matrix,

A, is the N X N constant matrix,
u is the M x 1 source vector,

B,. is the N X M constant matrix.

The terms with subscript O represent the contributions owing to the dependent throws
of the switches in the switched-mode converter.

The sources and duty ratios of a fast-switching PWM converter vary at a slow
rate compared to the switching frequency. The LC time constants of the converter are
also generally chosen to be much longer than the switching period in order to minimize the
switching ripple. Under these conditions, Eq. (1.30) can be averaged over the switching
time period to obtain the low frequency representation of the system. The switching
function d}, is approximated by its duty ratio d,, and the exact state vector x* by its

principal component x. Thus, for frequencies sufficiently below the switching frequency,

the system of Eq. (1.30) can be modelled by

Px=(Ax+Bu) (1.31)
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where
T. T
A=) d,A, and B=) d,B, (1.32)
n=0 n=0

In the case of the buck-boost inverter, the switching equations of Egs. (1.27)

and (1.28) result in the following vectors and matrices:

L 0 0 0O ]
0 ¢ 0 0 vy
P = , X =
0 6 C O Vo
0 0 0 C Vs
(1.33)
0 —d" —d —d's d
dh" -2/3R 1/3R 1/3R 0
A= / / / , B= , u=uv,
d's 1/3R -2/3R 1/3R 0
ds 1/3R 1/3R —2/3R 0

where d', are the effective duty ratios as defined by Eq. (1.14) and d is the duty ratio of
the input switch. In this example, P and B are constant matrices, but A contains time

varying terms as the effective duty ratios are chosen to be sinusoidally varying functions.

1.2.2 Transformation

The low frequency representation of any switched-mode converter in the sta-
tionary frame of reference, Eq. (1.31), may contain constant or time varying duty ratios
depending on whether the converter is dc or ac. Time invariant systems are generally
easier to analyze using standard techniques than time varying ones. Hence, an ac system

is transformed into an equivalent dc one whenever possible.

Many transformations can be used to convert a set of balanced three phase

sinusoids into an equivalent dc form [11]. The one chosen is the “dg” transformation,
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Figure 1.8: Transformation from the three phase ac, stationary frame to the rotating dq
reference frame.

which is often used in the analysis of ac machines. The transformation is split in two parts
as shown in Fig. 1.8. The first part of the transformation, T, converts a set of balanced
three phase sinusoids into an equivalent two phase set. The second transformation, T,
transforms the two phase system to a moving “dq” reference frame which is rotating at

the same instantaneous angular frequency as the vector v.

A vector v in the stationary reference is transformed into a vector ¥ in the

two phase af reference frame by

v=TV or ¥=T;v (1.34)
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where
Vg vy
V= yg | and v=| o, (1.35)
Uy U3
and

cos(0) cos(2F) cos(%F)

Tle[Tl]T:\/g sin(0) sin(%F) sin(4F) (1.36)
vz IVE 1M

A vector V in the «of reference is then transformed to the vector v in the

rotating dq reference frame according to

1

V=T¥ or V=T, Vv (1.37)
where :
s
"‘v’ = qu (1.38)
Yo
and

=
1

cosf; sinf, O

T;! = [TZ]T = | —sinf; cosf; O (1.39)

0 0 1

L -

where 0; is the transformation angle given by

¢
Ht:0"—¢t:/ W(T)dT—¢t (140)
0
in terms of the instantaneous angular frequency w of the vector v.
The low frequency representation of the converter, Eq. (1.31), is transformed

to the dg reference frame using the transformations T; and T, to transform the ac

quantities. The state vector x is transformed to the dq co-ordinate frame using

~ ~

x=TX or =T 'x (1.41)



and the system becomes

Px=A%+Bi (1.42)
where
A=T'AT-T"'PT , P=1'PT
. (1.43)
Bii=T Bu
The buck-boost inverter of Eq. (1.33) is transformed to the dg reference frame
using
1 of
F=T x= x (1.44)

03 Tz_lel

where o3 1s the 3 X 1 zero vector. The resulting system matrices are

L 0 0 0 0 —d'.cos¢; —d'.sing; 0O
. 0O C 0 0 . d', cos ¢; -1/R wC 0
P= , A=
0 0 C O d’,sin ¢, —wC -1/B 0
0 0 0 C 0 0 0 0
E- . - - (1.45)
d
. 0
B= , U =uw,
0
0

L -

in which d', is the effective amplitude of modulation and ¢; is due to the phase of the
transformation. In Eq. (1.45), it is noted that the “o” component of the capacitor voltages
is given by Cv, = 0. Subsequently, the value of v, is determined by initial conditions
only and in practice will be zero. Thus, the “o” component(s) are trivial state(s) and are
eliminated from the system representation. The reduced order system is expressed in the

form

P,;"‘cr:(Ar+Add’e+Aww)5‘c,+B,ﬁ+deﬁ (1.46)
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with the control parameters outside the matrices in order to show their effects on the
operation of the converter. For the buck-boost inverter example, the system matrices

and state vector are

_ L 0 0 - - 0 0 0 - — 0 0 0O -
Pr=1to0o c ol|, Ar=|l0 -1/R o0 » Aw=10 0 C
00 C 0o 0 -1/R 0 —C 0
0 —cos¢: —sin ¢y 1 - 0 ]
Aa=| cos ¢, 0 0 , Ba=]o0|, B,=|0]|, X% = Vg
sin ¢ 0 0 0 0 Vg
(1.47)

1.3 Steady-State and Dynamic Analysis

In this section, steady-state and dynamic low frequency models are obtained
from the reduced order, low frequency representation of the system. The system is
linearized around the steady-state operating point to arrive at the small signal dynamic

responses. The method used is similar to that used in the case of de-dc converters[12].

1.3.1 Steady-State Analysis

The inputs in Eq. (1.46) take on dc values D', Q, U, D under steady-state
conditions. The resulting state vector X, is also dc and is found by setting its derivative
to zero in Eq. (1.46). Capital letters are used to represent steady-state quantities — dc,
as well as sinusoidally time varying ones, which appear as dc in the dgq reference frame.

The steady-state solution is:

X, =-A,7'B,U (1.48)
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where
A, =A, +D.A;+0QA,
(1.49)
B, =B, + DBy
The steady-state results of the buck-boost inverter are found from Eq. (1.47)
setting d';, w, 1, d and %, to D', Q, V4, D and 0, respectively. The resulting inductor

current and capacitor voltages are:

I 2] 3
V,D
Va= 1;, 1+ (Q) cos(¢¢ — ¢1)
[ Wy
: A3
v,D
V, = 1;, 1+ (ﬂ) sin(¢: — ¢1) (1.50)
"l “r/ ]

where

¢1 = arctan (—Q—)

w
g (1.51)
1
Wy = —=—
" Rre

and

2
D', = \@D’m (1.52)

for the modulation scheme chosen. The phase voltages and currents can be obtained
by transforming X, back to the stationary reference frame. In the stationary reference

frame, the steady-state capacitor voltages are:

VoD

Vo= 57

Wy 3

a\*l* 2
1+ (——) ] cos[0m — ¢1 — (w — 1) =] (1.53)
1.3.2 Dynamic Analysis

The dynamic analysis considered in this section is restricted to dynamics in

the small signal sense only as the converter is in general nonlinear. Thus, it predicts
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the response of the system to small perturbations around a quiescent operating point.
The response to perturbations is studied in the dq reference frame as the equations
representing the system have constant coefficients in this frame.

In the presence of perturbations, the system inputs and outputs are represented

by:

a=U+1
d'.=D" +d", (1.54)
w=04+w
d=D+d

where the terms with carets represent the perturbation terms. The perturbation terms

are substituted into Eq. (1.46) and the equations linearized to give the small signal model:

P

P.% =A% +B,i+A; X, d.+ A, X, 0 +B,Ud (1.55)

The small signal transfer functions of interest, at the desired operating point, are found
from Eq. (1.55). It is noted that the dynamics are dependent on the steady-state values

of the variables.

For the buck-boost inverter of Eq. (1.47), the matrices in the small signal

model are:
- 0 -D' 0 * — D -
A,=| D, -1/R QC , Bo=1 0
0 -QC -1/R | 0
(1.56)
-Vy ﬂ [ 0 - ~ Vy -
AX,=| 1 |, AKX =] cvy, | ., BsU=]| o

0 —CvV, 0
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where ¢; has been assumed to be zero for convenience, and the steady-state values Vy, V,

and [ are:

QD
V,=—-2 =YV,
q wpD’e g (1.57)

2
I=|ie (2] |
wp DIeZF

All the small signal transfer functions have the same denominator, K (s), given by

RLC? 2LC L RLC?
0= () v (53 1o (oo ) o
€ e

2 2
D', D',

The denominator is of the third order and can be approximated by

s s s?
|14+ — — .
K(s) ( + w,,) (1 LR w3> (1.59)
where
1 D' C
= — 0= ——e =D R\/= .
Wy RC ° w /—h—LC ) Qo € I (1 60)
if the inequality
ﬂ2
o < 1 (1.61)

o

is satisfled. The dc gains and zeros of some of the transfer functions are given in Table 1.1.
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Function DC Gain Zeros
Y -Lov, 1+ 5] [1- -5
d e D [ Wp Wzl
bg QD s
d’e wpD ’52 ! We1
g
b 2Dy, s l1e s
w D’ewpwg Wz
By DV 2
@ " 1+ —2—+ 32

D w, woQq W

g
— D 1+ 5
d D', Wp
il DQ 1
d D'w,

" D' RD'?

where Wy, = —=— ; W, = ——%&= ; Wal = €
"URCT T VICT T LI+ (Qfwy)Y]
RD'?
waz = 2wp ; Q¢ = £
’ woL[1 — (Q/wp)?]

Table 1.1: DC gains and zeros of some of the small signal transfer functions of the
buck-boost inverter.
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Chapter 2

Current Programmed Inverters and Rectifiers

A vast array of control methods can be used for the design of switching reg-
ulators. Current mode control has become widely accepted as a useful technique for
improving the performance of de-dc regulators. The popularity of current mode control
stems from its inherent ability to provide protection in a switching converter. Current
mode control can be implemented in many different ways. In all the methods, the switch
duty ratio is determined by the instants at which the switch current reaches one or two
threshold values. If two threshold values are used, it results in a variable switching fre-
quency [13]. A single threshold value can be used, along with a reference clock, to obtain
a fixed switching frequency [14]. The latter method is referred to as current reference
programming and abbreviated as CRP.

Current reference programming of de-dc converters is reviewed in Section 2.1.1.
The basic principles, advantages, and disadvantages are discussed. Stability of de-dc
converters in current reference programmed mode is discussed in Section 2.1.2.

The above technique can also be used in inverters or rectifiers. There are
different ways of programming the inductor current depending on the presence or absence
of a switch on the dc side of the converter. In all cases, the aim is to control the switch
or inductor current on a cycle-to-cycle basis, at the switching frequency. Application of

current reference programming to inverters and rectifiers is discussed in Sections 2.2 and

2.3.



28

lyef

Clock

Figure 2.1: The current waveform of a constant-frequency current programmed switch

shows how it is turned ON periodically and switches OFF when the current
through it reaches a threshold level.

2.1 Current Reference Programmed DC-DC Converters
2.1.1 Principle of Operation

The technique of current reference programming is illustrated in Fig. 2.1. The
switch is turned ON by a clock pulse at the beginning of each switching cycle. The switch
is subsequently turned OFF when the current through it reaches a reference level. If the
switch conducts the inductor current when it is ON, then it can be used to restrict the
inductor current to a neighborhood of the reference current Iref. The reference current,
iy, can then be used as a control input instead of the duty ratio. Hence, the current

programmed switch forms an inner loop around which the final outer loop of the regulator

is designed.
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The current reference programmed mode of operation has many advantages
over the conventional duty ratio control scheme. If the maximum value of I ¢r is limited,
current programming automatically protects the switch from excessive current stresses.
This also protects the de-dc converter against deleterious effects owing to overloads and
enables the parallel operation of several converters to support a common load, without
load-sharing problems. Current programming constrains the inductor current and moves
the pole caused by the inductor above the bandwidth of interest [15,16]. As a result,
the effective order of the system is reduced by one and simplifies the design of the main
regulation loop.

Constant-frequency current programmed de-dc converters are subject to os-
cillations under certain operating conditions, even in the absence of regulator feedback.
This potential instability, and techniques for its elimination, are discussed in the follow-
ing section. These oscillations have been labelled as instability in the Lyapunov sense
and refers to the stability of the desired steady-state limit cycle. When the current pro-
grammed converter is subject to sub-harmonic oscillations, it operates in an undesirable

limit cycle, or in a chaotic mode.

2.1.2 Stability in Current Reference Programmed Mode

Current reference programming constitutes an inner feedback loop and the
system can be unstable even without any regulatory external loop. Figure 2.2 depicts
the steady-state current waveform, as well as the propagation of a disturbance from one
switching cycle to the next. A disturbance A; at the beginning of the first switching
cycle results in a disturbance A, at the beginning of the second, and so on. For stable
operation, the disturbance should decay towards zero. Thus, the system will be stable if

the A; constitute an absolutely convergent sequence.
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7 iref

Figure 2.2: Propagation of a disturbance in the programmed current of a current reference
programmed dc-dc converter. Instability exzists for D > 0.5.

The stability of the current programmed mode can be obtained in many ways.
Approaches that have been used include sampled data modelling, geometric approxi-
mations, and modelling of the current loop (15,16,17,18]. The simplest method is the
geometric approach, which utilizes a linear approximation for the inductor current for
each position of the switch. This linear approximation is adequate for most pulse width
modulated switching converters as the time constants of the converter are large compared

to the switching period. The resulting gain, k, for the disturbance is:

__Ag__ ma d

k=—"=_=2=__ 2.
A]_ my d' ( 1)

If the magnitude of k is less than unity, the disturbance decays to zero and subhar-
monic oscillations are not sustained. Under steady-state conditions, the slopes m; and
mg are constant (first order approximation) and the duty ratio of the current reference
programmed switch does not vary. The current loop results in oscillations if the duty

ratio exceeds 0.5.

The stable region of operation can be extended to duty ratios above 0.5 by
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Figure 2.3: Propagation of a perturbation in the programmed current in the presence of
an auziliary ramp. A suitable ramp can be used to maintain stable operation

for all D.

adding an auxiliary ramp to the current reference, as shown in Fig. 2.3. In the presence

of a ramp of slope —m, the gain is:

1 - M
_ ma
o _Mmao—m _ (@) - (2.2)
my+m m 1+ =
my

Hence, for a given value of m, 0 < m < ma, the region of stable operation will extend
for duty ratios greater than 0.5. In particular, if the value of m is chosen equal to may,
any perturbation in the programmed current is eliminated in one cycle. This optimum

condition, however, is dependent on the operating point.

The problem of stability in current reference programmed mode does not exist
in certain de-dc converters, such as the ideal, three-switched network flyback converter
[19]. In these converters, stability is ensured by the presence of an idling interval dur-
ing which the programmed current has zero slope (ideal case). This is illustrated in the

waveform of Fig. 2.4. Non-idealities, such as the magnetization current of the current
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Figure 2.{: Inductor current of the ideal, three switched-network flyback dc-de converter

in current programmed mode. Perturbations in the programmed current are
eliminated within one cycle.

transformer and voltage drops of the switches, can cause instability in practical imple-

mentations of these converters.

2.2 Application of Current Programming to Inverters

Current reference programming in dc-dc converters can be interpreted as a
method of programming the energy processed by the converter. When the current pro-
grammed switch is ON, energy is stored in the reactive elements of the converter. The
current programmed switch turns OFF when the programmed current, and hence stored
energy, reaches a threshold level; consequently, the stored energy is released into the load.
The quantity of power being processed is regulated in this manner.

The energy processing viewpoint is useful for the extension of current program-
ming to inverters and rectifiers. In any balanced polyphase inverter, many switches are
used to process power from the dc source to the load. Any single switch in the inverter

may not be adequate for altering the operation of the inverter from energy storage to
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energy release mode. If there is a switch on the dc side of the inverter and its duty ratio
is not modulated during normal steady-state operation, then it may be used for current
programming. The flyback and buck-boost inverters are examples of inverters in which
such a switch exists. In other inverter topologies, current programming using a single
switch current is not possible.

In many of the inverter topologies, there is no independent switch on the dc
side of the converter. The boost inverter is an example of a topology in which there
is no switch on the dc side of the converter: the average current in the inductor is dc
under steady-state conditions. In other topologies, such as the buck inverter, there are
six switches on the dc side and no single switch can be programmed separately without
destroying the waveforms of the outputs. It is therefore necessary to program the inductor
current itself using all the switches. In the buck inverter, the result is further complicated
by the presence of three inductors carrying sinusoidally varying currents. The method
used for current programming of inverters is largely dependent on the inverter and there
is no universally applicable scheme.

Application of current programming results in lower harmonic distortion in the
ac waveforms of an inverter. In a duty ratio programmed inverter, the regulatory loop
does not affect the quality of the waveforms generated. In a practical inverter, the har-
monics arise from nonidealities present such as voltage drops across switches, imbalances
in the ac loads, and finite switching frequency. If the output voltages are distorted, the
inductor current contains harmonics of the inversion frequency. The harmonics present
in the inductor current again induce distortion in the outputs and this leads to a kind
of positive feedback. Current programming constrains the inductor current and limits
the harmonics of the inversion frequency in the inductor current, thereby breaking the

positive feedback loop that tends to increase the distortion. It should be noted, however,
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that the distortion in the output waveforms is low even in the duty ratio programmed,
fast switching, sinusoidally pulse width modulated inverter.

Current programming helps to isolate source voltage variations from the out-
put. It also essentially reduces the order of the system by one, as the inductor current is
constrained, and so the dynamic behavior of the inverter is improved. Other advantages

of current reference programming include protection of the inverter from fault conditions

and possibility of parallel operation of many regulators.

2.2.1 Flyback and Buck-Boost Inverters

First consider those inverters which have an independent control on the input
side, such as the flyback and buck-boost inverters. In both these inverters, there is a
switch on the dc side of the converter, which conducts the inductor current when it is
ON. The steady-state inductor current is dc in nature with a switching ripple and can be
programmed using the input switch. This is possible because the duty ratio of the input
switch is not sinusoidally modulated in the duty ratio programmed mode of operation.
The switches on the ac side are operated independently of the input switch in the buck-
boost inverter. In the flyback inverter, the duty ratio of the current programmed switch
limits the maximum value that the amplitude of modulation d',, can assume. Except
for this constraint, the duty ratios of the output switches can be assigned independently
of the input switch. In both cases, current reference programming of the input switch
constrains the inductor current to remain in the neighborhood of the reference current
and converts the dc input voltage into a dc current source, which feeds the ac outputs.
The modulation of the switches on the ac side can be used to provide the regulation of
the outputs.

The current reference programmed flyback inverter is stable for all operating

conditions if the suggested mode of operation is used. In this case, the reference current
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Figure 2.5: The fized-frequency current programmed buck inverter.

can be kept fixed and the regulation achieved using the duty ratio modulation of the
switches on the output side. Sub-harmonic oscillations occur in the current reference
programmed buck-boost inverter for certain operating conditions. The buck-boost case
can be considered to be similar to a current reference programmed buck dc-dc converter

followed by a boost inverter, and is discussed in greater detail in the next chapter.

2.2.2 Buck Inverter

In the buck inverter, the magnitude and phase of the inductor currents are
programmed using the six switches on the input side. Fixed-frequency current program-
ming can be implemented by using the inductor current in each phase to control the
double-throw switch of that phase, as shown in Fig. 2.5. The three reference currents

are not independent, however, and must sum to zero. In steady state, the references cor-
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Figure 2.6: Current programmed buck inverter using the sliding mode method of control.
Thas results in a variable switching frequency.

respond to a three phase sine wave set with the desired magnitude and phase. Though
this method is simple to implement, it is not a very desirable strategy for two primary
reasons. First, the three current loops are not independent and interact with other, and
compensating ramps have to be used to prevent subharmonic oscillations. Second, the
current references are large signal, time-varying quantities even in steady-state operation.

This method is not general and cannot be adapted to the boost inverter.

The preferable alternative is to apply current programming using a variable
switching frequency. This method programmes the components 74 and 14 of the inductor
current and the control is in the dq reference frame. The controller constrains tq and
14 to lie within an error band on either side of their respective reference values. Sliding

mode control is used and the controller is implemented using a simple look-up table to
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determine the control inputs from the current errors and the modulation angle. Figure 2.6
shows the block diagram of the current programmed buck inverter which uses the sliding
mode method of control. The control u, represents the position of the double-throw
switch of phase w, and assumes values 41 and —1 when connected to the positive and

negative terminals of the dc source, respectively. Sliding mode control of the buck inverter

is examined in greater detail in Chapter 5.

2.2.3 Boost Inverter

The boost inverter can be current reference programmed using the inductor
current in a manner similar to that used for the flyback inverter. At the beginning of
each switching cycle, energy is stored in the inductor by connecting both triple-throw
switches to the same phase of the output voltage. During this interval dTs, the inductor
is connected directly across the dc source and the current ramps up. When the inductor
current crosses the reference threshold value, the sinusoidal pulse width modulation is

applied to the output switches and energy is released to the load. The duty ratios are

d'iw = %’—' + %—'cos[ﬁm —(w - 1)2?”] (2.3)
dye = d?' _ %Icos[ﬁm ~(w— 1)2?”] (2.4)

where
d'=1-d, and 1<w<3 (2.5)

and 0., is the instantaneous phase of the modulation. This is analogous to the modulation
used in the flyback inverter with d',, set equal to d'. Subharmonic oscillations can occur

in the current reference programmed boost inverter and a stabilizing ramp should be

used.
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2.3 Application of Current Programming to Rectifiers

Rectifiers are current programmed using various methods, depending on the
topology of the converter. A general rectifier converts the balanced polyphase input power
into a rectified dc output using many switches. In some topologies, there is an independent
switch on the dc output side that can change the operation of the rectifier from energy
storage to energy release mode. Such a switch can be used for current programming if
its duty ratio is not modulated during normal steady-state operation. Again, the flyback
and buck-boost topologies include such a switch. In the other topologies, all the switches

have to be used in conjunction with each other to program one or more inductor currents.

2.3.1 Buck-boost Rectifier

The buck-boost rectifier is the easiest to current program because of the pres-
ence of independent switches on the ac and dc sides of the converter. The switch on the
dc side can be current programmed while the duty ratios of the switches on the ac side
are sinusoidally pulse width modulated. This converter also suffers from subharmonic
oscillations, under certain operating conditions, which are discussed in greater detail in

the following chapter.

2.3.2 Buck and Flyback Rectifiers

In both these converters, the switches on the ac side have to be used to rectify
the ac source voltages and store energy in the inductor and also to release the stored
energy into the load. In the buck rectifier, energy is released from the inductor when
both the upper and lower triple-throw switches are connected to the same phase of the
source. In the flyback rectifier, the inductor releases its stored energy when the switch

on the dc side is ON. In both cases, the source currents are pulsating in nature, and it
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is difficult to program the inductor current while maintaining the sinusoidal nature of
the average source currents. A sliding mode approach is necessary and a simple fixed-
frequency approach is not possible. In both these rectifiers, current programming does

not provide a significant advantage as it is difficult to implement.

2.3.3 Boost Rectifier

The boost rectifier comprises three inductors on the source side and it is pos-
sible to program the inductor currents using an approach similar to that of the current
programmed buck inverter. The magnitude and phase of the input currents can be pro-
grammed using sliding mode control, or by directly using the inductor current in each

phase to control the double-throw switch of that phase.
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Chapter 3
Dc-Three Phase, Current Reference

Programmed Buck-Boost Converter

The dc-three phase, current reference programmed buck-boost converter is
examined in this chapter. Section 3.1 reviews the topology and operation of the dc-three
phase buck-boost converter and the motivation for using this topology. The modulation
scheme and method of current programming are described and some of the advantages
and disadvantages of this method of control discussed.

Section 3.2 considers the converter in the inverter mode of operation. The sys-
tem is described in the inverter mode of operation and the steady-state response obtained.
The stability of the current reference programmed loop is examined and conditions for
stability found. The dynamic responses of the current reference programmed inverter
are obtained in the dq reference frame. The theoretical predictions are compared with
experimental measurements of the steady-state and dynamic responses. Measurements
of the harmonic contents of the outputs are also presented.

The rectifier mode of operation is studied in Section 3.3 and the steady-state
and dynamic responses found. Section 3.4 explores control strategies for the operation of
the current programmed converter in the bidirectional mode. Methods to determine and

control the direction of power flow are described.
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Figure 8.1: Three-phase ac-dc battery charger /UPS.

3.1 Dc-Three Phase Buck-Boost Converter

This section describes the topology and operation of the dc-three phase buck-
boost converter. The motivations for deriving the topology and method of control are
recounted. The six-segmented, sinusoidal pulse width modulation scheme used is detailed
and compared with the continuous sinusoidal modulation scheme. Current programming

of the converter in the inverter and rectifier modes of operation is considered.

3.1.1 Motivation

The choice of converter topology and the use of current programming was
made with two important applications in mind: dc-three phase uninterruptable power
supply (UPS), Fig. 3.1, and variable frequency ac motor drive, Fig. 3.2. Both of these

applications require bidirectional power flow. In normal operation, the UPS charges the
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Figure 3.2: Variable frequency, variable voltage ac motor drive.

battery and power flows from the ac side to the dc battery. When the mains is absent,
the dc battery supports the ac load and power flows from the dc battery to the ac side.
In a variable frequency ac motor drive, the motor constitutes a regenerative load and
power flows back to the dc battery when the motor is braking.

The buck-boost topology is used as bidirectional power flow is achieved with
the use of eight current unidirectional active switches, as shown in Fig 3.3. The mod-
ification of the dc side of the buck-boost inverter into a bridge configuration enables
bidirectional power flow without the use of four-quadrant switches. The UPS applica-
tion also confronts the converter with stiff voltage sources at both ends of the converter.
Current reference programming is chosen as a simple method for maintaining volt-second

balance on the inductor in the presence of two stiff voltage sources.
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Figure 3.3: The dc-three phase buck-boost inverter modified to allow bidirectional power
flow.

3.1.2 Converter Topology

The converter topology of Fig. 3.3 is derived from the buck-boost rectifier,
Fig. 3.4 (buck rectifier followed by a boost dc-dc converter), and buck-boost inverter,
Fig. 3.5 (buck dc-dc converter followed by a boost inverter). From the converters of
Figs. 3.4 and 3.5, it is observed that bidirectional power flow can be accomplished by
changing the polarity of the voltage on the dc side without changiﬁg the direction of the
current in the switches on the ac side of the converter. Hence, a bridge configuration is
used on the dc side of the converter as shown in Fig. 3.3.

All the switches in the converters shown are current unidirectional, voltage
bidirectional, two-quadrant switches and can be implemented using a MOSFET in series

with a diode. It is also noted that the direction of current in the inductor and switches is
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Figure 8.4: The three-phase buck-boost rectifier which is a cascade connection of a buck
converter and a boost de-de converter.

IR Y
r TR

Figure 3.5: The dc-three phase buck-boost inverter, which can be interpreted as a buck
dc-dc converter followed by a boost inverter.
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the same regardless of the direction of power flow. For operation in the inversion mode,
switch Sy in Fig. 3.3 is maintained ON and switch S3 is pulse width modulated. Switch
S3 1s kept OFF and switch Sy is pulse width modulated for operation in the rectifier
mode. In both modes, the direction of the inductor current is the same and is as shown.
If the converter is required to change the direction of power flow within one switching
cycle, then both S3 and S; can be pulse width modulated. This bidirectional mode of
operation will result in higher losses in the converter, but is a price that has to be paid
for the desired response. The switches on the ac side are modulated sinusoidally in all

modes of operation and are not affected by the direction of power transfer.

3.1.3 Modulation Scheme

Any fast-switching pwm inverter or rectifier uses fast switching along with
sinusoidal modulation to obtain effective duty ratios and ac waveforms that are sinusoidal
In nature. Some modulation schemes achieve this by superposing a sinusoidal modulation
over a dc level, as illustrated in Fig. 3.6. In Fig. 3.6, the x-axis employs the slow ac time
scale to encompass all switching cycles within one modulation time period, while the
switching instants and duty ratios are depicted along the y-axis using the fast-switching
time scale. The numbers in the different regions represent the positions of switches Sy
and S; at those instants. However, this type of continuous modulation scheme results
in many idling intervals during which no power is transferred to the load. The total
idling time is proportional to the total area of the regions in which both switches are
connected to the same phase (regions numbered 11, 22, and 33 in Fig. 3.6). Thus, if the
average current in the inductor is I, the peak current on the ac side can only be (2/3)I.

In comparison, a six-stepped current source inverter can provide a peak ac current of

approximately (1.1)1.
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Figure 3.6: Illustration of the continuous, sinusoidal pwm scheme for the buck-boost dec-
three phase converter. The z-axis uses the slow ac time scale and the y-azis
the faster, switching time scale. The continuous line is the modulation of
switch Sy, and the dashed line that of switch So. The numbers in the various
regions represent the positions of the switches S and Sy at those instants.

A combination of the two modulation schemes is used to arrive at a more
efficient pwm modulation in which the idling intervals are minimized. This hybrid scheme
is referred to as the six-segmented sinusoidal pwm and is illustrated in Fig. 3.7. In this
scheme, one of the switches Si, S, remains in a fixed position for a sixth of the ac
cycle, while the other is modulated. A peak ac current I can be obtained using this
modulation scheme. Hence, it compares well with the six-stepped inverter in terms of

device utilization and provides sinusoidal waveforns with low distortion.

The six-segmented sinusoidal pwm scheme results in better utilization of de-
vices and higher efficiency than the continuous modulation scheme. The low frequency

harmonic content of the ac waveforms is small because of fast switching and choice of
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Figure 3.7. The siz-segmented sinusoidal pwm scheme used for the buck-boost converter.
The z-azis uses the slow ac time scale and the y-azis the fast-switching time
scale. The numbers below the z-azis refer to the switch position that is ON
during the corresponding sizth of the modulation cycle.

modulation. The disadvantage of this scheme lies in the necessity to keep active switches
ON or OFF for long periods of time, depending on the ac time period. This can be over-
come by using mosfet switches and the pulsed ON/OFF isolated drive scheme of Fig. 3.8.
The switch is kept ON or OFF for extended periods of time by sending a stream of ON
or OFF pulses for the required duration. The gate drive circuit of Fig 3.8 results in a

very small drive transformer and can provide fast turn-ON or turn-OFF.

3.1.4 Current Programming

The technique of current reference programming can be applied to the switch

that is not sinusoidally modulated and lies on the dc side of the converter. In the



49

iIN7544A INS14B

+15V
] e
.
l l . _ N l G
1™ 1A 1
— 1N914B |
o 1
DSOCJEB § 200k cgs
| T
' |
> 1 s
6: 3
OFF

T: HS5B2 T3-6-1.5

Figure 3.8: The pulsed ON/OFF gate drive used to drive the mosfet switches. The ca-
pacitance Cys shown is the gate-source capacitance of the mosfet. The drive
wsolation transformer is wound on a very small toroidal ferrite core.

inversion mode of operation, switch Ss is current reference programmed and consequently
programs the inductor current. Switch Sy is programmed in the rectifier mode. In
the bidirectional mode of operation, the inductor current is programmed directly using
switches S3 and S4. The phenomenon of subharmonic oscillations is present, under certain
operating conditions, when the converter is operated in the current reference programmed
mode. The stability of the converter in current reference programmed mode is discussed
further in Section 3.2. Variable frequency current programming can also be used to
program the inductor current.

The application of current reference programming results in lower harmonic
distortion in the ac waveforms of the converter. It also essentially reduces the effective

order of the system by one and improves the response of the converter. It also helps
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Figure 3.9: The current reference programmed dc-three phase buck-boost converter in the
wnversion mode of operation.

1solate source voltage variations from the output and provides inherent protection to the

converter.

3.2 Inversion Mode of Operation

The converter is presumed to be in the inversion mode of operation and the
load on the ac side is assumed to be a balanced, three phase load. The steady-state
and dynamic behavior of the system depends on the dynamics of the converter and load,
which is considered to be resistive in order to highlight the features of the converter. The
system analyzed is shown in Fig. 3.9. The converter is considered to be ideal with perfect
switches, sufficiently high switching frequency, etc. The converter is also assumed to

satisfy the conditions required for the low frequency ‘modelling of converters, as described
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in Chapter 1.

3.2.1 Steady-State Analysis

The state space representation of the duty ratio programmed buck-boost in-
verter 1s derived in Section 1.2 of Chapter 1. The same description of the system holds
for the converter of Fig. 3.9, when operated without current programming, with a few
minor differences. The notation used to represent the duty ratios of the switches on the
ac side of the converter is d1, and ds,, instead of d'j, and d'. used in Section 1.2. This
is done as the converter considered is a bidirectional one and either side may be the load.
The effective modulation amplitude provided by the six-segmented modulation scheme is

D, as opposed to 2D,,/3 for the continuous sinusoidal modulation.
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Figure 3.11: Equivalent circuit representing the steady-state behavior of the current refer-
ence programmed inverter (shown for phase 1).

The converter is presumed to operate properly in the current reference pro-
grammed mode; that is, Vj is large enough to enable the inductor current to reach Les
and subharmonic oscillations do not occur. If the inductor current ripple is small com-
pared to s, then the average inductor current ¢ can be approximated by tref itself. If
the ripple is not small, it is necessary to find 7 as a function of 1,, #- The current reference
programming loop effectively moves the natural mode arising from the inductor higher
in frequency, outside the bandwidth of interest. In a simplified form, the system can be

represented in the stationary abc reference frame by the averaged description:

1 13
Cow=—Z|vu—2D v,|+dvi ; 1<w<3 (3.1)
R 3z=1
where
l.%l.,-ef
27
dwzdmcos[ﬁm—(w—-l)T] ; 1<w<3 (3.2)

t
dp <1, 0m=/w(r)dr+¢m
0
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Figure 3.12: Steady-state output voltages (a) and inductor current (b) waveforms of the
current reference programmed buck-boost inverter.

The steady-state solution of Eq. (3.1) is

2
szvmcos[9m+¢—(w—1)?”] , 1<w<3 (3.3)

where

Vim = Dy RIcos(¢) = DRI cos(d)

(3.4)

¢ = — arctan{QRC)
in which capitals are used to represent steady-state quantities. The steady-state response
of the converter can be modelled by the equivalent circuit of Fig. 3.11. The steady-
state waveforms obtained from the experimental circuit of Fig. 3.10 are shown in the
oscillograms of Fig. 3.12. The measured steady-state responses of the converter are

plotted in Figs. 3.13 and 3.14. Figure 3.13 shows the magnitude of output voltage V,,

as function of the modulation amplitude D,,, for different values of inversion frequency.
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Figure 3.13: The predicted and measured steady-state response of the current reference
programmed inverter for different values of inversion frequency: (a) 43 Hz,
(6) 61 Hz, (c) 82 Hz, (d) 108 Hz. The values of the output voltage are
normalized with respect to the zero frequency output voltage when D,, is
equal to unity.

Figure 3.14 depicts the curves of V,,, as a function of the inversion frequency Q, with D,,

as a parameter.

The distortion in the output voltages is lower when the converter is operated
in the current reference programmed mode. In normal operation, any distortion in the
output voltages results in harmonics in the inductor current, which in turn increases
the distortion in the outputs. Current reference programming reduces the harmonics
of the ac frequency present in the inductor current and results in low distortion of the
outputs. The measured spectral content of the outputs is shown in Fig. 3.15. The plot of
Fig. 3.15(a) is the low frequency spectral content, and Fig. 3.15(b) is the high frequency

spectral content. The measured distortion in the output voltages was found to be less
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Figure 8.14: The predicted and experimental steady-state response of Vi, as a funciion of
F; for various Dy,. The y-azis is the output voltage normalized with respect
to the zero frequency value at the corresponding D,,. The responses for D,, =
0.4 and Dy, = 0.6 have been offset by 10db and 20db, respectively, for clarity.

than 5% THD, and harmonics of the inversion frequency were at least 50 dB lower than

the fundamental.

3.2.2 Stability in Current Reference Programmed Mode

Subharmonic oscillations occur in the current reference programmed inverter in
a manner similar to that observed in dc-dc converters. A close examination of the inductor
current of the converter in current reference programmed mode, Fig. 3.16, reveals that the
peak-to-peak ripple varies at six times the inversion frequency. The peak inductor current
can be higher than I,.s for certain operating conditions and loads. Proper operation of

the current reference programmed mode ensures that the duty ratio of the programmed
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Figure 8.15: The low frequency (a) and high frequency (b) spectral content of the output
voltages.

switch, at any instant of the inversion cycle, does not vary from one cycle to the next.
The duty ratio of the programmed switch may vary by a small amount over the inversion
time period (owing to second order effects and nonidealities), but does not vary by a
noticeable extent over adjacent switching cycles. In the above discussion, it is assumed

that the inversion frequency is well below the switching frequency.

The voltages ug(t) and u,(t) applied to the dc and ac ends of the inductor,
respectively, result in the current waveform of Fig. 3.17. It is sufficient to examine the
inductor current over a sixth of the inversion period owing to the six-fold symmetry
present in the voltage applied to the inductor. It is noted that the voltage uq(t) can
be less than zero during particular intervals of certain switching cycles depending on

the value of the phase angle ¢. If s is required to be the peak value of the inductor
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Figure 3.16: A closer view of the inductor current of the current reference programmed
inverter to show the variation in peak-to-peak ripple with the modulation.

current, it is necessary to restrict uo(t) to be positive during d'T. It is noted, however,
that the average value of u,(t), over any switching cycle, is positive and equal to Dv,.
The inductor current ramps up towards I;.r only if the dc source Vj is greater than u, (t)
during dT,. Two possible cases can occur: djp larger than d, and dy3 smaller than d.

Figure 3.18 examines the two cases mentioned.

The geometric method, utilizing knowledge of steady-state waveforrﬁs of the
converter, is used to find the conditions for stability in the current reference programmed
mode. The geometric method described in Chapter 2 is used as it provides the same
information as the more rigorous discrete modelling technique but is easier to apply
because of the foreknowledge of the waveforms of the converter. The gain of the current

loop is found from Fig. 3.18 under the assumption that the inversion frequency is much
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due Vg YJ;A dy2=0nCOS (Bp=1/3)
H
to uy (mi) é dy3=0,C05 (em+ﬂ/3)
dyy=1-0nCOS (6y)
due Vi N IA Viz=J3Vpc0s (6p+¢-1/6)
to Uy el Vi3 Viz=J3VpC0S (Bpté+n/6)
_mb)
. where
dref
b | — Bne[-1/8, n/E]
diz 13 Ay
[t
0 d )
< —~>

one switching
cycle

Figure 3.17. A detailed look at the effect of the voltages impressed at the two ends of the
inductor to obtain the resultant current ripple.

lower than the switching frequency. This enables the ac voltages to be approximated as
quasi-dc voltages for the purpose of stability analysis of the current loop. Thus, the gain
k should be less than unity, over the inversion period, to ensure stable operation of the
current reference programmed loop. The maximum values of k for various load angles,
¢, are tabulated in Table 3.1.

A compensating ramp can be used to extend the region of stable operation
in current reference programmed mode. If the converter is reconfigured as a flyback
topology, which has the same low frequency behavior, the current reference programmed

mode is stable for all operating conditions because of the presence of an independent

idling interval.
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Figure 3.18: Propagation of a disturbance in the inductor current of a current reference
programmed inverter. Stability in the current reference programmed mode
depends on the values of k for the two cases: dip < d (a) and d13 > d (b).

3.2.3 Dynamic Analysis

If the inductor current ripple is small and 1 is approximated by iref, the system

is described by

1

3
de:_—(vw_gz +dwiref , 1<w<3 (35)

where the effective duty ratios d,, are given by Eq. (3.2) and are time-varying. The
time-varying coefficients in Eq. (3.5) are sinusoidal in nature and the system of equations
can be transformed to the rotating dg reference frame in which the equations are time

invariant. The system representation in the dg reference frame is obtained using the

transformation described in Chapter 1.
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LoadAngle ¢ 1% mas
%
1
9l <3 V3D,
—p—cosg—1

o 1 cos(m/3 — |4])

6 > 5 max 3D, * 3D
—p— —1 —gpcosé—cos(nr/3—|g|)

Table 8.1: Maxzimum magnitudes of k for various load angles in the current reference

programmed inverter. The magnitude of k should be less than unity for
stabulity.

In the dg reference frame, the system of Eq. (3.5) becomes

Px=Ax+Bd (3.6)
where ) ) i
cC 0 0 -1/R wC 0
P=locol|,A&=| wc -1/r 0
0 0 C 0 0 OJ
= - - (3.7)
de V4
ﬁ: 0 ’ x= Vg ) ﬁ:iref ) de:\/gdm
0 Vo

and the phase ¢; of the transformation is chosen to be zero. In Eq. (3.6) it is noted that
the component v,, which represents the dc offset of the ac voltages, does not change and

in practice will be zero. The component v, is a trivial state and is dropped to give the
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reduced order system
P, % = (A, + A, w)%, + Byd, i (3.8)

in which the control parameters have been brought outside the matrices in order to show

their effects on the operation of the converter. The system matrices are

C 0 —I/R 0
P, = A, =
0o C 0 —1/R
(3.9)
o C 1 V4
Au) - ) Bd = 3 ir =
-C 0 0 Vg

In steady state, ¢,.f, w, dy, assume dc values Lieg, Q, Dy, respectively, and the states

in Eq. (3.8) are dc quantities. The steady-state and small signal linearized models are

obtained from Eq. (3.8).
The steady-state solution is
DeRIref
1+ (Q/‘*’p)2
DRI, ¢(£2/wp)
1+ (Q/Wp)2

(3.10)

where

L (3.11)
wp = — .
P~ RC
Standard notation, in which upper-case letters represent steady-state quantities and

lower-case letters with carets indicate small signal perturbations, is used to describe

the dynamic performance of the system. The quantities of interest are

%, =X, +% , w=0Q+0&
(3.12)
d. =D, +d, ’ ‘.ref = Iref + iref

The small signal linearized model is

P,% = A% + Boli + AX, & + B, U 4, (3.13)
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where
-1/R  QC D,
0 = s Bo -
-QcC —l/R 0
(3.14)
. CV, . Ly
A.w X,- - 1y BdU =
—-CVy 0

The small signal transfer functions are found from Eq. (3.13) and all transfer functions
have a common denominator K (s). The system is a second order one as the pole arising
from the inductor has been moved above the bandwidth of interest by the current loop.

The zeros and dc gains of the various transfer functions are enumerated in Table 3.2.

Additional circuitry is necessary to transform the sinusoidal capacitor voltages
to their equivalent dc descriptions in the dg reference frame for measurement of transfer

functions. The transformation T is given by

¥=Tv (3.15)
where

cos(0:)  cos(fs —2m/3)  cos(f: + 27/3)
T= \/g —sin(#;) —sin(f; — 27/3) —sin(6; + 27/3) » 0 =10m—¢: (3.16)
N 1E 12

It is noted that v, with ¢; equal to ¢, is the same as vy with ¢, equal to ¢, plus 7 /2 .

Hence, the hardware used for measurements produces the output v, given by

v, = 2 i vy cos[f; — (2 — 1)%—] (3.17)
3 3

and the desired vg and v, are obtained by proper choice of ¢;. Some of the predicted
and measured transfer functions are plotted in Figs. 3.19 and 3.20. The Bode plots of
Fig. 3.20 are for perturbations in the inversion frequency and include the dynamics of

the phase locked loop present in the control circuit. The measurements are corrupted by
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Function DC Gain Zeros
Od Rl s
—_ > 1 + >
d. 1+ (©2/wp) Wp
By RIref(Q/wp) )
d, L+ (Q/wp)’
) 2
v Wp [1 + (Q/wp)z] Wz
¥ DeRIcs[1 — (Q/wp)’] s
& - 2 _
w wp 1+ (Q/wp)?] Ws2
on D.R 1+ 5
iref 1 + (Q/wp)z wP
g B D.R(Q/wy) 1
bres 1+ (2/w,)?
2
Denominator D(s) =1+ —— + —57
QOwO wo
) . 2, —
where w, = Ro | YT 9V 1+ (Q/wp)” 3 wa = 2w,
2 1 2
W2 = Wp [1 —(Q/wp)!] 5 Qo= SV (@/wy)

Table 3.2: DC gains and zeros of some of the small signal transfer functions of the

current programmed buck-boost inverter.
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Figure 8.19: Predicted and measured small signal responses a/dm (a) and f)q/a?m (b) for
the converter of Fig. 8.10. Predictions are shown in thick lines and measured
responses 1n thin lines.
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Figure 8.21: The current reference programmed dc-three phase buck-boost converter in the
rectifier mode of operation.

the presence of harmonics of the inversion frequency, despite efforts to avoid them, as the

signal injected for measuring responses is itself small in magnitude.

3.3 Rectifier Mode of Operation

The converter is presumed to be operating in the rectifier mode off a balanced
three phase source. The steady-state and dynamic responses of the converter are discussed
in the current reference programmed mode. The converter is considered to be ideal
with lossless switches, sufficiently high switching frequency, etc., as shown in Fig. 3.21.
The switch that is current programmed is on the output side in this case, for ease of
implementation, even though it lacks the inherent isolation of source variations from the

load that was present in the inversion mode. This converter can be considered to be
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similar to a current reference programmed boost de-dc converter. The switches on the ac
side are instrumental in applying an average dc voltage to the input end of the inductor,
while the switch on the output side is used for current programming in the same way as

in a boost dec-dc converter. This feature reflects in the properties of the converter.

3.3.1 Steady-State Analysis

The converter is presumed to operate correctly in the current reference pro-
grammed mode without subharmonic oscillations. As in the case of the inverter, the av-
erage inductor current ¢ can be approximated by the reference current 1yes if the inductor

current ripple is small compared to ¢. The description of the system in the stationary

abc reference frame is

3
Li=-dv+ ) d,v,,

z=1

(3.18)
Co=di— Y
R
where
2
Vgw = Vg cos[l, — (w — 1)—3— + 4] (3.19)
2w '
dy = dp cos[lp, — (w — 1)?’—] , 1<w<3
In the dg reference frame, the system of Eq. (3.19) is represented by
Px=A%+B, 1, (3.20)
where
- L 0 - 0 -d . d, 0
P = , A= , B, =
e, d —1/R 0 0 521
3.21
] Uge COS @
X = , U, = * , de = %dm > vge:\/gvg
v Vge SIN @

in which the “0” or dc component of the ac source voltages has been dropped from the

equations as it is zero for a balanced three phase ac source. The steady-state solution
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found from Eq. (3.20) is:

D,
V=—-V,cos¢

D e
, _ Y (3.22)
ref ~ 4L — RD

Thus, in terms of the controls I,.f, D., and ¢, the steady-state output voltage is

V =4/RI, V. cos¢ (3.23)

3.3.2 Stability in Current Reference Programmed Mode

Subharmonic oscillations occur in the current reference programmed rectifier,
for certain operating conditions, in a manner similar to that observed in dc-de converters
and inverters. The peak-to-peak ripple of the inductor current varies at six times the ac
frequency, as in the case of the inverter. The duty ratio of the switch on the dc output side
does not vary from one switching cycle to the next when the current loop is functioning
correctly. The switching frequency is assumed to be well above the ac source frequency.

The voltages ug(t) and uq(t) applied to the dc and ac ends of the inductor
in the rectifier mode result in the current waveform of Fig. 3.22. In the rectifier, the
inductor current ripple should increase during the interval when the active switch on the
dc side is ON. This restricts u,(t) to being positive during d'T}, and consequently imposes

a limitation on the power factor that can be obtained at the input.

The gain of the current loop, k, is obtained from the waveforms of Fig. 3.23
and should be less than unity for stable operation of the current reference programmed
loop. The maximum values of k for various input phase angles ¢, are given in Table 3.3.

A compensating ramp may be used to extend the region of stable operation.
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Figure 3.22: The effects of the voltages applied at the two ends of the inductor and the
resulting current ripple.

3.3.3 Dynamic Analysis

The current ripple is assumed to be small and ¢ is approximated by Tref, tO

obtain the approximate dynamic model of the current programmed rectifier. The small

signal model of the system is

Liye; = —Db — Vd + Ve cos ¢de + D, cos $ig, (3.24)

Co = Dip+ Leyd — (3.25)

| @

in which the terms with carets represent the small signal perturbations. The perturbation

d is found in terms of ires from Eq. (3.24) and substituted into Eq. (3.25) to give

. 2, vV LI D.Icos¢, Vyelcosd o
Co= =50+ Jpirer = Trires + EV ¢vge+ ‘”V d’de (3.26)
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Case 1:
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K = .Ai _ ma_mi - Vi~V
by Mg Viz

Figure 3.23: Propagalion of a disturbance in the inductor current of the current reference

programmed rectifier. The values of k for the two cases, d < dia (a) and
d' > d12 (b) are obtained.

The small signal responses are obtained from Eq. (3.26) and all responses have
a common first order denominator K(s). The right half-plane zero, that is inherent to
the buck-boost toplogy, is present in the transfer function from iyef to the output voltage
9. Thus, it is more advantageous to keep ires fixed and regulate the output voltage using

d.. Some of the small signal responses of interest are listed in Table 3.4.

3.4 Bidirectional Operation

The converter of Fig. 3.3 can be operated in the bidirectional mode by pulse
width modulating switches S and Sy, as described in Section 3.1.2. However, this results
in a mode of operation that is inefficient in comparison with the inversion or rectifier mode

of operation. Thus, it is advantageous to operate in the inversion mode when the steady-
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Phase Angle ¢ |kl maz

| T V3D, cos ¢ 1
< —
o<s T cos((6]+ /%)

n
4| > & |kl maz > 1

Table 3.3: Mazimum magnitudes of k for various phase angles ¢ in the current reference

programmed rectifier. The magnitude of k should be less than unity for stable
operation in the CRP mode.

state power flow has to be from the dc to ac side, and in the rectifier mode when the
steady-state power flow has to be from ac to dc side. The bidirectional mode need only
be used when the direction of power flow changes. However, in order to be able to change
modes of operation based on the direction of power flow, it is necessary to determine the

instantaneous magnitude and direction of power flow through the converter.

Current programming can be applied to the bidirectional mode of operation
by using a hysteretic or sliding mode control technique. The measured inductor current
is compared with the reference current to generate the sign of the current error. The
sign of the current error o is used along with the sign of the power flow to determine the
positions of switches S3 and S4 from a look-up table. Figure 3.24 depicts the waveforms
and duty ratios on the dc side of the converter. The average value of the voltage uy is
proportional to the power flow and the sign indicates the direction of power flow. Thus,
uq is averaged over the switching frequency to determine the power flow and compared
with two threshold values. If the average value of uy4 lies within a narrow band around
zero, the converter is operated in the bidirectional mode; otherwise, it is operated in

the inversion or rectification modes depending on the sign of the average value. This



72

L
— B0 —
+
S
/s C -
o2
Vg —
Sy
- y _
Vg p—
S4
Ud

Figure 8.24:

Figure 8.25:
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Waveforms and duty ratios at the dc end of the dc-three phase buck-boost
converter.
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Fast detection of changes in the direction of power flow using the inductor
current error signal.
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Function DC Gain Zeros
0 4 s
iref 27 Wy
KA 1% 1
de 2D,
0 \% .
Dge 2V
Denominator D(s) =1+ -2
Wo
RD?
where w, = —2— P owe=——
RC

Table 3.4: DC gains and zeros of some of the small signal transfer functions of the CRP
rectifier.

method of choosing the duty ratios of switches S5 and S, helps for proper operation in
steady state and will not respond to sudden changes in the direction of power flow. Quick
changes in the direction of power flow can be detected directly from the current as shown
in Fig. 3.25. Thus, if the inductor current error exceeds a preset magnitude, the converter

enters the bidirectional mode of operation.
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Chapter 4
Review of Sliding Mode Control of DC-DC

Converters

Dc-de power conversion plays a pivotal role in many electric power systems and
a multitude of converter topologies have been used to provide this function. All switched-
mode dc-dc converters provide efficient conversion of power from one form to another by
using reactive elements to transfer energy from the source to the load. This is achieved
by the use of one or more semiconductor switches and reactive elements such as inductors
and capacitors. Thus, the switched network assumed by the converter is different in the
energy storage and energy release intervals. Consequently, any switched-mode power
converter constitutes a variable structure system (VSS) and control is provided by the
proper choice of switching structures and switching instants. The structures may occur
periodically with a fixed switching frequency, or with a variable switching frequency.

Sliding mode control is a natural method of control for variable structure Sys-
tems and is used to provide regulation in dc-dc converters. Section 4.1 reviews the sliding
mode method of control, as applied to variable structure systems[20]. The conditions re-
quired for the existence of sliding mode are listed, as are the advantages and disadvantages
of this method of control. Sections 4.2 through 4.4 describe the sliding mode control of

the three basic dc-dc converters: the buck, boost, and flyback[21,22].
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4.1 Sliding Mode Control of VSS

The sliding mode method of control of variable structure systems is reviewed
in this section. The VSS is described in a form suitable for the application of sliding
mode control. The existence conditions required and the equivalent control technique
for analyzing sliding mode systems are discussed. The advantages and disdvantages that

result from the use of sliding mode control are enumerated.

4.1.1 System Description

Variable structure systems are characterized by a time-varying structure that
generally consists of two or more discrete structures. Control action is achieved by the
choice of the structure and is discontinuous and results in a nonlinear plant. Switched-
mode converters fall within this broad category of variable structure systems. Any vari-

able structure system can be represented in the form:
x = f(x,u,t) (4.1)
where

x is the N X 1 state vector,
u is the M X 1 discontinuous control input,

f is a N-dimensional vector function.
In the case of dc-dc converters, the system can be represented in the form
X=Ax+Bu+ T (4.2)

in which the control u is a scalar and B may be a function of x. The system state vector

x and the matrices A, B, and T are all continuous functions while u is discontinuous.
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4.1.2 Sliding Surface

The sliding surface is the surface on which the motion of the system is con-
strained when operating in sliding mode. The choice of the discontinuous control u is

made depending on the value of the sliding function ¢. The sliding surface in switched-

mode dc-dc converters may be expressed as

Gx=0 (4.3)

where
x=x-X" (4.4)

is the error in the states from the desired operating point X*. The function o given by
c=Gx (4.5)

is continuous and is referred to as the sliding function. The choice of control is made so as
to maintain o to be zero, thereby constraining the motion of the system along the surface
of Eq. (4.3). In sliding mode, the dynamics of the system is dictated by the surface of
Eq. (4.3), which is referred to as the sliding surface as the operating point moves on this
surface. The sliding surface is normally chosen such that the error % tends to zero with

time, when the system is operating in the sliding mode.

4.1.3 Existence Conditions

The sliding function o and the discontinuous control u have to satisfy certain
conditions in order to assure that the system will reach the sliding surface and maintain

the system on the surface. The existence condition[20] can be expressed as:

lim 6 <0 and lim 6 >0 (4.6)

oc—0t o—0—
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The system should also be able to reach the sliding surface from any initial condition
within its domain of operation. The existence condition of Eq. (4.6) and the reaching

condition can be expressed in the compact form:

oo <0 (4.7)

The control u is chosen such that the inequality of Eq. (4.7) is satisfied over the domain
of x. Other factors that influence the choice of ¢ are the desired dynamic performance
of the system and the stability of the sliding surface ¢ = 0. The choice of v in a de-de

converter is made such that

ut ; >0
u= (4.8)
u ; o<0
satisfies
GA}‘:+GBu+—{—GT<O<GAi+GBu“+GT (4.9)

4.1.4 Method of Equivalent Control

Although the control u is discontinuous, an equivalent continuous description
of the system may be used to describe the low frequency behavior of the system, under
sliding motion. In the equivalent description, the discontinuous control u is replaced by

an equivalent continuous control u., given by
Uy = —(GB) I [GA% + GT] (4.10)
The low frequency or average motion of the system is characterized by
x=[I-B(GB) 'G](A% + T) (4.11)

Sliding mode ideally results in an infinite switching frequency, and Eq. (4.11) holds ex-

actly. However, in all practical systems, the switching frequency is determined by the
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hysteresis of the switching action and Eq. (4.11) is valid only for a fraction of the switching
frequency. If o # 0, the equivalent control can be expressed as
g = —(GB) 'GAX + GT] + (GB) s (4.12)
and the system motion is given by

X

[I-B(GB) 'G](A%+T)+B(GB) !s (4.13)

The first term signifies the average motion of the system and the last term signifies the

switching ripple.

4.1.5 Advantages and Disadvantages of Sliding Mode Control

Sliding mode control results in several advantages in the design and control of
the system. One of the most compelling reasons is that it is the more natural method of
control for switching converters as they are inherently variable structured systems. Thus,
sliding mode control is a way of ensuring large and small signal stability of a nonlinear
plant such as the switching converter. Once the system reaches the sliding surface, the
motion of the system is determined ezclusively by the sliding surface (namely, the elements
of G) and is independent of the parameters of the system. Hence, the controller will be
robust and guarantee stability as well as performance in the face of plant uncertainties.

The disadvantage of this method lies in the necessity to measure all the states
of the system (in general). Hence, it requires that all the states be accessible. It also

results in a variable switching frequency in the system, which may be undesirable in some

applications.

4.2 Buck Converter

The sliding control of the buck dc-dc converter is reviewed in this section. The

sliding function and controls used are identified and the existence conditions stated.
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Figure {.1: The buck dc-dc converter and the control u defined as a function of the

switch position. The capacitor voltage and current are both continuous in
this topology.

4.2.1 System Description

The buck dc-dc converter of Fig. 4.1 is represented by

x=Ax+bu+t (4.14)
where i}
0 0 1
X = ; A: ;
v -1/LC -1/RC
i (4.15)
0 0
b= ;b= ; 0=v—0*
vy/LC —v*/LC

in which v* is the desired output voltage and u is the scalar control that assumes values

1 and 0.
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u=0

>0
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VgV

———t 8§\ =0

—_ J— o<0

Figure 4.2. The sliding line for the buck converter in the phase plane defined in terms
of the output voltage and its derivaiive. A current limiting segment is used
to provide protection.

4.2.2 Sliding Surface

The buck dc-dc converter is a second order system with one control and the
dynamic response that can be obtained using sliding control mode control is a first order

one. The sliding surface is consequently a sliding line in this case, and is given by
c=0+710=0=gx (4.16)

where

g=1[1 7 (4.17)
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This sliding line represents a stable first order response with time constant 7 and is shown

in Fig. 4.2. The control u is chosen to be

ut ;06>0
u= (4.18)
u- ;0<0
where u™ and u~ are selected as 0 and 1, respectively. The conditions required for

existence of sliding mode on the given sliding line are

T > RC
(4.19)
vg > v*

In a practical converter, a current limit segment is added to the sliding line in order to

protect the devices in the converter.

4.3 Boost Converter

The sliding mode control of the boost dc-dc converter is discussed in brief in

this section.

4.3.1 System Description

The boost dc-dc converter and its waveforms are shown in Fig. 4.3. The system
cannot be described in terms of the output voltage and its derivative, as was done for the
buck converter, because the derivative of the output voltage (which is proportional to the
capacitor current) is discontinuous in this converter. Hence, the system is represented in

terms of the inductor current and capacitor voltage by

X=Ax+bu+tt (4.20)
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Figure 4.3: The boost dc-dc converter and its waveforms. The capacitor current is dis-
continuous at the swiltching instants.

where
1 0 —-1/L
; A= /
v 1/C -1/RC
. (4.21)

v/L v,/ L
- / o 9/

—i/C 0

The control u is discontinuous and assumes the values 1 and 0 for the two positions of

the switches.
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Figure §.4: The sliding line of the boost converter in the phase plane consisting of the
inductor current and capacitor voltage. The sliding line is piecewise linear in
the phase plane and one segment is used to provide current limiting action.

4.3.2 Sliding Surface

For the boost converter, the sliding line is chosen in terms of the inductor

current and capacitor voltage as shown in Fig. 4.4 and is given by

Q
Il
o]
o
fl
&
)
<S>

+ (4.22)

where

i=i—i
(4.23)

*

t=v—v

ll

and ¢*, v* represent the desired operating point. The parameter R, is like the current
sense resistor and is in practice much smaller than the load resistance R. The method

of equivalent control is used to determine the stability of the system on the sliding line.
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The relation between ¢ and v found using the equivalent control is

dv

i
v* + RCv— = Ri(v, — L) ~ Riv, (4.24)
dt dt

The sliding line can thus be expressed in terms of ¢ by

20°R, Cv'R,dd p  CR,d(?’)
g=vt Ru, vt vg E—i—Rng + 2v, dt

(4.25)

and 1s stable if the relative error 4/v* is less than unity. The small and large signal
responses can be obtained from Eq. (4.25). The existence conditions that need to be
satisfied for sliding mode to exist on the given sliding line are:

R,C(v —v,)

Rstgzz (4.26)

v

L <

L <

4.4 Flyback Converter

The flyback converter is similar to the boost converter in that the derivative

of the output voltage is discontinuous. Hence, sliding mode has to be applied using the

inductor current and capacitor voltage.

4.4.1 System Description

The flyback converter shown in Fig. 4.5 is described in terms of the inductor

current and capacitor voltage by

X=Ax+bu+t (4.27)
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Fugure 4.5 The flyback topology and waveforms showing the discontinuity in the capac-
itor current at the switching instants.

where

4.4.2 Sliding Surface

1 0] —-1/L
; A= / ;
v 1/C —1/RC
(4.28)
(vg +v)/L . 0
—i/C 0

The choice of sliding line in the flyback converter is similar to that of the boost

converter. The function o chosen is shown in Fig. 4.6 and is represented by

o=gk=Ri+0 (4.29)
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Figure {.6: The sliding line of the flyback converter in the phase plane consisting of
the inductor current and capacitor voltage. The current limiting segment is

used to provide protection as well as to ensure that reaching conditions are
satisfied.

where

P=q— "

(4.30)

vt=v-—-ov*
in terms of the desired operating point ¢*, v*. Again, ¢* can be expressed in terms of

v* to find the conditions for o to be stable. The constraint that has to be satisfied for

stability of the response is

0

=<1 (4.31)
and the condition for existence of sliding mode is

R.CRv R.C
L<min{— " i (4.32)
v Imas + v/R

and reaching is assured using current limiting action.
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Chapter 5

Sliding Mode Control of Inverters

In the preceding chapter, sliding mode control was seen to be a powerful
method of control for switched-mode converters that results in many advantages when
used in dc-de regulators. In this chapter, this technique is applied to the three basic
inverters to generate sinusoidal waveforms and to regulate the outputs. The ac load is
assumed to be resistive for convenience, and the system performance is insensitive to
the load provided the conditions for sliding mode are satisfied and the system is on the
sliding surfaces. The methods described in this chapter may be applied to any balanced
polyphase inverter; however, all details refer to the specific implementations for three
phase systems.

The sliding mode control of inverters is complicated by the fact that inverters
constitute multiple input, multiple output systems. The definition of sliding motion
in systems with multiple discontinuous control inputs, and the necessary conditions for
its existence, are described in Appendix A. It is noted that sliding motion can exist
at the intersection of the sliding surfaces without existing on the individual surfaces
themselves. However, if sliding motion exists on each individual surface, it will exist
at their intersection. Consequently, for design purposes, it is necessary to reduce the
system to the diagonal or dominant diagonal form when possible. In general, this is
best achieved in the dgq reference frame in which the desired quantities are dc in nature.

However, for practical implementations of the controller, the hardware necessary increases
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if dg transformations need to be performed. In certain cases the dg transformations can

be approximated or eliminated altogether, as described in Section 5.1.5.

5.1 Buck Inverter

The buck inverter of Fig. 5.1 consists of three single-pole, double-throw switches
and the control u, takes values +1, —1, depending on the position of the switch Sw.
Though the three switches can be operated independently, there are only two indepen-
dent controls as the topology of the converter constrains the output voltages and currents
to be balanced. The various values assumed by the controls are enumerated in Fig. 5.2.

In the stationary reference frame, the desired steady-state output phasor is
represented by a circle and this average output voltage is achieved by switching rapidly
between the various switch positions. Any average voltage phasor that lies within the
hexagon ABCDETF of Fig. 5.2 can be attained using the switch positions A through F.
This is a feature of the buck topology and determines the domain over which the output
voltage phasor can be controlled. Different switching strategies may be used to obtain the
same steady-state output voltages: the choice of strategy is determined by the necessity

to optimize efficiency, switching loss, or dynamic response.

5.1.1 System Description

The output capacitor voltages and their derivatives are continuous and differ-
entiable functions, and the state equations are expressed in terms of these variables. In

the stationary reference frame, the system is described by

i 1.1 1¢ v Ly
vw:—-E‘C—Uw—fé{“w—gzzzlvz}-’rﬁ{uw“g;uz} ; 1<w<3 (5‘1)

in which the controls u, assume values +1 and —1 depending on the positions of the

switches. In the two phase af reference frame, the reduced order state space representa-
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Figure 5.1: The buck inverter with three single-pole, double-throw switches. There are,
however, only two independent controls that influence the output.
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Figure 5.2: The eight possible switch positions and corresponding steady-state output
voltage phasors in the stationary abc reference frame. The outer circle in

the phasor diagram represents the mazimum output voltage amplitude that
can be obtained.
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tion in terms of the voltage error and its derivative is

$=A%+Bu+T (5.2)
where
r 1 r
0 0 1 0 Og
0o 0 0 1 o
A= , X=x-x*=
-—wg 0 —wp, O Vo
0 ~w? 0 w bp
0 0 0
(5.3)
0 0 0
B = s T fumad
wlv, 0 (w? = w2)vj cos(0,) + wewpv} sin(6,)
0 wlv, (w? — w2)v} cos(8,) — wrwyvl sin (9,)
u
a=1| - ,ﬁ:J_’%:;_
LC RC
Uug

In the ooff frame, the desired voltages v, ’U'Z are cosine and sine functions with amplitude
vy and frequency wy.

In the dg axes, the system equations are

o

=A

Pave

+Bi+ T (5.4)
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where
0 0 1 0
. 0 0 0 1
A=
(w2 — w?) Wrp —wp 2wy
—wewp (W wl) 2w, —w,
0
~ - 0
B == B s T == 'ﬁ =

(w? = wd)v;

—WrWpvy

L 4

5.1.2 Sliding Surface

o
I
b4

Ug

P

(5.5)

The sliding surfaces and controls can be implemented in either the aff or dg

reference frame. The sliding surfaces are considered in the dg frame first as it is easier to

see the similarity between the inverter and the corresponding de-dc topology.

In the dq frame, the state space description of the system is seen to be similar

to that of two cross-coupled dc-dc buck converters. Hence, sliding surfaces are chosen to

be functions of the voltage errors and their derivatives. The two sliding surfaces used to

determine the two independent controls are

04 = Vg + 704

0q =Yg + TUq

and are expressed in the more compact form

o>

cd=G

where

1 0 0O

e
il

010 7

04

Q
Il

(5.6)

(5.7)

(5.8)
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Figure 5.8: The choice of control input depends on the sector in which the desired refer-
ence voltage phasor lies, and on the signs of the functions o4 and o,. The

signs next to the switch position represent the signs of 04 and oq for which
it s chosen.

The signs of the error functions g4 and o, are used to select the switch posi-

tions, as shown in Fig. 5.3. In the practical case, hysteresis is used to set the maximum

switching frequency of the switches. The control inputs are

cos(¢,) sin(é,) Usd
—sin{¢,) cos(¢y) Ugq
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where
+v38/2 5 o4< —Ay4
Ugqg =
— 3/2 ;o 0a > +Ag
+1/V2 ;5 o< —A, (5.10)
Ugg =
—1/V2 5 0> +A,

$r =0, —[7/6+(r/3)s;] ; 0<s <5

The value of ¢, varies from —r/6 to 7/6 for any sector s; and consequently, the values
of ug and u, are functions of time. The control input Ugq is determined by the sign of
oq alone, and u,, by o, alone, whereas, ug and ug are dependent on both o, and oq. For
example, when the reference phasor lies in the sector BG A, the switch positions B, D, E,
and A are used and the controls u, and ug are the projections of the corresponding control
phasors on the d and ¢ axes. The sliding surfaces described above are modified to provide
protection by adding a current limiting segment to each sliding function.

Sliding functions of the same form can be used in the af frame as well and

are given by

o=Gx (5.11)
where
aa ~
o= , G=G (5.12)
op

However, only four switch positions B, C, E, and F are used to obtain the control inputs

uy and ug, as shown in Fig. 5.4. The control inputs are given by

‘f‘l/\/i ;0o < —Ag
Uy =
—1/\/i AW
(5.13)
+\/3/2 y 0 < —Aﬂ
'U,ﬂ ==
—\‘/3;2 ] > +Aﬁ
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Figure 5.4: The choice of switch position depends on the signs of the error functions o,
and og. The control input does not depend on 0, in this case. The outer

circle represents the mazimum output voltage amplitude possible using the
four switch posilions chosen.

The switch positions do not depend on 8,, but as only four of the six outer positions are
utilized, it is not possible to maintain sliding mode control for reference phasors that lie
outside the inner circle. Thus, the output capabilities of the inverter will not be exploited
to the full extent.

A third method is outlined that uses a combination of the above methods.
This method is used in order to avoid the transformation of measured states to the dg
frame, without forgoing the advantages available in the dq approach. The sliding surfaces
are in terms of variables in the stationary two-phase o;f; co-ordinate frame, where ;8
depend on the sector s; in which the reference phasor lies. The axes a;, B;, and the

corresponding switch positions used, are shown in Fig. 5.5. Consequently, it is possible
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Figure 5.5: The o;f; azes and the control inputs which depend on the sector s; in which
the reference lies.

to maintain sliding mode control, under steady-state operation, over the operating range

of the inverter.

5.1.3 Existence and Reaching Conditions

The conditions required for sliding motion to occur at the intersection of the
discontinuity surfaces chosen are derived and the domain of sliding operation is obtained,
in this subsection. The method of equivalent control provides a necessary condition that
the sliding surfaces must satisy for sliding motion to occur. The dg axes method is

considered first; the equivalent control 1., is found from

Mo

§=0 = GA%+GBi,+GT=0 (5.14)
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Equation (5.14) can be used to find the domain of v; over which the necessary condition
is satisfied, for steady-state operation. If the inverter is in steady state at the desired

operating point, then

»o

=0 (5.15)
and the equivalent control must satisfy the inequalities

min(ufy, uyy) < ugq,, < max(ufy, uy,) (5.16)

min(uf;,uy) < g, < max(ug,, ug,)

Similar constraints exist for the other two methods as well. The constraints of Eq. (5.16)
imply that the equivalent or average value of any control input must lie between the
minimum and maximum instantaneous values that the control can assume. However,
it only provides a mecessary condition and cannot guarantee operation in the sliding
mode. These conditions essentially represent the limitations set by the topology and
correspond to the largest possible domain of outputs for the inverter. The best choice
of sliding surfaces is one for which the above conditions are necessary and sufficient, and
the sliding domain corresponds to the domain of operation of the converter.

It is not possible to obtain a necessary and sufficient condition in a general
vector control system. However, it is possible to obtain sufficient conditions for certain
special classes such as diagonal, or dominantly diagonal systems. The rate of change in

the error function & is given by

&= GA%+ GBQu, + GT (5.17)
where
e T(w? — w?) TWrWwp 1—-7Twp 2w
—twywp  T(wi —wk) 2w, 1—w,r
(5.18)
cos(¢,) sin(g,) r(w? — w?)

CBQ = wgrvg , GT =

—sin(¢,) cos(4y) —TWrwp
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It is noted that the matrix GBQ in Eq. (5.17) is not a diagonal one but is diagonally
dominant, and sufficient conditions for the existence of sliding motion cannot be obtained
easily from Eq. (5.17) without being unduly conservative. The sliding functions & are

transformed to ¢* using the nonsingular linear transformation QT:
o =Q%% (5.19)

where Q is defined by Eq. (5.9). In the vicinity of the sliding manifold & = 0, the system

behavior can be expressed by

?o

¢* = QTGA% + QTGT + QTGBQu, + O(c*) (5.20)

provided || Q || is bounded. The matrix multiplying the control u, is diagonal in this case,
and sufficient conditions for the existence of sliding motion can be found by considering
the system to be similar to two scalar input sliding mode problems.

Let f and D be defined by

(5.21)
D =QTGBQ
where
Twio 0 fd(}:{,v*)
D = g  f= 4 (5.22)
0 ngvg fa(%,v3)

Sufficient conditions for sliding motion to exist in a domain S on the sliding manifold

o = 0 are given by

ngvg uly < —fa(%, v})

rwgvy uyy > —fd()z(, v}) (5.23)

Twivgud, < —fo(%,v%)

Twly, Uy > —fy ()zc, v})
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The parameters of the sliding line, and the reference phasor, have to satisfy the conditions

l1-rw, >0 = r>RC

ot < \/3/2v,
d

H(wr)| cos{¢r + ¢(wr)}] (5.24)

ot < \1/2v,
d

H (w,)| sin{¢, + $(wr)}

where

~7/8< ¢, < /6

H(w,) = \/(1 — wl/wl)? + (wrwp /w?)? (5.25)
¢(w,) = arctan {%}

The inequalities of Eq. (5.23) do not ensure that the system will reach the
sliding manifold, from any arbitrary initial condition, because they were obtained using
an approximation of Eq. (5.20) when the state of the system is in the vicinity of the
sliding manifold. Knowledge of the physical structure of the system suggests that the
system will be able to reach the sliding manifold from any point in the state space that
lies within the operating range of the converter.

Methods two and three can be analyzed in a similar way . The transformed
dg functions of Eq. (5.20) are identical to the system representation for the method using
aif; axes, with the last term O(0*) equal to zero; i.e., the approximation used is now
exact and the conditions of Eq. (5.23) ensure that the system reaches the sliding manifold.

In the second method described only four switch positions are used and the existence and

reaching conditions are

N (5.26)
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5.1.4 Stability of System in Sliding Mode

The sliding manifold should be such that the system is asymptotically stable
when the system is maintained on the sliding line. The stable operating point on the
sliding surface should also correspond to the reference applied to the system. The stability
and equilibrium points are determined by setting & = 0 and finding the motion of the
system under this constraint. In the general case, this is done by substituting ., obtained
from Eq. (5.14) for i in Eq. (5.4) and analyzing the resulting system.

For the sliding surfaces chosen in Section 5.1.2, the stability of the system in
sliding mode can be determined directly from the constraint & = 0. This results in the

following description for the system motion:

’(%d+T’ﬁ‘d =0 (5 27)
%q+T{~)q =0

The system of Eq. (5.27) is asymptotically stable for 7 > 0 and the origin is the sta-

ble equilibrium point. Hence, the system will reach the desired operating point set by

reference v}, if the sliding mode conditions are satisfied.

5.1.5 Practical Implementation of Sliding Surfaces

In Section 5.1.2 three sets of sliding surfaces and control strategies for the buck
inverter were described. In all cases, the sliding function was expressed as a function of the
error voltages and their derivatives. In practice, these sliding surfaces are implemented

by measuring the output voltages and capacitor currents and are expressed in a more
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suitable form.

Method 1
O'd:vd—-U;‘—*}—T’l-)d
0q = vy + 70,

(5.28)
Method 2 :

Oq = Vg — V3 +T0q — 7O}
aﬂ:vﬁ—v;—i—ri)ﬁ—n}z
The derivative of the output voltages can be found by measuring the capacitor currents
and tranforming to the desired reference frame. The function o4 does not contain a
term dependent on 9} because it is zero for steady-state operation. In the afl frame,
the derivatives of the references are nonzero and cannot be omitted without affecting the

performance of the closed loop system. However, it is possible to use the sliding functions

Oo = Vg — V) + 70,
(5.29)
agzvﬂ—v;—{—réﬁ

and the same existence conditions must be satisfied. In this case, however, the response

from the reference to the output is

va(8) 1
va(s) 1+t
wle) (5:20)

’UE(S) 1 + 8T
when the system is operating in sliding mode. This implies that there will be an amplitude
error and phase offset between the reference and the output. This error can be made
small if the inversion frequency is small compared to the bandwidth 1 /7 of the sliding
mode system. However, it is difficult to ensure analytically that the system will remain
in the sliding manifold, at all instants of the inversion cycle, as the reference voltages

vary. Qualitatively, the above-mentioned constraint on the inversion frequency should be
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) Sector V2 T, \/3/*23:5'.
0 0<6, <x/3 ] — T3 T2
1 /3 <6, <2x/3 Ty — T3 —q
2 2n/3< 0, <= Iy ~ T T3
3 T <60, <4rn/3 T3 — T —Z
4 47w /3 < 6, < 57/3 T3 — Ty z
5 57/3< 0, <2rm T1 — Zg —x3

Table 5.1: Approzimation of dg method using components of the vector in the different

a;f; frames depending on the sector, using phase and line components of the
vector in the stationary reference frame.

sufficient to ensure that the system remains in the sliding manifold at all times, when in

steady-state operation.

The third method described in Section 5.1.2 uses the different axes ;B in
each sector to approximate the dg components in each sector. The transformations to
the o;f; reference frames are easy to implement as the components can be obtained by
choosing the right phase and line voltages in the stationary reference frame, in each sector.
Table 5.1 enumerates the choices of the line and phase voltages or currents that are used
in the different sectors. In this way the transformation of the states to the dq axes is
avolded and the controller is realized using less hardware. It is also possible to use the
phase voltages and currents directly and to choose the inputs appropriately, depending on
the sector in which the reference lies. Though approximate, this method is very easy to
implement and results in reasonably good system performance. The reference voltages
required are still sinusoidal in nature, and their derivatives can be obtained by passing

the references through a high-pass prefilter, or be omitted from the sliding lines, as in
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Figure 5.6: The output voltage phasor in the of3 azes with sliding surfaces in the dg
reference frame. In steady state, the locus of the vector is a circle.

T T LS T T T L] T T

Oq
VWA g - o NS, B a s ha o ae o e

I i A A -l — 'l Il 4

Figure 5.7. The step response of the components vg and vg Lo a change in the reference
vy for the system using sliding surfaces in the dq reference frame.
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Figure 5.8: The output voltage phasor in the af frame for the system using sliding sur-
faces in the stationary abc reference frame.

T T T T T T v T T

A 4 i I n i I A 1

Figure 5.9: Response of the abc sliding mode system to a step change in the amplitude
of the reference voltage.
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the af method.

5.1.6 Simulation Results

In this subsection, simulation results are presented for some of the methods
of sliding mode control described for the buck inverter. The method utilizing the sliding
lines in the dq frame and the approximate method using the stationary abc reference
frame, are considered. Figure 5.6 shows the output voltage phasor in the a8 frame, and
Fig. 5.7 the response of the system to a step change in the reference v}, for the system
using sliding mode in the dg reference frame. Figures 5.8 and 5.9 show the corresponding

results for the approximate method implemented in the stationary abc frame.

5.2 Boost Inverter

The boost inverter contains two single-pole, triple-throw switches as shown in
Fig. 5.10, and the controls u,, assume values +1, —1, and O depending on the positions of
the switches S; and S;. The topology constrains the three controls to sum to zero; hence,
there are only two independent controls available to control the balanced three phase
outputs. The control inputs and the resultant current phasors are shown in Fig. 5.11.

The boost inverter is a current-fed topology and the switches control the cur-
rent that is fed to the output section. The current phasor feeding the output phasor can
assume seven discrete positions, the amplitude being determined by the magnitude of
the inductor current. Any average current phasor that lies within the hexagon described
by the six nonzero control positions can be attained by switching rapidly between these
controls. The output current amplitude is consequently smaller than the inductor or

input current, and the topology provides current step-down and voltage step-up. This

determines the domain of operation of the inverter.
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i L ug=1 Up=1 uz=1
ARV,
’ ’ ’ R
Uy
— v up
U3
J - - :£V3

sz_i U2=”'1 U3=_.'1

Figure 5.10: Three phase boost inverter with two single-pole, triple-throw switches.

Ug | Us | Ug
A 1 0| -1
B 0 14 -1
C|-1 1 0
D |-1 0 1
E 01} -1 1
F 11-1 0

Figure 5.11: The seven possible controls and the corresponding phasor of the current feed-

ing the output sections. The amplitude of the phasors depends on the value
of the inductor current.
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5.2.1 System Description

The boost topology, being current-fed, results in pulsating currents in the
output capacitors. The state space description of the system in the stationary reference

frame is expressed in terms of the inductor current and capacitor voltages by

. 3
Li=v, — Zuwvw
w=1

3 (5.31)
. . 1 1
Coy =1Uy — vy +—=— > v
In the dg frame, the boost inverter is described by
$=Ax+Ba+T, (5.32)
where i . 3 i
0 0O 0 1
A= 0 —wp wy , X= Vg
0 —w, ~wp Vg
—vg/L —vy/L v, /L
) ! i of (5.33)
B = i/C 0 , Typ= 0
0 i/C 0
Uq
= , Wp= 1
” RC

The desired outputs v} and vy determine the required operating point %*. In steady

state, the desired operating point

X* = v (5.34)




109

consists of components that are dc in nature. The reference v, is chosen to be zero by
proper choice of 8, and ¢* is related to vy by

1122
= 5.35
‘ v R ( )

Let % represent the error in the states from the desired operating point X*. Then the

system is described by

x=A%x+Ba+ T (5.36)
where ) 3
vg/L
}:i == i - X* ) ’i‘ - _wpvé (537)
| Ty |
The corresponding description in the o8 reference frame is
X=A%+Bu+T (5.38)
where
0 0 o0 :
A= 0 —Wwp 0 y X = Vg y W=
0 0 —Wp ] ’Uﬂ |
—va/L —vp/L vy/L (5.39)
B = i/C 0 , T'= —wp H (wy)v} cos{f, + ¢(w,)}
0 i/C —wp H(w,)v} sin{, + ¢(w,)}
_ 1 . — w
wp = o H(w,) =4/1 twi/wl o, P(w,) = arctan(;{’—])

5.2.2 Sliding Surface

Sliding mode control of the boost inverter can be implemented in the af or dg

reference frame. Sliding surfaces in the dg reference frame are considered first because of
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the dc nature of all steady-state quantities in this reference frame. The sliding surfaces

chosen are

04 =0g+ Ryt

(5.40)
o4 = U4
and written in the form
§=0C% (5.41)
where
o4 . R, 1 0
5= , G= (5.42)
o4 0 0 1

In Eq. (5.36), it is noted that if u, is chosen to constrain vy to be small in magnitude,
then the system effectively separates into two parts, which are linked by the inductor
current alone. Hence, vy and 7 can be controlled using ug4 in a manner similar to a boost
dc-dc converter, and v, is like a disturbance to this loop. This loop also sets the necessary
current in the inductor, which enables ug to control v, and reduce it to zero. Thus, the
goal is to reduce the design of the system to the design of two single input sliding mode
systems.

The switch positions are chosen using the signs of the errors in the sliding

functions and the position 8, of the reference phasor, as shown in Fig. 5.12. The control

inputs are
cos(¢r) sin(¢,) Ugg
fi=Qu, = (#r) ’ ’ (5.43)
—sin(¢,) cos(é,) Ugg
where
+V3/2 ;04> +Ag
Usd =
—V3/2 ; i< —Ag
+1/V2 5 o< —A, (5.44)
Ugq =
—1/V2 gy >+A,

br=0,—(r/3)s; ; 0<s<5
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B +- B ++
C A A C
- 1 Sl ++ +—
h : "“ 7 A
Vi
)
D F D F
—+ ++ -~ -+
E -+ E--
s,=0; -n/6<6.<n/8 sy=1; m/6<6.<n/2 $,=2;, m/2<6.<5n/6
B —_—
C A c
HH R -+ -+
[ )
[
[
D F =
+- -— +-

E ++

s;=3;, 5n/6<6.<7n/6 s;=4, 7mn/6<6.<31/2 s4=5; 3n/2<6.<11n/6

Fuigure 5.12: The choice of switch positions is based on the signs of the error functions
04, 0q, and on the sector in which the reference voltage phasor lies.

This switching strategy is similar to that used for the buck inverter, except for the
definition of the sectors. The magnitude of the control |ug| varies between \/3/2 and

1/4/2 in each sector, while |ug| changes between 1/4/2 and 0.

Transformation to the dg reference frame can be avoided using o;3; reference
frames for sliding control. The sliding functions in this method are obtained directly from
measured quantities in the stationary three phase reference frame. The transformation

to the o;f; frames is shown in Table 5.2. The sliding surfaces used in each sector are

O’i:Gf{; H 053,-55 (5.45)
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) Sector \/m Ty, V2 zg,
0 -7/6 <0, <n/6 z1 IT9 — T3
1 /6 <0, <x/2 -3 Ty — I1
2 /2 <0, < 57/6 Ty T3 — 11
3 57/6 <0, <Tr/6 -z T3 — Ty
4 Tn/6 <6, <9r/6 z3 Ty — Ty
5 9r/6 <6, < 11r/6 —Tg T — T3

Table 5.2: Components of a vector in the oy f; frames depending on the sector in which
0, lies.

where ] .
:
Oq; ~
0; = ;X = Dar; ;. G=G (5.46)
98;
v,

The o;0; axes and the switch positions utilized are depicted in Fig. 5.13. In each sector

s; the control u,; and ug, are chosen according to

+/3/2 ; Oq; > +A,
Uy, =
—V3/2 ; 04; < —A,
/ (5.47)
+1/V2 5 05 < —Ap
Ug; =
~1/V2 ; op; > +4p

5.2.3 Existence and Reaching Conditions

The necessary conditions for the existence of sliding motion on the discontinu-
ity surfaces of Eq. (5.41) are found using the conditions of Eq. (5.16) on the equivalent

control calculated from Eq. (5.14). This results in the following necessary conditions for
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5;=0; -n/B<6.<n/6 s1=1; m/B<B.<n/2 sy=2; m/2<6.<5n/6

++ V}r
Og < X
|

s;=3; 5m/6<6,<7n/6  s;=4; 7n/6<6.<3n/2 s5,=5; 3n/2<6.<111/6

Figure 5.18: The o;fB; axes and the corresponding switch positions for the sliding mode

control of the boost inverter.

the boost inverter:

* 5.48
we o 14 (5.48)
wp V2 Vg

The same constraints are required if sliding control is implemented using the o;8; method.

The rate of change in the sliding functions is given by

+ GBi + GT (5.49)

Mo

5=GA
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where

-~ 0 —wp Wy
GA =

0 —w, —wp

) (5.50)
o 1/C — Ryvg3/L —R,v,/L ~ Rov, /L — wyv?
I R e B

0 i/C —Wy v}

The matrix GB in Eq. (5.49) is an upper triangular one, and the method of hierarchy of
controls[20] is used to examine the existence and reaching conditions for sliding motion
on the surfaces of Eq. (5.41). The term dependent on ug, in the equation describing &4,
is like a disturbance to the sliding motion along oy. However, if the magnitude of Vg
is small, the control ug can ensure sliding motion on oy regardless of the instantaneous
value assumed by u,. Consequently, the sliding motion along o, is very similar to that
of a dc-dc boost converter in the presence of a disturbance. The control ug4 establishes
the required current in the inductor and ug utilizes it to provide sliding motion along ag.
However, at the boundary of each sector, |u,| goes to zero for two of the switch positions
used, and sliding motion does not occur on o, when 0, is in the vicinity of the sector
boundary. Hence, sliding motion does not exist on each individual surface at all times.
However, in practice, sliding motion occurs at the intersection of the sliding surfaces even
when 8, is in the vicinity of the sector boundary, but sufficient conditions for its existence

cannot be obtained easily.

The time derivatives of the sliding functions in the a;3; axes are given by

& = GAx + GBu + GT (5.51)
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where
[ .
0 —w 0 1/C — Ryvy/L —Ryuvg/L
GA — p . GB= / / ﬁ/
0 0 —wp 0 i/C
Ruvy/L— apH ()05 cos{6, + ¢(ar)) (5:52)
sV ) Wy JU; COS{ Of Wy
GT = ! ? 4 , —7/6<¢,<n/6
i —~wp H(wy)v} sin{é, + é(wr)}

H(w,) = /14 wE/w? | ¢(w,)= arctan(w, /wy)

Any single sector alone needs to be examined because of the sixfold symmetry present in
the control scheme. Hence, sector sg is chosen and the axes aofp correspond to af axes
and the subcript ¢ is dropped in Eq. (5.51). The method of hierarchy of controls is used

and the conditions for sliding motion to exist on the chosen sliding manifold are

; Ryv, . R,v, +
c L (Y < fat—pup
: Rsva Rsva +
c L (Y > ety
(5.53)
Lot < —f
c? o
—i—uE > —fﬁ
C
where
) fa
f=GAX+GT = (5.54)
fo
and u:ﬁt is used to represent the two values that the control ug assumes. The conditions

of Eq. (5.53) result in the following inequalities:

[ <« _PBC

a>0
a+V3M
1 8 1 w (555)
M>\2+2 |- L _@r '
a\|l 2 a 2wp

M>\/§,/1+wf/wg
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where M is the voltage gain v;/v,. Reaching is assured using current limiting action.

The current limit I, is chosen higher than i* and ugq and u, are chosen to be —+/372

when ¢ exceeds I,,.

5.2.4 Stability of System in Sliding Mode

The stability of the system under sliding motion is determined using the
method of equivalent control, as described in Section 5.1.4. The relation between 1 and

04 can be found using

2 2
=wrnta (o) g (o) v (30)
=24+ =4 — (= — | =C — | = .
WERTR TR\ T g (30 T (g (5:56)
which represents the conservation of power in the converter. When the system is on the

surface oy, 1 is related to & by

] 21)2 ’l‘}d n C’ad C’U:; .
o d g Ve . R 57
' {Rvg + Rvg} va + { Vg + Vg vd (5:57)
The motion of the system in the sliding manifold is described by
2 Ed Fol 23 * .
14 2fovd  Bebal o\ J0a val p g =0 (5.58)
R, R, Vg

The necessary condition for stability of the system on the intersection of the sliding

surfaces is

'l')d > —vf
4 (5.59)
R, >0
For the o;8; method, the conditions for stability are
b, > —vp,
B, >0 (5.60)
wr < V3w, + 29,

vy R,C
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Figure 5.14: (a) The steady-state output voltage phasor in the aff frame for the system
using sliding surfaces in the rotating dq reference frame. The scales on the z
and y azes are 15 V/div and the inversion frequency is 100 Hz. (b) Steady-
state three phase output voltages. The scale on the y-azis is 20 V/div.

T & IR e
NPT PRETE STRTY SUWTY S ' e
bd-4-++ yYvY LN an 4 T

Figure 5.15: Response of the dq sliding mode system to a step change in the amplitude of
the reference voltage. The scale on the z-axis is 8 ms/div while vy 1s plotted
on a scale of 6 V/div.
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5.2.5 Experimental Results

In the practical implementation of the sliding surfaces described, the voltage
error signals are obtained by direct measurement of output voltages and comparison
with the desired reference voltages. However, the current error has to be obtained by

measuring the inductor current and passing it through a high pass filter, and is given by

i(s) = ?1(52)1% ;w1 <K wp (5.61)

Results shown are for the system implemented using sliding surfaces in the dg reference
frame. Figure 5.14 portrays the measured output voltage phasor in the of reference
frame and Fig. 5.15 the response to a step change in the reference vy. The parameters of

the converter used for experimental measurements are:

L=04mH ; C=31uF ; R=640Q
(5.62)
Veg=20V ; Rg=100 ; Vi=40V

5.3 Flyback Inverter

The three phase flyback inverter consists of one triple-throw, and one quadruple-
throw, current unidirectional, voltage bidirectional switch. The controls take values +1,
—1, and 0 depending on the positions of the switches, as shown in Fig. 5.16. When the
input control v = 1, then the output controls uy, u2, and uz have to be zero. Again,
there are only two independent inputs that control the current that is fed to the output
section. The current phasor feeding the output section can assume the seven dicrete po-
sitions shown in Fig. 5.17 with the amplitude of the phasor set by the inductor current.
In this inverter, the average input current is lower than the inductor current, and the
current gain of the inverter can be less than or greater than unity. Hence, the topology

can provide voltage step-up or step-down.
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u=1 us=1 Us=1 U=
} . ]
] 1 ’ ’ . R
Uy
Vg L Uz
Uz
) ) : C:Ew ‘:@ ggh
(= ( T T T
ug=-1 Up=—1 Uz=-1 .

Figure 5.16: Three phase flyback inverter with one single-pole triple-throw switch and one
quadruple-throw.

Ug | Up | Uz | u
A 1 c|-1:0
B 0 11-110
C -1 1 0|0
bD|-1 0 110
E 0} -1 110
F 11 -1 0|0
G 0 0 011

Figure 5.17: The seven possible controls and the corresponding phasor of the current feed-
ing the output sections. The amplitude of the phasors depends on the value
of the inductor current.
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5.3.1 System Description

The outputs of the flyback inverter are current-fed and the capacitor currents

are discontinuous. The state space descripiton of the flyback inverter in the stationary

reference frame is

) 3
Li=uv, — E Uy Uy
w=1

3
. . 1 1
CUy =Ty — = vy + = v

(5.63)

In the dq reference frame, the system is represented in terms of the state errors from the

desired steady-state point X* by

Hore
Il
P
po
+
ol
=i
+
Hr

where X . o
0 0 o0 i
A= 0 ~wp, wy , X= U4
0 —w, —wp g
- vg/L —vg/L —uvs/L -
B=| o i 0 , T=
0 0 i/C
- u - . -
1= Uqg , X'= v} y Wp = —=—
Ug 0

(5.64)

(5.65)

in which the reference v, has been assumed to be zero. The steady-state values ¢* and

vy are in accordance with

.*:1,22 _:!_ﬁ 1+w__z
wR 2R wi

In the af frame, the system representation is

(5.66)

(5.67)
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B ++

[
1o

E__
5;=0; -n/6<6.<n/6 s;=1;, m/6<6.<n/2 s;=2; m/2<6.<51/86

D DA ¥
+—\/—- it
E +-

5;=3;, 5n/B<6.<7n/6 s;=4; 7n/6<6.<3n/2 5;=5;, 3n/2<6.<11n/6

Figure 5.18: The switch positions used to control the flyback inverter depend on the signs
of the functions o4, 04, and on the position of the reference phasor v*.

where
(0 o o | [ ;] [ o ]
A=10 -w, 0 o X=| g, sy W= | oy,
0 0 —w ] i g ] ug
vg/L —va/L —vg/L 0 (5.68)
B = 0 i/C 0 » T=| —w,H(w,)v}cos{b, + d(w,)}
0 0 i/C | | ~wpH (wr)vgsin{6, + ¢(wr)}

wp=—c  H(w)=y/T+o}fu} , $ur) = arctan(¥r)

Wp
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5.3.2 Sliding Surface

The flyback inverter is a current-fed topology like the boost inverter and similar
sliding functions are used. However, the choice of controls has to be made in a different
manner owing to the presence of a switch throw on the dc side of the converter. The

sliding surfaces in the dq frame are given by

o

F=G (5.69)

where

Oq4 ~ Rs 1 0
, G= (5.70)

g 0 0 1

Q
{l

The switch positions are chosen using the signs of the error functions 04, 04 and the

position 0, of the reference phasor as shown in Fig. 5.18. The control inputs are given by

- . -
1 0 0 u
i=Qu,=| g cos(¢,) sin(g,) Usg (5.71)
i 0 ~—sin(¢,) cos(d,) || #ea |

where

0, 3B/2, —1/v2] for o4> +Ay , o, > +4,
V3/2

r_ | [0, 3/2, 1/V2] for oa>+Aq , g, < —A,
u, =
0, —v/3/2, 1/v/2] for a5< —-Ay4 , o < —Ay (5.72)
[1, 0, 0] for o9 < -4y , oq > +4y

¢r=0,—(n/3)s; ; 0<s;<5

The o;f; reference frames shown in Table 5.2 can be used and sliding motion

achieved using surfaces in these reference frames.

g; — Gf{,,' ) 0 < 83 < 5 (5.73)
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7m/6<6.<3m/2

Sy=2;

B ++

'\B T

n/2<6.<5n/6

5,=5; 3m/2<6.<11n/8

Figure 5.19: The o;f; azes and the corresponding switch positions for the sliding mode

control of the flyback inverter.

where

Oa.

o; =

T

0p;

(5.74)

The switch positions and axes used in each sector are shown in Fig. 5.19. In each sector

the control input is described by

0, VIR
.o vem
R

[1, 0,

~1/V2|
1/v/2]
1/v2]

0

for oq,;

for o,

t

for oy,

for

> +Agy
> +A,

< —A,

(<A

op;
a9,
0pg;

op;

(5.75)
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5.3.3 Existence and Reaching Conditions

The sliding conditions cannot be obtained by separating into two separate
single input systems, as the inputs depend on both the error functions. However, sliding
motion on each discontinuity surface can be checked by checking for sliding conditions

for any control input that occurs. In the dg method, the condition for existence of sliding

motion on oy is

R,RC
L< (5.76)

2 2
M+\/7 1+—
f

However, it is not possible to obtain sufficient condltlons to ensure sliding motion on o,

for 8, in the vicinity of the boundaries of the sector. However, in practice, sliding motion
exists at the intersection of the discontinuity surfaces for all 0, if w, is small compared to
wp. Reaching is ensured using current limiting action, as was done in the boost inverter.

The current limit ¢,, should be higher than 1* and and L should be chosen to satisfy

R, RC

L< - efY (5.77)
3 igpR
§ Vg

In the ;8; method, the sufficient conditions for sliding motion to exist on each

individual surface are

R,RC

\/_(M+ 1/V2) +\/—\/1+w2/w2
M > 1/V2 /1 + w/w? (5.78)
wr > /2[3w,

The latter two inequalities in Eq. (5.78) are highly restrictive and may be very conserva-

tive. Reaching is ensured using current limiting action.
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5.3.4 Stability of System in Sliding Mode

The stability of the flyback inverter in the sliding manifold is determined using

the method of equivalent control. The relation between ¢ and 9, is

~ vyR  v,R \/_R vgR \/—R

for w? <« w . The motion of the system in sliding mode is described by

2Rv5 R0 R R
R, Ry,

V2R ”9 Ug \/i

and the conditions for stability are

R, >0

v
bg > —vh — <L

V2

(5.79)

(5.80)

(5.81)

The conditions for stable motion in the sliding manifold using the a;8; method are

R, >0

wy/wp < /3 +2/M

5.3.5 Simulation Results

(5.82)

The sliding surfaces are implemented by measuring the output voltages and

inductor current of the inverter. The current error 1 is obtained by passing the measured

current signal through a high pass filter, as in the case of the boost inverter. The sim-

ulation results for the d¢ method are shown in Figs. 5.20 and 5.21, which portray the

output voltage phasor in the o8 frame, and the response of the system to a step change

in the reference vy
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Figure 5.20: The output voltage phasor in the af frame for the flyback inverter using
sliding surfaces in the rotating dq reference frame.
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Vd
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Figure 5.21: Response of the dq sliding mode system to a step change in the
the reference voltage.

amplitude of
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Chapter 6

Sliding Mode Control of Rectifiers

The sliding mode control of balanced polyphase rectifiers is considered in this
chapter. The control is used to regulate the desired dc output voltage, as well as to pro-
duce desired input waveforms and draw power from the ac source at unity power factor.
The three basic topologies are considered and illustrated using three phase versions of
these topologies.

The three phase rectifier has two independent controls which can be used to
regulate the dc output and reduce the low frequency harmonic distortion of the input ac
currents. The input ac current may be pulsating (at the switching frequency) or smooth
depending on the converter topology. If the input currents are pulsating, it is necessary
to obtain their average value from the duty ratios of the switches in order to control the
low frequency ac harmonics in the input currents. Often, this feature may already be

present in the power circuit in the form of an ac input filter.

6.1 Buck Rectifier

The three phase buck rectifier, Fig. 6.1, consists of two triple-throw switches
that apply any one of the three ac line voltages to the ac end of the inductor. The
control inputs uj can assume values +1, —1, or 0, and the the possible combinations for
the different positions of the switches are shown in Fig. 6.2. When in normal steady-state

operation, the inductor current and output voltage are dc (with a switching ripple) and
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Figure 6.1: Three phase buck rectifier with two two triple-throw switches and two inde-
pendent controls. The input currents are pulsating in nature.

Ug | Up | Us
A 1 0| -1
B 0 1) -1
C -1 1
D{-1 0 1
E 0| -1 1
F 1]-1 0

Figure 6.2: The possible switch positions and corresponding control inputs shown in the
stattonary abc reference frame.
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the input currents are pulsating. The control positions of the switches are chosen so as
to maintain the average input current sinusoidal and with the desired phase. In this case,

the average ac input currents cannot be measured directly from the power stage and have

to be obtained in the control circuit.

6.1.1 System Description

The output capacitor voltage and its derivative are continuous and differen-
tiable functions and the state space description of the system can be put in the control

canonical form. In the abc reference frame, the system is described by

1 1 1 3
U:—EEU__LEU+EI;Ukvgk (61)
where
2m
Vgk = Vgm cos{l, — (k — 1)—3—}  1<k<3 (6.2)

In the moving dg reference frame, the system is described in terms of the voltage error

and its derivative by

x=Ak%x+Ba+T (6.3)
where
- 0 1 . 0 0
A= ;. B =
—w? —wp wgvgd 0
. 0 s L. b uq (6.4)
T = ; X=X-%X= col=
—w?v* ) Ug
2 1 1
wo = . Wy, —= —=—
° e’ 7 Rc

in which the transformation has been chosen in phase with v, such that the component Vgq
is zero. The system of Eq. (6.4) is similar to a buck dc-dc converter with the control input

ugq. The ac source currents, however, depend on both u4 and g, and the controller must
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use u, to provide average input currents that are sinusoidal in the stationary reference

frame.

6.1.2 Sliding Surfaces

The system of Eq. (6.4) is similar to the buck dc-dc converter and consequently

a sliding surface of the form
Og=0+710 (6.5)

can be utilized with u4 chosen depending on the position 6, of the source phasor v,. This
will, however, control the output voltage only and will not provide the desired average

input current waveforms. Consequently, the system is augmented using the average value

of the control input u, given by

Tyuqg = Uqg (6.6)
The sliding surface

Oq = Tyq (6.7)
is then used to maintain the average value of control ug as zero and thus provide average
ac source currents that are sinusoidal and in phase with the source voltage. If a power

factor different from unity is desired, the average value of uq can be regulated to be equal

to a constant value that is determined by the desired input power factor.

The sliding mode control of the augmented system reduces to the control of
two single input, single output systems using the above-mentioned sliding surfaces. The
control inputs are chosen depending on the sector s; in which the source vector v, lies,

as shown in Fig. 6.3, and are given by

d=Qu,— cos(¢,)  sin(¢y) Ugq (6.8)

—sin(¢,) cos(¢,) Ugg
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Figure 6.3: The switch position is chosen using the position of the source phasor v, and
the signs of the o4, o,.

where

Usgd =

—\/3;2 ; 0'd>+Ad

+1/vV2 ;04 < -4, (6.9)
Ugg =

—1/V/2 5 o> +A,
¢r:€,—(7r/3)s,- ; 0<5; <5
6.1.3 Existence and Reaching Conditions

Sufficient conditions for the existence of sliding motion on the surfaces oy
and o4 can be obtained by considering the dependence of ug on Ugg, Ug ON Ugqg tO be

like disturbances to two single input, single output sliding mode systems. The time
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derivatives of the sliding functions are given by

2 2

04= (1~ wpr) 0 — wlrd — wirv* + wlrvguy

(6.10)
Gq = Uq
The magnitude of the control |ug| varies between /3/2 and 1/1/2 depending on ugq and
0, while the sign of u, is set by the sign of the oy. Similarly, the magnitude of control
luq| changes between 1/4/2 and 0.
The existence and reaching conditions for sliding motion on 04 are automat-

ically satisfied by the chosen controls for all f,, except at the boundary of the sectors.

The conditions for existence of sliding motion on o4 and reaching are

V3

vS T2 Vem (6.11)

T > RC

6.1.4 Stability of System in Sliding Mode

The motion of the system on the sliding surfaces can be found using the method

of equivalent control. In sliding mode, the system motion is described by
b+7d=0 (6.12)

and the sliding mode system is asymptotically stable for 7 > 0. The origin is the stable
equilibrium point and the system operates at the desired steady-state operating point set

by the reference v*.

6.1.5 Simulation Results

The sliding surface o4 is implemented using the measured output capacitor
voltage and capacitor current. The function o4 is found directly from the switch controls
u1, Uz, and ug, by transforming to find u4 and then passing through an integrator. The

circuitry necessary for implementing the transformation is of the same order of complexity
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Figure 6.4: Starting transient of the three phase buck rectifier. The top two traces depict
the ac source voltage vy1 and average source current < tg1 > of phase 1 while
the bottom traces show the output voltage v and the inductor current i. The
ac source frequency was set at 100 Hz.

T T T T T T T \J T

\ i

- i A " . — e

Figure 6.5: The response of the system to a step change in the voltage reference v* from
15V to 17V.
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as that used for pulse-width modulated schemes as only one-half of the dq transformation
is involved.

The simulation results of the three phase buck rectifier are shown in Figs. 6.4
and 6.5. The scale and origin used for each variable plotted is different and is not
marked for clarity. Figure 6.4 shows the starting transient of the sliding mode system.
The starting transient consists of two segments: first, reaching of the sliding manifold;
second, moving along the sliding surface to the desired steady-state operating point. In
the buck rectifier, the reaching segment of the transient is very short and corresponds to
the initial fast rise in the inductor current. The average steady-state ac input currents
are sinusoidal and the small phase difference between the source voltage and current is
due to the low pass filter used to calculate the average source current. The response of
the sliding mode system to a step change in the reference voltage v* is plotted in Fig. 6.5.
The system leaves the sliding surface owing to the step change, but returns to the surface
rapidly and proceeds towards steady state along the sliding surface. The converter and

sliding mode parameters of the system used in the simulation are

L=1mH ; C=10uF ; R=100

(6.13)

Ve=30V ; V*=15V ; 7=103sec

6.2 Boost Rectifier

The boost rectifier of Fig. 6.6 consists of three single-pole, double throw
switches. The inductors at the source end enable the converter to provide smooth input
currents, while the output capacitor current is pulsating in nature, as is characteristic of
the boost topology. The controls uj can assume values +1 and —1 depending on the po-
sitions of the switches. The eight possible switch positions and the corresponding control

inputs are depicted in the phasor diagram of Fig. 6.7. There are only two independent
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us=-1 up=-1 uz=-1

Figure 6.6: The boost rectifier with three single-pole, double-throw switches. The ac input
currents are smooth, but the output current is pulsating in this topology.

U | Uz | u;
A 11-11-1
B 1 11 -1
c -1 1 -1
D |-1 1 1
E |-1] -1 1
F 1] -1 1
G 1 1 1
Hil-1]-1]-1

Figure 6.7: The eight possible switch positions and corresponding control wnputs for the
boost rectifier.
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controls, as the topology constrains the inductor currents to be balanced. In steady state,
the desired inductor currents are balanced sinusoidal currents and the output capacitor

voltage is a constant dc voltage.

6.2.1 System Description

Owing to the pulsating nature of the output capacitor current, the boost rec-
tifier cannot be put in the controllable canonical form in terms of the output voltage
and its derivatives. The state space description of the system in terms of the inductor
currents and capacitor voltage is given by

3
- v v
sz:vgk—uk§+—2—;uz ; 1<k<3
2= (6.14)

3
1
C’U: EZ’.’C“’C - %
k=1
where the balanced ac source voltages vgk are as described by Eq. (6.2). The system

representation in the dq reference frame is

$=A%+Ba+T (6.15)
where
_ ; _ - _ -
0 w O v/2L 0 vgq/L
A= —w, 0 0 ; B= 0 v/2L ; T= —w,ty
0 0 —uwp 13/2C 14/2C —wpv*
- L ) : - © (e.16)
14
2 ~ Ug 1
X=X-%X*=|3 i= D Wy =
1q ’ 14 RC
Uyg
)
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n<6.<4n/3 4n/3<6.<5n/3 5n/3<8.<2n

Figure 6.8: The switch positions used to control the boost rectifier depend on the the signs
of 64, 0q, and the sector in which the source voltage phasor lies.

in which the transformation has been chosen so as to make vgq equal to zero and X* is

the desired steady-state operating point given by

=10 (6.17)

It is observed that if ¢; is regulated to zero using u,, then the system of Eq. (6.16)

becomes similar to a boost dc-de converter.

6.2.2 Sliding Surfaces

The sliding surfaces are chosen so as to make the system similar to the boost

dc-dc converter. Hence, one sliding surface is chosen to keep 1, at zero and the second is
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used to regulate the output voltage. The sliding surfaces are given by

O'd:ﬁ-{—Rs:d (6 18)
O0qg =14

and the switch positions are chosen depending on the signs of 04, 04, and the angular

position of the source voltage phasor. The choice of control illustrated in Fig. 6.8 is given

by
cos(¢, sin (¢, Ugg
i=Qu, = () ) ) (6.19)
—sin(¢,) cos(¢,) Usgq
where
+1/3/2 I YA
Ugg =
—\/3/2 ; 0g < —Ay
+1/V2 ;o> +4, (6.20)
Ugg =
—1/V2 ;g < =4,

¢r =0, ~7/6—(7/3)s; ; 0< ;<5

6.2.3 Existence and Reaching Conditions

Existence conditions are found by considering the system motion in the vicinity
of the sliding surfaces o4 and o,. In the vicinity of o, = 0, lig| is small and sliding

conditions on ¢4 are similar to those of a boost de-dc converter. The rates of change of

the functions ¢4 and o, are

. 1- Rs RS’U . i
g = 2—é—ud—va+-rvgd— BT ud + Rewrig + Eé—uq

(6.21)
64 = —ﬁ Ug — Wyig

in which the last two terms in 64 can be neglected when the system is close to the surface

0g = 0. Control ug varies in magnitude between /3/2 and 1/4/2 in any sector, and the
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conditions for sliding motion on the surface oy = 0 are similar to those for the boost

dc-dc converter and are given by

R;RCvyq

v

L< (6.22)

v > 2\/5119,1

However, as the magnitude of the control u, varies between 1/1/2 and 0, sliding condi-
tions for o, do not hold for 8, close to the boundaries of the sectors. Though sufficient
conditions cannot be found for sliding motion to exist on each individual surface, it does
exist at their intersection and the conditions of Eq. (6.22) provide satisfactory criteria for

the design of a sliding mode boost rectifier. Reaching is ensured using current limiting

action.

6.2.4 Stability of System in Sliding Mode

The motion of the system in the sliding manifold is obtained using the power

relation
1)2 - .
Vgalqd = = + Cvv + Ligig + Ligi, (6.23)
The relation between ;'d and 9 is
A ) + 20* n + Cv + Ccv* 1R (6 24)
1 ~ v —_— v .
d R’Ugd Rvgd vgd ’Ugd
and the motion of the system in sliding mode is described by
Ryv  2R,v* R,C% R,Cv*) .
Qe LA ot LA D L (6.25)
Rugq Rvgyg Vgd Vgd

The conditions for the sliding system to be asymptotically stable with a stable equilibrium

point at the origin are

R, >0
(6.26)
P> —oF
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Figure 6.9: The starting transient of the three phase boost rectifier. The plot shows the

shding functions o4, a,, the oulput voltage v, and the component i, of the
source current.
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Figure 6.10: The ac input current transient for a step change in the reference v*.
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6.2.5 Simulation Results

The sliding surfaces are implemented by sensing the output voltage and in-
ductor currents in the stationary reference frame and transforming the currents to the dg
reference frame using the dg transformation. The current error 14 is then approximated
by passing 14 through a high pass filter and given by

;'d(s) 1 rsl)/s ;

w1 <K wp (6.27)
The simulation results of the three phase boost rectifier are plotted in Figs. 6.9 and 6.10.

Figure 6.9 portrays the starting transient of the boost rectifier. The starting
transient consists of three modes of operation. The first segment is the uncontrolled
portion of the response while the output voltage rises to a certain minimum level, and
the peak current cannot be limited during this portion of the transient. The second
section of the starting transient is the current limiting mode and subsequent reaching
of the sliding surfaces. The current limiting section of the starting transient of Fig 6.9
is very brief. The final section of the transient consists of motion of the system in the
sliding manifold, towards the steady-state operating point. The response of the sliding
mode system to a step change in the reference v*, is shown in Fig 6.10. The response
1s composed of two sections: first, in current limiting mode until the system reaches the
sliding surface, and finally in sliding mode to the operating point. The parameters of the

system modelled are:

L=1mH ; C=100uF ; R=500
(6.28)

Vg=15V ; Ry=10Q ; V*=60V
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u=1 Up=1 uz=1

Figure 6.11: The flyback rectifier with one single-pole, triple-throw switch and quadruple-
throw switch. The input currents are pulsating in this topology.

Ug Us | U3z | u
A 1 0{-11|0
B 0 11-11(0
C|-1 1 0|0
D|-1 0 110
E 0| -1 110
F 1:-1 00
G 0 0 01

Figure 6.12: The control inputs for the possible switch positions in the flyback rectifier.
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6.3 Flyback Rectifier

The flyback rectifier contains one single-pole, triple-throw switch and one
quadruple-throw switch, as shown in Fig. 6.11. The controls u; can be +1, =1, 0r O
depending on the positions of the switches S; and S;. The topology constrains the
controls u to sum to zero and there are only two independent controls available. The

possible control inputs are depicted in the phasor diagram of Fig. 6.12. The input and

output currents are pulsating in this topology.

6.3.1 System Description
The state space description of the system in the stationary reference frame is

3
Li = Zukvgk —uv
k=1 (6.29)
v
Co—yi_ Y
U=u1 7

with the balanced ac source voltages vgr described by Eq. (6.2). In the dq reference frame

the representation of the system is

pae
I
3
o
+
ws]}
=1
+
[

(6.30)
where _
~ 0 0 - vd/L 0 —v/L
.A.: ) B: g
0 —wp 0 0 ¢/C
_ ug
. 0 . b 6.31
T = ; X=X-X%X*= ; U= u, ( )
—wpv* b
- u
1
Wp = ——
P Rre

In Eq. (6.31) the transformation has been chosen in phase with the ac source voltage

phasor in order to make vy zero. In Eq. (6.31) it is seen that the control ug has no effect
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Figure 6.13: The choice of switch positions depends on og4, 04, and on the sector in which
vy lies.

on the output voltage, while u; and u can be used to regulate the output voltage. The

control u, is consequently used to obtain the desired average input ac current waveforms.

6.3.2 Sliding Surfaces

The flyback rectifier of Eq. (6.31) is similar to the flyback dc-dc converter and

the sliding surface
04 =19+ Ryt (6.32)
1s used to regulate the output voltage. The desired average input currents are obtained

by augmenting the system with the average value of u,. The sliding surface

04 = Tug (6.33)
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is used to maintain the average value of uq to be zero where z,, defined by

Fug = ug (6.34)

The switch positions are chosen depending on the signs of the error functions and the

position of the source voltage phasor v, as shown in Fig. 6.13. Only three switch positions

are used in each sector in this control strategy.

6.3.3 Existence and Reaching Conditions

Sufficient conditions for existence and reaching can be obtained by considering

the system to be like two single input sliding mode systems. The derivatives of the sliding

functions are

. R, R, i
04 = —wpd — wpv* + I VedUd — - VU F —
(6.35)

Oq =Yg

The existence conditions for sliding mode on o are satisfied if

R;RCuvyy

L< v (6.36)

and reaching is ensured using current limiting action. If the current limit used is I,

then L has to satisfy the inequality

R,RCv
L<—— 6.37
RI,+wv (6.3 )
For the control chosen
0,0,<0 for 64<0
o (6.38)

0,0,=0 for 04>0
and the rigorous conditions for sliding motion on 04 are not satisfied. However, it is

sufficient to ensure sliding motion at the intersection of o4 = 0 and gg =0.
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Figure 6.14: The starting transient of the three phase flyback rectifier. The plot shows
the sliding function o4, average source current < iy >, the output voltage
v, and the inductor current {. The ac source frequency used is 100 Hz.
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Figure 6.15: The response of the sliding mode system to a step change in the reference
voltage v*.
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6.3.4 Simulation Results

The sliding function ¢4 is implemented by measuring the inductor current and
output voltage and passing the measured current through a high pass filter to obtain the
current error 1. The sliding function o, is obtained by transforming the controls u; to
get ug and passing through an integrator. The simulation results of the flyback rectifier
using

L=1mH ; C=100uF ; R=500

(6.39)

Vem=30V ; Re=1Q ; V* =45V

are plotted in Figs. 6.14 and 6.15.

Figure 6.14 portrays the starting transient, which consists of two operating
modes. In the first segment, the system reaches the sliding surfaces under current limiting
action. After reaching the sliding surfaces, it moves in the the sliding manifold towards
the desired steady-state operating point. In steady-state operation, the average source
currents are sinusoidal and in phase with the ac source voltage. The response of the
system to a step change in the reference voltage is shown in Fig. 6.15. The response

again comprises current-limited motion followed by sliding motion.

6.4 Sliding Mode with Fixed Switching Frequency

It is possible to achieve sliding mode control and maintain a fixed switching
frequency by using a combination of sinusoidal pulse width modulation and sliding mode
control. This is done by applying sliding mode control using the duty ratio of a sinu-
soidally pulse width modulated rectifier. This can be done easily in the case of the buck
and flyback rectifiers, as they closely resemble the corresponding dc-dc converters.

The averaged state space description of the three basic, sinusoidally pulse

width modulated, rectifiers described in Chapter 1 is:
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e Buck Rectifier:

Lz.':dmvm cos¢p — v

(6.40)
Ciov=1i—-v/R
e Boost Rectifier:
Lig= Vg —vdp cos@ +w,Li,
Li'q =vgg—vdy sind — w,Liy (6.41)
Cv=14d p cosdp+1,d'y, sing —v/R
e Flyback Rectifier:
Li=dpv, cosp —d v
(6.42)

Co=dmi—v/R

In the above description, dp, or d', represents the duty ratio amplitude of the
switches; vy, is the amplitude of the ac source voltage; ¢ is the phase of the sinusoidal
modulation of the duty ratios with respect to the source voltage. The control input in
all cases is dy, and ¢, and the duty ratio d., is varied discontinuously between 0 and 1
(or dpmin and dpmqz) to provide sliding mode control of the output voltage. The averaged
descriptions of the buck and flyback rectifiers are identical to the buck and flyback dec-de
converters with vy equal to vy, cos ¢, and sliding control of the rectifier is identical to
that of the dc-dc converter. The only additional constraint required is that the sliding
frequency be small compared to the switching frequency of the pulse width modulated
switches. A simple approach is not possible for the sliding control of the boost rectifier.

Good robust performance of the system can be realized using this method of
control. However, it does not utilize the full capabilities of the converter as the sliding
motion is constrained to operate at a lower frequency than the switching frequency itself.

Consequently, the small signal bandwidth of such a controller will necessarily be only a

small fraction of the switching frequency.
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Figure 6.16: The sinusoidally pulse width modulated, buck rectifier with sliding mode con-
trol of the output used for simulations.
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Figure 6.17: The starting transient of the sliding controlled buck rectifier.
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The buck rectifier of Fig. 6.16 was simulated with the parameters shown. Fig-
ure 6.17 shows a simulation of the starting transient of the sliding mode controlled,

sinusoidally pulse width modulated, buck rectifier with input filter.
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Conclusion

Control and analysis techniques for fast-switching balanced polyphase inverters
and rectifiers have been considered in this thesis. The concepts of current reference
programming and sliding mode control of inverters and rectifiers were developed. These
methods of control are utilized to enable and simplify the control of balanced polyphase
converter systems that are multiple-input multiple-output, nonlinear systems.

The low frequency model of the converter was found using describing functions
in the rotating dq reference frame. The low frequency representation of the system is in
general nonlinear and the system input-output pairs are not decoupled from each other.
Current reference programming simplifies the system by reducing the effective order of
the system and improves the dynamic response of the converter. In some converters the
current programming loop helps to decouple the outputs from one another and eliminates
some of the nonlinearities present in the converter. Consequently, the design of regulators
using MIMO control techniques is simplified considerably. However, design of the con-
troller employing the small-signal, linear models is not adequate to ensure the stability
or performance of the system in the face of large signal disturbances or transients.

Sliding mode control of the switching converter was used to ensure the stability
and performance of the system in the presence of large signal transients. The conditions
for sliding motion were satisfied by proper choice of switch positions and design param-
eters. The existence and reaching conditions ensure the stability of the system during

large signal transients. The linear ripple and small-signal approximations made in state
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space averaging techniques are not necessary, and both the large and small signal motion
of the system were characterized using the sliding system formulation. The sliding system
guarantees that the average motion of the converter converges to the desired response
described by the equivalent control.

The equivalent control represents the low frequency behavior of the system,
and small signal models can be obtained from it. The sliding domain of operation of the
system is, however, not easy to obtain in an analytic closed form owing to the complexity
and high order of balanced polyphase converter systems. Although some of the analytic
conditions derived are conservative, they are useful for design purposes. The state-plane
trajectories cannot be utilized to obtain the sliding domain and reaching conditions, as in
the case of the basic dc-dc converters, because of the higher order of polyphase systems.

The two control methods developed perform the task of regulation through
two vastly different approaches. In a current programmed system, the objective of sinu-
soidal ac voltage and current waveforms is achieved using an open loop, sinusoidal pulse
width modulation scheme. An external feedback controller is then employed to provide
regulation. Thus, the system design and testing is separated into two distinct segments
and is simplified. However, global stability and performance cannot be guaranteed. The
sliding mode system, however, achieves both objectives simultaneously using a closed loop
controller. The design process is simple using the derived conditions, but the system is
not easy to test and debug as it cannot be operated open loop to test subcomponents
of the system. However, proper design of the sliding system ensures global stability and

performance for the operating range of the system.
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Appendix A

Variable Structure Systems in Sliding Mode

The n*? order variable structure system is considered to be of the form
x =f(x,t) + B(x,t)u (A1)

where the functions f and Bu satisfy the Lipschitz conditions everywhere except on
the discontinuity surfaces. Each component of the m-dimensional control input u is
discontinuous and the m discontinuity surfaces used to determine the control inputs are
given by

s=Gx (A.2)
and the control inputs are chosen according to

+ . ..
u ; 8§ >0

u; = i 1<i<m (A.3)
u; ; $ <0
Sliding motion of the system is related to the convergence of the states of the system

towards the manifold s = 0, as shown in Fig. A.1.

Definition 1 A domain S in the manifold s = 0 is a sliding mode domain if for each
€ > 0 there exists a 6 > 0 such that any motion starting in the n-dimensional b-vicinity of

S may leave the n-dimensional e-vicinity of S only through the n-dimensional €-victnity

of the boundaries of S.

The sliding surfaces and the controls must satisfy the following necessary con-

ditions for sliding motion to exist at the intersection of the discontinuity surfaces.
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Figure A.1: Definition of domain of sliding mode in a multiple-input, variable structure
system.

Theorem 1 For sliding motion to exist in the sliding manifold s = 0 it is necessary that:
1. There exists a solution u,y for the equivalent control defined by
s = Gf + GBu,, =0
2. The components of u.q satisfy the inequalities

..+_ —_—

min{u], u;) < w;,, < max(uf,u)

Theorem 2 For the (n —m)-dimensional domain S in the manifolds = 0 to be a sliding
domain, it is sufficient that in some n-dimensional domain QU, S C 1, there exists a

continuously differentiable function v(x,s,t) satisfying the following conditions.

1. v 1s positive definite with respect to s for anyx € S and ¢

inf v="hgr, sup v=Hg,
lisli=R Is||=R
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where hg and Hg are positive quantities (for R > 0) depending only on R.

2. The time derivative of v has a negative supremum on small enough spheres sl = R

excluding points on the discontinuity surfaces, where this derivative does not exist.

The above theorem is an analog of the Lyapunov stability theorem on the motion of the
system, projected on the subspace (s1,...,5m), and there are no standard methods to
find the function v in the general case.

If the sliding conditions are satisfied over the complete state space, then reach-
ing of the sliding manifold is assured. However, if the sliding conditions are satisfied only
in the vicinity of the sliding manifold, then reaching has to be ensured using different

conditions. The following necessary condition has to hold for the system to reach the

discontinuity surfaces.

Theorem 3 For the variable structure system to reach the discontinuity surfaces, it is

necessary that the equilibrium points of each structure do not belong to the existence

domain of that structure.

If existence conditions for sliding motion are satisfied on each individual discontinuity
surface, and the motion of the system in sliding mode is asymptotically stable, then the

system will reach the sliding manifold if it reaches any of the discontinuity surfaces.

Theorem 4 For the asymptotic stability of the motion of the variable structure system

mn sliding mode along the manifold s = 0, it is necessary and sufficient that the system

with u = u., computed with s = 0 1is asymptotically stable.
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