Chapter 18

Sliding Mode Control Design Procedure
for Power Electronic Converters Used in
Energy Conversion Systems

Yazan M. Alsmadi, Vadim Utkin and Longya Xu

18.1 Introduction

Due to its order reduction property, good dynamic performance and low sensitiv-
ity to disturbances and plant parameter variations, sliding mode control (SMC) has
been the method of choice for handling nonlinear systems with uncertain dynam-
ics and disturbances. Moreover, this control methodology reduces the complexity
of feedback control design since the system is decoupled into independent lower
dimensional subsystems [38, 39]. Because of these properties, sliding mode control
has a wide range of applications in the areas of electric motors, power systems, power
electronics, robotics, aviation and automotive control [1, 38—40].

Power electronic converters belong to the category of circuits controlled by switch-
ing devices with “ON/OFF” as the only admissible operating states [22, 28]. There-
fore, control variables can take only values from a discrete set. For this type of circuits,
SMC is preferred not only from a theoretical view but also a technological one. In the
past, State Space Averaging approach was the method of choice to analyze some of
the power conversion circuits [26, 35]. Using this technique, state space models and
equations are obtained for each possible switch’s position. The equations are then
averaged over a switching cycle to obtain a low frequency averaged model. Linear
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(after linearization if needed) or nonlinear control theory are then applied to design
a feedback compensator. SMC provides a powerful tool to control power converters
such that linearization is not needed and analysis and control design methods are
developed in the framework of the nonlinear models [26, 33, 35, 39].

The main drawback of any system with pulse-width modulation (PWM) control
approaches, including SMC, is the appearance of undesirable oscillations having
finite amplitude and frequency due to the presence of unmodeled dynamics or dis-
crete time implementation. This phenomenon, called “Ripple” in power electronics
literature or “Chattering” in control theory, may lower control accuracy or incur
unwanted wear of mechanical components [24, 39, 40]. An additional obstruction
of SMC is the fact that it results in frequency variations, which is not acceptable in
many applications [24].

Although the methods outlined in literature [4, 9, 10, 12—14, 36] showed efficient
suppression of chattering, these methods are disadvantageous or not even applicable
when dealing with power electronics systems controlled by switches with “ON/OFF”
as the only admissible operating states. For example, gain-dependent and equivalent-
control based methods are not applicable to reduce chattering since the output of
power converters can only take two (or finite number of) values. Equivalent control
method of SMC also yields the continuous motion equation directly. This motion,
called “slow motion,” exits along with high frequency components [40]. The bound-
ary layer approach, on the other hand, avoids generating sliding mode by replacing
the discontinuous control action with a continuous saturation function [36, 38—40].
However, control discontinuities are inherent to these power electronics systems.
When implementing a continuous controller, techniques such as PWM have to be
exploited to adopt the continuous control law and feed it to the discontinuous sys-
tem inputs. Therefore, it seems unjustified to bypass the inherent discontinuities in
the system by converting a continuous control law to a discontinuous one by means
of PWM. As an alternative, discontinuous control inputs should be used directly in
control, and new methods should be investigated to reduce chattering under these
operating conditions [38—40].

The most natural and straightforward way to reduce chattering in power converters
is to increase the switching frequency. As technology progresses, switching devices
are manufactured with enhanced switching frequency (up to 100s KHz) and high
power rating. However, heat power losses enforce a new restriction. Even though
switching is possible with high switching frequencys; it is limited to the maximum
allowable heat losses caused by switching.

The objective of this chapter is to provide a comprehensive sliding mode control
design procedure for power electronic converters that are used in energy conversion
systems. This includes the DC/DC, AC/DC and DC/AC power electronic converters.

First, a comprehensive control design procedure for DC/DC power converters
based on sliding mode control methodology. The input inductor current control
and subsequently output capacitor voltage regulation for different types of DC/DC
are investigated. Sliding mode control algorithms for Buck and Boost converters
with incomplete information about system states are developed by designing state
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observers. Chattering issues are also discussed and a chattering reduction design
approach for power converters is proposed.

Second, a new sliding model control strategy for AC/DC power converters is pre-
sented. The basic idea is to apply a feedback implementation of Pulsewidth Modula-
tion (PWM). The proposed control algorithm exhibits low sensitivity to disturbances
and fast dynamic performance in addition to the main converter properties. This
includes unity power factor, sinusoidal input currents, and low level of DC output
voltage ripple.

Third, Sliding Mode Pulsewidth Modulation (SMPWM) control methodologies
for current-controlled inverters are proposed. Two novel approaches based on the
sliding mode concept are presented to make the system tracking reference inputs.
The proposed approaches control the phase currents and the neutral point voltage
simultaneously. Optimization of different operational criteria is also presented.

18.2 Sliding Mode Control of DC/DC Power Converters

The input inductor current and the output capacitor voltage are normally selected
as state variables for DC/DC converters. For most converters used in practice, the
motion rate of the current is much faster than the motion rate of the output voltage.
Calling upon the Singular Perturbation theory [19, 20],! the control problems of
the DC/DC converters can be solved by using a cascaded control structure with two
control loops: an inner current loop and an outer voltage loop. The current control
loop is based on PWM that can be implemented using SMC or hysteresis control
while output voltage regulation is normally a result of the current control loop such
that output voltage converges to the desired reference value if designing the ideal
current tracking system is accomplished [32, 34, 39].

18.2.1 Direct SMC of DC/DC Power Converters

(A) Buck-Type DC/DC Converters

The circuit structure of a Buck-type DC/DC converter is shown in Fig. 18.1, where
E is the source voltage, C is the storage capacitor, L is the loop inductor, R is the
load resistance, I is the input current and V is the output voltage.

Based on circuit analysis, the dynamic model of the Buck converter is given by:

' L (18.1)
X = ——X u— .
! L2 NL

!Formally, conventional Singular Perturbation Theory is not applicable for differential equations
with discontinuous right-hand side. But, if sliding mode appears, sliding mode equations are in
compliance with the conditions of the theory.
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Fig. 18.1 Buck-type
DC/DC converter

) 1 1
Xy = —Exl + sz (182)
where x; = I and x, = V.
The switching function of the switch can be defined as:
1 switch is closed
“= [ 0 switchis open (18.3)

The control objective is to achieve a constant output voltage denoted by V. In other
words, the steady state behavior of the Buck converter should be given by:

X, =V, (18.4)
H=V,=0 (18.5)

The proposed design methodology follows a two-step procedure known as integrator
backstepping or regular form control [23, 25, 43]. First, it is assumed that x; in
Eq.(18.2) can be handled as a control input. However, since x; is also the output
of the current loop, given by Eq.(18.1), this first design step leads to the desired
current x*;. After substituting Eqgs. (18.4) and (18.5) into (18.2), the desired current
is given by:

X == (18.6)

The goal of the second step of the proposed design procedure is to ensure that the
actual current x; tracks the desired current x*; exactly. Due to its ideal tracking
properties, sliding mode approach is an efficient tool for this task. If sliding mode is
enforced in:

s=x1—x*1=0 (18.7)

then, x; = V;/R. In order to enforce sliding mode in the manifold s = 0, control u
is defined as:

u= % (1 —sign (s)) (18.8)

The condition for sliding mode to exist is derived from (lim,_ o5 <O,
lim,—, _gs > 0). As aresult, sliding mode is enforced if:
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O<x, < E (18.9)

Equation (18.9) defines an attraction domain of the sliding manifold. Since the
control u, given by Eq. (18.8), does not contain a control gain that needs to be adjusted,
the domain of attraction, given by Eq. (18.9) is predetermined by the system archi-
tecture. In steady state conditions, Eq. (18.9) is fulfilled by the definition of a Buck
converter where the output voltage is smaller than the source voltage.

After the state of the inner current loop has reached the sliding manifold, i.e.
converged to s = 0 at time 7 = #;, x; = x*| = V,;/R holds for ¢ > ¢, and the outer
voltage loop is governed by:

1 1
Xy = ——— —V, 18.10
X2 chz—l- rC ( )

The solution of Eq. (18.10) is given by:
X0 = Va o (e (1) = V) ere = (18.11)

where x; tends to V,; exponentially. Hence, the goal of the proposed control design
is achieved.

(B) Boost-Type DC/DC Converters

The circuit structure of a Boost-type DC/DC converter is shown in Fig. 18.2, where
circuit variables are similar to those defined for the Buck converter. Based on circuit
analysis, the dynamic model of the Boost converter is given by:

. 1 E

h=—(—uw ot 7 (18.12)
. 1 1
Xy = (l — I/t) E)C] — R_sz (1813)

where x; = I and x, = V and switching function u is given by Eq.(18.3).

Boost converters are more difficult to control than Buck converters. This is because
of the fact that the control u appears in the voltage and current equations, and both
in a bilinear fashion. Such a configuration implies a highly nonlinear system with

Fig. 18.2 Boost-type L
DC/DC converter
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a difficult control design. It also leads to unstable dynamics with respect to current
when voltage is the only variable to be controlled [32, 34].

Since Boost converters satisfy the Motion-Separation principle that is based on
the Singular Perturbation theory [19, 20], their control problems can also be solved
by using two cascaded control loops: an inner current and an outer voltage control
loops. Sliding Mode control techniques will be used again to design the current
control loop.

Similar to the proposed control design for the Buck converter, the desired current
is obtained from the outer voltage loop as:

" RE

)C*l

(18.14)
where V, is the desired output capacitor voltage. The switching function of the inner

current control is defined as:
s=x; —x% (18.15)

In order to enforce the current x; to track the desired current x*;, control # can
be designed as:

u= % (1 —sign (s)) (18.16)

Under the above control scheme, the equivalent control is formally derived by
substituting s = x; = 0 in (18.12) and solve for the control input u as:

E
Heg =1—— (18.17)
X2
where x; is the output voltage of the slow voltage loop. The motion equation of the
outer voltage loop during sliding mode is obtained by substituting the equivalent
control, given by Eq. (18.17), into (18.13).

. 1 Vi?
SR (M 18.18
Y5 (x2 % ) (18.18)

Equation (18.18) can be solved explicitly as:

Xy = \/vdz + (02 (1) — Va?) eme = (18.19)

where #;, represents the reaching instant of the sliding manifold s = 0 and x, (#;,) is
the output voltage at time #;,. Apparently, x; tends to V,; asymptotically as time goes
to infinity.

The attraction domain of the sliding manifold s = 0 is found by applying the
convergence condition s§ < 0 to the Egs. (18.12) and (18.13), yielding:
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E
Xx>Eor0<uy=1-—<1 (18.20)
X2

Condition (18.20) implies that sliding mode can be enforced as long as the out-
put voltage is higher than the source voltage. This requirement is essential for a
Boost-type DC/DC converter. A careful consideration of the initial conditions is also
required to guarantee the convergence to s = 0.

18.2.2 Observer-Based Sliding Mode Control of DC/DC
Converters

Inrecent years, research on sliding mode control theory has revealed great advantages
of incorporating certain dynamics into the sliding mode controllers [38—40]. This
new approach, called Observer-based Sliding Mode Control, fall into the category of
dynamic feedback control where the sliding mode controller simulates the ideal plant
model in parallel with the real one [25, 38, 42]. This helps to reduce the number of
states that need to be measured since the real plant states are substituted by observer
states. The mismatch between the measurable state(s) and the observed one is the
‘bridge’ that establishes coupling between the plant system space and the controller
space and keeps both systems operating close to each other. It can also be been
utilized in different ways to improve the control performance. Overall, an observer
can be viewed as an artificially introduced auxiliary dynamic system in order to
improve the control performance [11, 16].

This subsection investigates the input inductor current control and subsequently
output capacitor voltage regulation for different types of DC/DC. It develops sliding
mode control algorithms for Buck and Boost converters with incomplete information
about system states by designing state observers. For Buck converters governed by
linear equations, conventional observer design methods could be applied directly
while non-linear observers should be designed for Boost converters. It is assumed
that the variable under control is measured only for both converters.

(A) Observer-Based Control of Buck-Type DC/DC Converters

The observer equations, or the auxiliary system, of the buck converter are designed as:

T=—th4ul Iy (%1 — x1) (18.21)
X1 = L.Xz uL 1 (X1 X1 .
L L (% ) (18.22)
Xy = CX] RCXZ 21X X1 .

where [y, [, are constant scalar observer gains and X;, X, are the estimates of the
inductor current and output voltage. Note that it is only required to measure the
inductor current xj.
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Equations with respect to the mismatches x|, X, are defined as:

X1 =X — X (18.23)

X2 =X — X2 (18.24)

The error dynamics can be derived by subtracting Eqgs. (18.1) and (18.2) from (18.21)
and (18.22):

. 1

¥ =—¥ - L% (18.25)
- 1_ L _ _
Xy = EX] — E)Cz — lz)C] (1826)

The characteristic polynomial of the above linear system is defined as:

P24 11—L pof-t LBy _g (18.27)
RC RC LC L

For the second order error system given in Eq.(18.27), stability and desired rate
of convergence can be provided by the proper choice of /1, [;. This implies that the
observer errors x| and X, tend to zero asymptotically.

The switching function for the sliding mode current controller will be designed
based on the observed current x; instead of the measured current x; as done in
Eq.(18.7):

Va

§=x - R

(18.28)

The control u that is applied to the real plant and the observer system is of the
same form as in the case of the control scheme without an observer.

(1 —sign (§)) (18.29)

u =

N =

Assuming that sliding mode can be enforced in the vicinity of the sliding manifold
s = 0, X;can be calculated as:

v,
i = ;d withVt > (18.30)

where 1, denotes the reaching instant of the sliding manifold §. The equivalent control
of u can be obtained by solving § = 0 with respect to control:

1 L
Ueq 2)22 (Z)ez—ll ()21 —xl))E (1831)
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After substituting u,, into the real plant model, given by Egs. (18.1) and (18.2),
and considering the observer model, given by Eqs. (18.21) and (18.22), the motion in
sliding mode can be represented as a reduced order system, comprising the motion of
the real plant and the slow dynamics (output voltage loop) of the observer, as shown
in the following equations:

1 V.
= —rT 4 (?" —xl) (18.32)
1 1
)-Cz = EX] — R}Cz (1833)
_ 1V, 1
)'62 = E;d — R_C£2 — lz ()?1 — xl) (1834)

Further analysis of Eqgs. (18.32)—(18.34) results in:

) N Va
lim xy (1) = & (t)’tzm =% (18.35)
lim x, (f) = lim %, (t) =V, (18.36)
11— 00 n—0oQ

The remaining task is to find the condition under which the occurrence of the
sliding mode can be guaranteed. Applying the existence condition of sliding mode
to Eq. (18.21) along with the substitution of Egs. (18.28) and (18.29) yields:

— Lll ()21 — )C]) < )’52 < F — Lll()?l —xl) (1837)
0 Lot (% ) Ly (18.38)
< Uy = — — —_ << .
Ueq sz 1 (X1 X1 E
Since s (0) = 0 with zero initial conditions for the power converter and E is high

enough, sliding mode existence condition (18.38) is fulfilled.

(B) Observer-Based Control of Boost-Type DC/DC Converters

In order to simplify the derivation of the observer-based control scheme of Boost
converters, anew control inputis introduced and defined as v = (1 — u). The observer
dynamics that are designed for a Boost converter are governed by:

-~ 1 E

)'Cl = —Vz)’ez + z - 11 ()?1 —Xl) (1839)
~ 1. 1 . A
Xy = vExl — R_sz ) (xl — xl) (18.40)

where X1, X, are the observed inductor current and output voltage, i.e. outputs of the
observer; and [}, [, are positive scalar observer gains.
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Equations with respect to the mismatches x|, X, are defined as:

X1 =X — X (18.41)

X2 =X — X2 (18.42)

The error dynamics can be derived by subtracting Eqgs. (18.12) and (18.13) from
(18.41) and (18.42):

. 1

)_Cl = —szz - l]f] (1843)
B = VoF) - —— T — bF (18.44)
Xy = chl RC}CQ 2X1 B

Equations (18.43) and (18.44) are nonlinear, since the system states are multi-
plied by the control input v. For the convergence proof, select a Lyapunov function
candidate as:

1
V= E(Lf% +Cx3) >0 (18.45)
The time derivative V on the system trajectory can be easily calculated as:
. - 1, _
V= —Lllxl — Exz — Clle)CQ (1846)

Therefore, the convergence rate can be selected can be selected by proper choice

of 11, I, under Sylvester condition (% > % for quadratic form (18.46). As a

result, observer errors X and X, tend to zero asymptotically. The convergence rate
of the inductor current estimation can be adjusted by the observer gains /y, /.

The switching function of the sliding mode current controller will be designed
based on the observed current x; instead of measured current x; as done in (18.15):

Vi

— 18.47
RE ( )

§=1x

The control u that is applied to the real plant and the observer system is of the
same form as in the case of the control scheme without an observer.

U= % (l — sign (§)) (18.48)

Equation (18.48) can be represented in terms of the new control input
v=(1—u)as:

V=

(1 — sign (§)) (18.49)

N =
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Assuming that sliding mode can be enforced in the vicinity of the sliding manifold
§ = 0, X;can be calculated as:

Vi >
X1 Wl h

where #, denotes the reaching instant of the sliding manifold §. The equivalent control
of u can be obtained by solving § = 0:

2
E— Ll (L —x
Veg = ‘i:E D (18.51)

After substituting v,, into the real plant model, given by Eqgs. (18.12) and (18.13),
and considering the observer model, given by Egs. (18.39) and (18.40), the motion in
sliding mode can be represented as a reduced order system, comprising the motion
of the real plant and the slow dynamics (output voltage loop) of the observer.

. 1 E
X1 = —Veqzxz + z (1852)
1 1
X2 Veq = C X1 — sz (1853)
R /A 7 (18.54)
2=V cgre T RCT? T P\RE T '
By defining the errors X} = XE —x; and X, = X, —x, and since X tends to zero

at the desired rate, the above equations can be transformed into a second order error
system as:

ek X2 E )C2 E
= 225 - 18.55
X )22 1)C + — L % I ( )
. E 1 Ll 1
¥y = —— T _ _A' )?l*)z — —X; — X! (18.56)
Cx Cx, RC

Further analysis of Egs. (18.55) and (18.56) results in:

lim % = x (18.57)
1—>00
. E X2 E
lim | ————) = (18.58)
t—oo \ L X» L

This means that X] converges to zero asymptotically at a rate that depends on
l1. As a result, X, and x; tend respectively to zero and V,. The remaining task
is to find the condition under which the occurrence of the sliding mode can be
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guaranteed. Applying the existence condition of sliding mode to (18.47) along with
the substitution of Egs. (18.39), (18.40) and (18.49) yields:

0<FE— Lll ()21 — )C]) < )’52 (1859)

E — LI (X — x1)
—_— <

= 1 (18.60)
X2

0<vy =

Equation (18.60) can be represented in terms of the new control input
yv=(1—u) as:
0<uy <1 (18.61)

Since x; is measured and X;, X, are state variables in the controller space, the
initial conditions of the observer, x;(0) and % (0), can be designed such that the
occurrence of the sliding mode is always guaranteed.

18.2.3 Simulation Results

In order to evaluate the proposed sliding mode control strategies for DC/DC power
converters, several computer simulations have been conducted using
MATLAB/Simulink software.

(A) Direct Sliding Mode Control of Boost Converters

Parameters of the simulated Buck converter are listed in Table 18.1. Figures 18.3
and 18.4 show the simulation results of the proposed control algorithm for Boost
converters. As it can be seen from the figures, both the inductor current and the
output capacitor voltage converge rapidly to their reference values.

(B) Direct Sliding Mode Control of Boost Converters

Parameters of the simulated Boost converter are listed in Table 18.2. Figures 18.5
and 18.6 show the simulation results of the proposed control algorithm for Boost
converters. As it can be seen from the figures, both the inductor current and the
output capacitor voltage converge rapidly to their reference values.

(C) Observer-Based Sliding Mode Control of Buck Converters

Parameters of the simulated Buck converter are listed in Table 18.1. The observer gain
is selected as [ = 200. Two sets of the observer initial conditions, listed in Table 18.3,
were selected in order to compare the influence of observer initial conditions on the
system response.

Table 18.1 Simulation parameters of the Buck-type DC/DC converter
Parameter L (mH) C (uf) Vi (V) R (Q2) E (V)
Value 40 4 7 40 20
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Fig. 18.3 Current response of a sliding mode-controlled Buck DC/DC power converter

Figures 18.7 and 18.8 show the response of real and estimated inductor current
and output capacitor voltage under different initial conditions. Note that both the
inductor current and the output capacitor voltage converge rapidly to their reference
values and the system response can be influenced by the design of the observer initial
conditions.

(D) Observer-Based Sliding Mode Control of Boost Converters

Parameters of the simulated Boost converter are listed in Table 18.2. The observer
gain is selected as [ = 200. Two sets of the observer initial conditions, listed in
Table 18.4, were selected in order to compare the influence of observer initial con-
ditions on the system response.

Figures 18.9 and 18.10 show the response of real and estimated inductor current
and output capacitor voltage under different initial conditions. Note that both the
inductor current and the output capacitor voltage converge rapidly to their reference
values and the system response can be influenced by the design of the observer initial
conditions.
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Time (sec)
Fig. 18.4 Voltage response of a sliding mode-controlled Buck DC/DC power converter
Table 18.2 Simulation parameters of the Boost-type DC/DC converter

Parameter L (mH) C (uf) Vi (V) R (R2) E (V)
Value 40 4 40 40 20

18.2.4 Sliding Mode Control of Multi-phase DC/DC Power
Converters

This section presents a new chattering reduction approach for power converters. The
proposed scheme is based on the idea of designing a multi-phase converter system
that operates at a given and fixed switching frequency without any additional dynamic
elements. This may be possible by providing a desired phase shift between phases for
any loads or frequencies in order to implement the “Harmonic Cancellation” method
[24]. Several attempts have been made to apply this idea to PWM such that phase
shifts are interconnected and can be controlled using a transformer with primary and
secondary coils in different phases. On the other hand, the phase shift was obtained
using delays, filters, or set of triangular inputs with selected delays [27, 45, 48].
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Fig. 18.5 Current response of a sliding mode-controlled Boost DC/DC power converter
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Fig. 18.6 Voltage response of a sliding mode-controlled Boost DC/DC power converter
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Table 18.3 Observer initial Initial condition | 1 (0) (A) £ (0) (V)
conditions for the simulated
Buck-type DC/DC converter Set #1 0.12 5
Set #2 0.07 25
0.18 T T T - T .
0.16 H: -
0.14 ¥ Real
N
~
N
0.12 l {-} N
— ‘ I ,,"o
< L7
— (&)
- 01 74
5 008
' | i
0.06 - -1
0.04 |
|
|
0.02 4

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time (sec)

Fig. 18.7 Response of real (curves start from zero) and estimated current of a buck converter
under different initial conditions. Solid line x1 (0) = 0.12, X, (0) = 5.0; dashed line x1 (0) = 0.07,
X (0)=2.5

18.2.4.1 Frequency Control

Chattering frequency normally depends on the width of the hysteresis loop in the
switching element which is usually selected such that the frequency does not exceed
the maximum admissible level f,, for all operation modes. This can be achieved by
varying the width of hysteresis loop [9, 29].
It order to formulate the problem statement, the following system with scalar
control is considered.
X=fx0D+bx.Du (x, fibeR" (18.62)
It is assumed that control u should be designed as a continuous function of
state variables (uq (x)). This situation is usually assumed with the “Cascade Con-
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Fig. 18.8 Response of real (curves start from zero) and estimated voltage of a buck converter

under different initial conditions. Solid line x1 (0) = 0.12, x5 (0) = 5.0; dashed line x; (0) = 0.07,
% (0) =25

Tabl.e .18.4 Obser\{er initial Initial condition 50 A BOM™
conditions for the simulated
Boost-type DC/DC converter Set #1 0 0

Set #2 1.95 38.5

trol” approach that is used for electric motors with the current as a control input
[23, 39]. Power converters often utilize PWM as a principle operation mode in order
to implement the desired control algorithm [22, 28]. Sliding mode is one of the
tools to implement this operation mode based on the feedback approach as shown in
Fig. 18.11, which illustrates that output u tracks the reference input uy(x) in sliding

mode.

Select the sliding surface as:

s=ug(x)—u, u=v=Msign(s), M >0 (18.63)

§=g(x)— Msign(s), g (x) = [grad o)1’ (f + bu) (18.64)



482 Y.M. Alsmadi et al.

25 T T T

1.5

Current (A)

05--/

f

n.r 1 1 L 1 I 1 J

0 0.002 0.004 0.006 0.008 001 0.012 0.014 0.016 0.018 0.02
Time (sec)

Fig. 18.9 Response of real (curves start from zero) and estimated current of a Boost converter under
different initial conditions. Solid line X1 (0) = 0, X2 (0) = 0; dashed line x| (0) = 1.95, X, (0) = 38.5

It is evident that sliding mode, in the surface s = 0 with u = u, exists if M >
|g(x)]|. If the control is implemented with a hysteresis loop, the switching frequency
can be maintained at the desired level f,;., by varying the width of the hysteresis
loop A [24].

M*—g(x)* 1

A= ——m——— (18.65)
2M fdes

18.2.4.2 Chattering Suppression

Suppose that the desired control is implemented by m power converters with
si="0—u;, (i=1,2,...m) and 2* as reference inputs as shown in Fig.18.12. If
each power converter operates properly, the output is equal to the desired control
uo(x). Amplitude and frequency of chattering in each converter can be found as:

M2 (&)2

= \"J 18.66
 f TMA ( )

A
A==
2
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Fig. 18.11 Sliding mode
control for a simple power
converter model structure

The chattering amplitude of output # depends on the oscillation in each phase. Its
maximum value is m times higher than that of each converter. For the system shown

in Fig. 18.12, phases depend on initial conditions and cannot be controlled.
First, it should be demonstrated that, by varying phases, the output oscillation

amplitude can be controlled. Suppose that a multiphase converter with m phases is to
be designed such that the period of chattering T is the same in each phase, and two
subsequent phases have phase shift 7/m. Since chattering is a periodic time function,

it can be represented as Fourier series with frequencies:
(18.67)

2w
wp =w.k,w= T k=12.....00)
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Fig. 18.12 m-phase
converter with evenly
distributed reference m

up(x)

:I,—b!'r

The effect of the k-th harmonic in the output signal is the sum of individual outputs
from all phases and can be easily calculated as:

SP sin o (1 = 250)) = S Imleon )

: ok (18.68)
—Im(eZ) 2 = S e
To find Z, consider the following equation:
m—1 m—1
Ze im = Zeij%k(iﬂ) = Zeij%ki, (18.69)
i=0 i'=0
Since
_jomk _jomk;
Ze m =e /! (18.70)
i=m i=0
then, .
Ze T =2 (18.71)

The function e~/ %" is equal to 1 only if k/m is an integer or k = m, 2m, ...,
which means that Z = 0 for all other cases.

The above analysis shows that all harmonics except for Im (I = 1,2,...) are
suppressed in the output signal. As a result, the amplitude of chattering can be
reduced to the desired level by increasing the number of phases and providing a
desired phase shift between each two subsequent phases.

18.2.4.3 Design Principle

In order to describe the design idea of the proposed chattering suppression approach,
suppose that two power converters are implemented as shown in Fig. 18.13.
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Fig. 18.13 A controller
model with two
interconnected phases

The switching function for the second converter is selected as:

§3 =85 — 51 (18.72)
where,
§1 = uo)2 — u; (18.73)
uo
=2y, (18.74)
2
vi = Msign(s))va = Msign(sy) (18.75)

The time derivatives of sy, sJ are:

§1 = a— Msign (s1) (a =8 ;x)) (18.76)
s'z‘ = Msign (s;) — Msign (sy) (18.77)

Figures 18.14 and 18.15 analyze the system behavior in the plane s; and s; with
a =0, x=1. A and « are the widths of the hysteresis loops for the two sliding
surfaces. T can be easily calculated as:

A A 2M A

M —a + M+a M?—a? ( )
By analyzing Fig. 18.14, it can be seen that the phase shift becomes:
A
== (18.79)
2M
where @ is equal to the time for changing s} from % to —"‘TA or vice versa.

The previous analysis demonstrates that the phase shift between oscillations can
be selected by proper choice of o for any switching frequency without using dynamic
elements. The value o is calculated to provide the desired phase shift. Since @ must
be equal to 7/m, can be found as:
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Fig. 18.14 The system S, :
behavior in s-plane ’
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T m(M? = a?) '

Fora > 0, o can be selected such that phase shift is equal to what we need. Finally,
the proposed chattering suppression design procedure for multiphase converters can
be summarized as follows:

1. Select the width of the hysteresis loop as a state function such that the switching
frequency in the first phase is maintained at the desired level.

2. Determine the number of phases for a given range of « variation.

3. Find the parameter o as a function of « such that the phase shift between two
subsequent phases is equal to % of the oscillation period of the first phase.

Finally, another approach, called “master-slave” method of multiphase converters
can be used for chattering reduction even if for a given number of phases m, parameter
a is beyond the admissible domain and the desired phase shift cannot be guaranteed
by varying the width of the hysteresis loop. For the master-slave implementation, each
phase can be complimented by several sequentially connected “slaves”, as illustrated
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a phase shifier
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Fig. 18.16 A modified master-slave mode schematic with two more additional systems. v, 3 is the
switching command for the second channel

in Fig. 18.16 for a two-phase converter, such that the total phase shift is equal to the
desired value.

18.2.4.4 Simulation Results

In order to evaluate the proposed sliding mode chattering suppression control strate-
gies for multi-phase DC/DC power converters, computer simulations have been con-
ducted using MATLAB/Simulink software.

Multi-phase DC/DC Converter Topology

The chattering suppression approach developed in the previous section is applied
to DC/DC multi-phase buck converters. The objective is to demonstrate, via simu-
lations, the effectiveness of the proposed design methodology in multiphase power
converters. Simulations also check the range of the function “a” for which the chat-
tering suppression takes place. The “master-slave” method is utilized in all simula-
tions. A two-phase DC/DC converter is shown in Fig. 18.17. Simulation parameters
are listed in Table 18.5.
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Fig. 18.17 A two-phase L & R,
DC/DC converter 4 " b
v L i R

L R
$ (Load)

Table 18.5 Simulation parameters of the two-phase DC/DC converter
Parameter L (H) C (F) R, (Q) Rp (Q) Vs (V)
Value 5%1078 1#1073 3%107% 1%1072 12

For simulation purposes, the governing equations of the m-phase converter are
assumed as follows:

.1
le= 7 (IR, +ue = V), k=1,2,....m (18.81)

1 & \
vV, = — I, — — 18.82
T C( X RL) ( )

k=1

The following control law is used for the two-phase power converter (m = 2)
represented in Eqgs. (18.81) and (18.82):

Ir Vre'
sp =1 — mf Ly = Rf (18.83)
L
L
" =V, (M) (18.84)
2
1 — sign (s*
Uy = %(%@3)) (18.85)

1 Lior R
§1= — (—Rasl - Esign (s1)) + (E _ e VL) = —Msign(s1) —bsi+a
L 2 2 m
(18.86)
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S5=M (sign (s1) — sign (sé‘)) (18.87)
§5 =M (sign (s3) — sign (s3)) (18.88)
where V,.r and I, are the reference input voltage and the corresponding reference
load current, respectively. a = % — I”rfn—& - Vi, M= 2V—L and b = %. The desired

phase shift 7'/2 is obtained by using two additional blocks with a phase shift of
T /4 in each of them. The four-phase converter (M = 4) is simulated with switch-
ing frequency control of the first phase by appropriate choice of hysteresis width
or hysteresis loop gain K in order to maintain the switching frequency at 50 Hz.
The selected function K, (V,ef) = —0.0013 Vrzef +0.0127V,s — 0.0007 is shown
in Fig. 18.18.

Figures 18.19, 18.20 and 18.21 demonstrates the effectiveness of the proposed
chattering suppression algorithm on a 4-phase DC/DC power converter with three dif-
ferent reference inputs, V1 = 3V, Vrer2 = 6V, and v,.p3 = 8V, respectively. Note
that the inductance is relatively small in order to have fast converter dynamics. This
leads to a high level of chattering in each phase, but it is practically suppressed in
the output signal.

Finally, it is demonstrated that chattering can be reduced considerably following
the “master-slave method” even if for a given number of phases m, parameter a is
beyond the admissible domain and the desired phase shift cannot be guaranteed by

003
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Fig. 18.18 Hysteresis loop gain K},
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Fig. 18.19 Simulation results for the four-phase DC/DC converter, V,.y =3V

varying the width of the hysteresis loop. For the master-slave implementation, each
phase can be complimented by several sequentially connected “slaves”, as illustrated
in Fig. 18.16 for two-phase converter, such that the total phase shift is equal to the
desired value. Of course, chattering can be suppressed by increasing the number of

phases preserving the “one slave in one phase” approach, as shown in Fig. 18.22 for
an 8-phase converter.

18.2.4.5 Experimental Results

Experimental results were conducted and discussed in [2] in order to demonstrate
the effectiveness of the proposed sliding mode chattering suppression approach for
multi-phase converters and also verify the simulation results.
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Fig. 18.20 Simulation results for the four-phase DC/DC converter, V., f =6V

Figure 18.23 shows the experimental setup. The system consists of a 4-phase
DC/DC buck converter that is controlled using two loops: A current inner loop that
is sliding mode controlled with a hysteresis band, and a voltage outer loop that
defines the current reference through a PI controller. Table 18.6 shows the converter
parameters.

Figure 18.24 shows the experimental waveforms of the input current, output volt-
age and control command for a half- bridge, 1-phase DC/DC converter. The reference
output voltage is 5 V. The average input current value is 2.44 A and the chattering
amplitude is 0.47 A. The average output voltage is 4.96 V.
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Fig. 18.21 Simulation results for the four-phase DC/DC converter, V,or = 8V

Figures 18.25 and 18.26 show the four shifted input currents and the MOSFET
drain voltages of a 4-phases DC/DC converter, respectively. Both Figures demon-
strate that the master-slave algorithm works properly, with respect to the current shift-
ing. The current values of each phase are i;; = 0.62 F 0.43 A, i1, = 0.6 F0.42A,
ir3 =0.63F0.43A,and iz4 = 0.66 F 0.42A.

The effectiveness of the proposed chattering suppression algorithm is demon-
strated in Fig. 18.27, which represents the input current, output voltage and control
command of a 4-phase DC/DC converter, respectively. The reference output voltage
is 5 V. As it can be seen, the current chattering amplitude is 0.095, which is five times
less than the current chattering amplitude of the 1-phase DC/DC converter.
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Fig. 18.22 Simulation results for the eight-phase DC/DC converter, V. = 1.5V

Fig. 18.23 Experimental
Setup of a 4-phase DC/DC
buck converter [2]
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Table 18.6 Parameters of the experimental setup (4-phase DC/DC buck converter) [2]

L (H) (o3 R (Q) E (V) Switching
Frequency
22 1 10 2 10 100KHz
—-—r‘r— /r £ /:_ A vou:
T ok Vi AN A 1vaw
/ X / &: 7 \ :;’ \: /
\ / \/ A \/ \/ ks

\/
0.5 A/div
|'_’| 5 ps/div

.-u-__ — — '_'_'". p==  Control Signal

I | I 5 V/div
| [ | fug (C1)
. | L] | Z.4430W
/ 1 I frog (C2)
[ —— o = = N
Freq(cd)
103.0397kiz
O 10:1 1 Blge 77 ¢
1.00 Usdiv .00 Usdiv Auto
DC  20MMz I Zomt -1.55V

Fig. 18.24 Input current, output voltage and command control of a 1-phase DC/DC converter,

Vdc_ref = 5V

Iy
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17}
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Iis
0.2 A/div

Iy
0.2 A/div

OF 1001 O3 1001
0.200 UAdiv 0.200 VUAdiv
0C  20miz DG 2oMMz

Fig. 18.25 Input phase currents a 4-phase DC/DC converter



18 Sliding Mode Control Design Procedure ... 495

1
: |<—>{ 2 ps/div )
'_ |I.\ ..IZ
f S e I;.,soeus \'.'"."i"f
t ! w2 10 V/div
{ 1 0, DOO0D00S
r--—---—w-—v o
-2, 500us -
[lrax o
; . [t et 400 .0000KEZ o]
[l I ; _ 10 V/div
e et I P e —— M1
: -1.250000 ;
e : [ iepemaitmnanion "“‘““"‘"’"‘Yg Vibraind
i 1 [ Y- 10 V/div
H ; L= 8.3333W
OHZ 10:1 O 10:1 Edge k3
10.0 Uadju 10.0 VAdiv uto
[0 2z DC 20z g.zu

Fig. 18.26 MOSFET drain voltages of a 4-phases DC/DC converter
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Fig. 18.27 Input current, output voltage and command control of a 4-phase DC/DC converter,
Vdc_ref = 5V

Figure 18.28, shows the input current, output voltage and control command of a
4-phase DC/DC converted, where the reference output voltage is 4.59 V. It can be
noticed that the algorithm almost cancelled the chattering completely. The average
value of the output current is 2.28 A, with a chattering width of 0.033, which is about
14 times less than the current chattering amplitude of the 1-phase DC/DC converter.
This is due to the fact that the four duty cycles are equal to 0.5, and the corresponding
Fourier harmonic coefficients cancel each other.
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Fig. 18.28 Input current, output voltage and command control of a 4-phase DC/DC converter,
Vdc_ref =4.59V

18.3 Sliding Mode Control of AC/DC Power Converters

Recently, a variety of power electronic devices, including three-phase AC/DC power
converters, has been widely used in energy conversion systems [28]. One of their
disadvantages is that they cause inherent problems of reactive power generation and
higher harmonic content in the input current. These practical problems have become
more serious as the AC/DC converter capacity becomes much larger [8, 30, 44].

The ideal AC/DC converter has a constant dc output voltage (or current) and a
pure sinusoidal input current at unity power factor from the ac line. Conventional
thyristor phase-controlled converters have an inherent drawback which is that the
power factor decreases as the firing angle increases and that harmonics of the line
current are relatively high [21, 46]. In recent years, there has been a tendency to
operate AC/DC converters with PWM switching patterns to improve the input and
output performance of the converter. PWM AC/DC converters offer distinct advan-
tages over the conventional rectifiers [15, 47]. These advantages include unity power
factor, capability of bidirectional power flow, low harmonic components in input cur-
rent and low ripple in output voltage. All of these features simplify filtering problems
on both ac and dc sides of the converter [8, 39, 47].

The objective of this section is to develop a feedback control algorithm for AC/DC
power converters such that the output voltage is maintained at the desired level with
zero steady state error, input currents are free of higher harmonics and the reactive
power is equal to zero. This mission will be accomplished using the framework
of SMC methodology implying that the order of the motion is reduced with state
trajectories in the pre-selected manifold with the system state space. Furthermore,
the control system is designed in two reference frames: the abc natural reference
frame, and the dq synchronous reference frame.
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18.3.1 Circuit Model and Design Methodology

The circuit model and analysis of the three-phase PWM AC/DC voltage source
converter in the natural abc and the rotating dq reference frames is presented next.
First, consider the three-phase PWM AC/DC voltage source converter shown in
Fig. 18.29, where ¢,, ¢, e, are the balanced three-phase AC voltages representing the
infinite bus, R and L, represent the grid-side resistance and inductance, respectively,
C . is the dc-link capacitance, i, ip, i, are the three-phase AC input currents, i, is
dc-link current, vy, is dc-link voltage and i, is the load current.
Based on circuit analysis, the AC input current equations are given by:

diy .
£ =e, — Ryiy — Van (18.89)

diy, )
ngzeb—Rgza—vbn (18.90)

di, .
ngzec—Rgtc—vcn (18.91)

where vy, Vpn, Ven are the voltages from the AC side of the converter to the power
neutral point n. The balanced three-phase AC voltages are expressed as:

ea = Eg sin(wt) (18.92)

Grid-side -
i DC-link
Converter

Wy SW5 SWs

Fig. 18.29 Three-phase PWM AC/DC voltage source converter scheme
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. 21
e, = Eg sin | wt — KR (18.93)
. 2
e, = Epsin | wt + KR (18.94)
where Ej is the amplitude of the phase voltage and w is the ac power source angular
la €a Van
frequency. If we assume thati = | i, |,e=| e, |, vs = | v [, then equations
ic €c Ven

in (18.89)—(18.91) can be re-written in a compact form as:

di ,
Ly =€~ Rei =, (18.95)

The switching function S of each switch can be defined as:

1 S; is close
S; = j =a,b,c (18.96)
-1 S is open
Sa
The voltage vector vy be expressed in terms of the switching functions S=| S,
Se
as:
1 2 —1-1
ve==vg. | =1 2 =1 1|8 (18.97)
3 -1-1 2

By substituting Eq. (18.97) into (18.95), the AC input current equations can be
expressed as:
di o 2 —1-1
Li—=e—Ryi—zvge| -1 2 -1 ]|S§ (18.98)
dt ‘ 3 “1-12

Finally, the output voltage equation can be given by:

dvdc
dt

=i, +i’S (18.99)

The operating principle of the three phase PWM grid-side voltage source converter
can also be analyzed by the classical rotating field theory with the well-known Park
and Clarke transformations. The dynamic model of three-phase AC/DC voltage
source converter in the d-g rotating reference frame can be described as [28]:

dig

gE:ed —Rgid+a)ngiq — V4 (18.100)
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di, . .
gE:eq —Ryiy —weLgiqg — v, (18.101)
Dac S Gasa + ig5y) (18.102)
= —1 — (1458 171 .
dt L ) dod q°q

where, vq = vgcsq and vy = vgc8,. 54 and s, are the switching functions in the d-g
synchronous reference frame. iy, i,, €4 and e, are the input currents of the converter
and grid voltages in the synchronous d-g reference frame, respectively. Note that
Vge = Vge_q due to the field orientation.

The design methodology proposed in this chapter is different compared to the
one usually used for AC/DC power converters. It is common to start with solving
the main problem of maintaining the DC output voltage at the desired level and then
minimizing high order harmonics and reactive power at the input. In this chapter,
the inverse sequence of actions is offered. First, a tracking system is designed with
sinusoidal current references proportional to the input AC voltages. This means that
the reactive power is automatically equal to zero. If the tracking system is ideal, the
input current will be free of higher harmonics. The second phase of the research
work is the output voltage control. It will be shown that the output voltage will be
constant and depends only on the amplitude of the reference input if designing the
ideal tracking system is accomplished.

Furthermore, the proposed strategy does not utilize conventional SMC. As pre-
viously mentioned, the objective is to control three variables: two phase current and
output voltage, using three dimensional control vectors. Generally, this can be done
by enforcing sliding mode at the intersection of three sliding surfaces that depend
on the mismatches between the reference and real values. However, the following
analysis will show that matrix multiplying control is singular and conventional SMC
methodology is not applicable.

18.3.2 Proposed Control Scheme in the abc Natural
Reference Frame

(A) Sliding Mode Current Tracking Control

According to the proposed design procedure, phase currents should track sinusoidal
reference inputs proportional to input ac voltages. The tracking problem is solved in
the framework of sliding mode methodology. Substituting Eq. (18.100) into (18.99)

results in: .
dlubc

dt

= egpe + Vac T oS (18.103)
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where, matrix Iy is given by:

L=|3% F 1|, detliy =0 (18.104)
11 =
3 3 3

Since the sum of the three-phase currents is equal to zero, three state variables
should only be controlled: output voltage and two phase currents in a system with
a three dimensional control vector S. But, unfortunately the conventional sliding
mode method cannot be applied directly since matrix Iy is singular. Because of
that, we will start with designing a tracking system for two phase currents only.
It means that sliding mode should be enforced on the intersection of two surfaces
o, =1L (ia,ef — ia) ando, = L (i;,,ef — ib) or in vector form:

oa =L (iabref - iab) (18105)
Excluding the phase current i, = —i, — i} yields to:
digp
L T ewp +ucl'S (18.106)
dvy. Vd. . . .
o = —?C—l—(la,lb,—la —1ip)S (18.107)

where I" is a 2 x 3 matrix given by:

(S T

I = (18.108)
1 -2 1

3 3 3

The ideal tracking system is based on Lyapunov function:

1 T
V:E(Iab Oab (18109)

Discontinuous control should be selected such that time derivative of V is negative
definite. The time derivative V on the system trajectory can be easily calculated as:

V=045"F()— uc(a,B.y)S (18.110)

where F (.) is state function, which does not depend on control. «, 8 and y are given
by:
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« = (Fou + 1oy
B = (304 + Fo0) (18.111)
v = (50u+ 5 o)

If vy /L is large enough, F (.) can be suppressed with control S given by:

S, =sign ()
S=18S8,=sign (B) (18.112)
S = Slgl’l (V)

where o,  and Y are selected such that V < 0. This means that o,p tends to zero. Even
more, o,, becomes zero after a finite time interval 7, [10]. As a result, sliding mode
occurs with iz = igprer. If a tracking system is designed with sinusoidal current
references proportional to the input AC voltages as:

iy = K % eqp (18.113)

where K is constant. Then, the first problem of having zero reactive power and phase
currents free of higher harmonics is solved.

(B) Sliding Mode Output Voltage Control

The main objective is to maintain the DC output voltage at the desired level. The
first question to be answered is what is the output voltage after sliding mode occurs?
Sliding mode equation can be derived using the so called “equilibrium control”
procedure [39]. Step 1: time derivative of vector o, on the state trajectory is made
equal to zero. Step 2: the obtained algebraic equation should be solved with respect
to control S and then substituted in the original system.

The equivalent control:

d.a re. 1
(rs),, = (L ldbt ! _ ea,,) - (18.114)

is the solution of the following equation:

dUab diabref
=L — eap — Vae(I'S),, =0 18.115
o 0 €ab — Vac(I'S)eq ( )

The three phase input currents can also be written as:

(ia, ip, —ia— ip) = —(iag— ic, ip— i) T (18.116)
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After substituting Eqs. (18.114) and (18.115) into (18.107), the sliding mode equation
can be obtained as:

dvy, Vde L di, diy, di, 1 . .
“\a )=U%)w “ Fm . — \Ua€a €
(dt) ( R) uc(l dt+bdl+cdt)+vdc (iqeq +ipip +icec)
(18.117)

For the given balanced three phase input voltages given by Eqgs. (18.88)—(18.91), and
after sliding mode occurs (i,, = Ke,), it can be noticed that:

ia‘gt“ +lbd”’ +ic d" =0
(18.118)
igeq +ipep +ice. = %KEO2 = costant

After substituting Eq. (18.118) into (18.117), the sliding mode equation is given by:

dvdc Vde 3 2 1
—— =——+ -KEy— 18.119
dt R, TN ( )

The last equation has only one asymptotically stable equilibrium point that can

be described by:
/3
Vdess = EKEOZRL (18120)

In order to prove the stability of the equilibrium point, represent the right hand
side of Eq.(18.119) in the form:

[ 0ae) = =% + 3K Eo* ;-
f i) = —8 ae) Wac — Vaess) » & Wae) > 0 (18.121)

Avye = (Vdc - Vdcss)

The derivative of f (v,4.) is negative and is given by:

1 3 1
f i) =—— —ZKEy’—5 <0 (18.122)
RL 2 dc

Therefore, g (u.) > 0and C ddu. —gAu., Au, — 0. This proves that the equilib-
rium point of (18.119) is asymptotically stable. It can be seen that the output voltage
tends to a constant value which depends on the value of constant K in the reference
current input equation. If R; is known, K can be easily assigned. Otherwise, K
should be varied such that the equilibrium point is equal to desired value i ... As in
any boost converter, the output voltage should be greater than some minimum value.
Correspondingly, K > K,,;, and K,,;, > 0. Selected K as an integral function of the
mismatch as:
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K = (u('ref - uc) +M sg (Kmin - K) , o> 07 M >« Vdc_ref — Vdc"
(18.123)
where « is constant. The last term of (18.123) is added to prevent K from being less
than K,,;,. The only steady state of the system is u. = u..r, and the value of K is
given by:
2 chic_ref

- 18.124
3 Eo’R; ( )

If vicrer >0, K (0) >0, and vy (0) > O, then, according to (18.120) and
(18.123), K (¢) > O and vg (t) > O for any ¢ > 0. Substituting u, = tterer +x >0
in Eq. (18.120) results in:

dx _ 4 Ax 4 DK (18.125)
—_—=- —Ax 4+ — :
dt Vdery Ve, + X

Differentiating Eq. (18.125) results in:
X=—Mx—fx), >0, xf(x)>0 (18.126)

Select the Lyapunov function:
)'CZ X
V= > +/ f)dy >0 (18.127)
0

The time derivative V on the system trajectory can be easily calculated as:
V=—@)i (18.128)

Since x(¢) = 0, this means that x (#) = 0 and the equilibrium point is globally asymp-
totically stable.

18.3.3 Proposed Control Scheme in the dq Synchronous
Reference Frame

(A) Sliding Mode Current Tracking Control

Similar to the control design for electric motors, the current control of a Boost-
type AC/DC power converter can be designed either in phase coordinates or in
the dg coordinate frame. Since the control criteria (as listed in the performance
characteristics) are normally given in the dg coordinate frame, it is more convenient
to design the current control in the dg coordinate frame than in phase coordinates.
Represent the current equations in (18.100) and (18.101) in a vector form as:
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qu = qu (qu, €dg wg) — bqu (18129)

where,

(18.130)

Re €d

ld + 15+ wglyg
qu (quv €dg (Ug) = ;g Zq
.l + L_g Welg
b=3%
The switching functions for the current control are designed as:

o4 =1i;—iqg (18.131)
og =i, —ig (18.132)

where i and i;‘ are the desired values of the currents in the (d, g) coordinate frame.
The next task is to find the condition under which sliding mode can be enforced. It
can be noticed that no control gain can be adjusted for the control design of AC/DC
converters. The solution is to find a domain in the system space from which any state
trajectory converges to the sliding manifold defined by oy = 0, o, = 0. Defining
044 = [04, 0,]" and taking the time derivative of o, results in:

64q = L, — faq (Lig- €aq @g) + b s4g = Fag + DS (18.133)

e . , b 4 b.c
where I3, = [i5.i51", Fay = I, — fug (Lig. €aq- 0g). D = bATH ALSS AGD AL
are the Park and Clarke transformation matrices, respectively, S is the vector of
transformed switching functions defined in (18.8).

Design the matrix of switching functions § as:
S = —sign(S") (18.134)

where S§* =[S}, S}, Sj]T is a vector of transformed switching functions and
sign (8*) = [sign(S}), sign(S}), sign(Sf_)]T. The transformed vector S$* should be
designed such that, s ¢4 and s, disappear in finite time. Vector S* is selected as:

* 3 T
§* = 55D oug (18.135)
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Design a Lyapunov function candidate as:
V =0,,04 (18.136)

The time derivative of the Lyapunov function on the system trajectory can be
easily calculated as: )
Vv=¢"F+$""D'DS (18.137)

where F* =[F} F; FC*]T= DTqu. Substituting control equation (18.134) into
(18.137) results in:

V = (9" F* - (5*) DT D sign(s*) (18.138)

where D7 D is a singular matrix that can be calculated as:

4
T 2 1 1
D'D=pg -3 1 — (18.139)

Equation (18.138) can be expanded as:
: 2\,
V = (SiFf + SpF;f + SIFF) — 3) P @|SF|+ S5+ |S5)  (18.140)

where [ #m #n and l,m,n € {a, b, c}. Equation (18.140) can be further repre-
sented as:

: 2\? 2\’
V=i i) - (3) s+ I+ U5 - (5) 2 1s

(18.141)
This means that the sufficient condition for V < 0 can be given by:
2\ 2
(5) b* > max(F*, F}, F¥) (18.142)

Equation (18.142) defines a subspace in the system space in which the state
trajectories converges to the sliding manifold defined by o4, = 0 in finite time. This
is to show that the attraction domain in the sliding manifold is bounded in the state
space. It is also important to notice that parameter b = 3% should be high enough at
the initial time instant. The output voltage is not zero at the initial time instant since
Vae_a = V4c- In critical applications, this can be achieved by starting the converter
operation with an open-loop control. The last step of the current control design is that
the resulting controls S,, S, and S, should be mapped into the switching patterns
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that can be applied to the power converter. This can be done using the following
system of equations:

Sw1 = % (1 + Sa) s Swd = 1 - Swi

Sw2 = % (1 + Sb) » Sws = 1- Sw2 (18143)

Sw3 %(1+Sc)asw6 =1-1s543

(B) Sliding Mode Output Voltage Control

It is necessary to determine the reference currents feeding to the current controller,
iy and i7, in order to ensure asymptotic stability of the output voltage regulation.
Neglecting the voltage drop over the phase resistance R,, Egs.(18.100)-(18.102)
can be simplified to:

Ui
Lg% = eq+ wgLgiy — vy (18.144)
Ui
Lgfzeq_nggid —v, (18.145)
dvge 1
;;’ = —ir+ 5 (asa +igs,) (18.146)

In general, the value of the inductance satisfies L < 1, while the right-hand sides
of equations in (18.144)—(18.146) have the values of the same order. Therefore,
digq/dt,di,/dt > du.q/dt indicating that the dynamics of i; and i, are much faster
than those of v4.. In case that the fast dynamics are stable, the output voltage control
can be simplified considerably. Based on the Singular Perturbation Theory [19, 20],
the left-hand sides of Eqgs. (18.144)—(18.146) can be formally equal to zero, and the
algebraic equations for s; and s, can be solved. Therefore, the following equation
system is valid for control design of the slow-manifold:

2(eq +w,Li*
S = w (18.147)
dc

2 (eq + a)gLi;)

5y = oo T Cela) (18.148)
Vdc
dvgc i | laSdtigs
=Lt 44" 47 18.149
dt C + 2C ( )

where i and i; are the reference values of iy and i, respectively. The real currents are
replaced with their reference values in Egs. (18.147) and (18.149), since we assume

that the inner current control loop is in sliding mode with oy = i — iy, 04 = iy — iy.
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As mentioned in the introduction, the objective is to control the three-phase AC/DC
power converter such that the output voltage is maintained at the desired level with
zero steady state error, input currents are free of higher harmonics and the reactive
power is equal to zero. The demand of sinusoidal input currents has been fulfilled
automatically by involving the (d,q) transformation. The following characteristics
will cover the remaining major requirements of a well-controlled three-phase AC/DC
power converter:

1. The output voltage should converge to its reference value u.

2. The input current phase-angle, p*= arctan(i;/i;), should trace its reference
value.

3. The power-balance condition should be satisfied, i.e. eqiy + eqiy = uzi; = vy ir.

The reference currents iy and i;; should be calculated satisfying these requirements.
Substitution of (18.147) and (18.148) into (18.149) yields:

dvge ] ifsy +i*s
@Vde :_l_L+u (18.150)
dt C Cvy.

Taking into account the power-balance condition, the above equation can be sim-
plified to:
dVdc iL VZ(iL
=——=+ (18.151)
dt C Cvye

For a system with a pure load resistance R, iy = v4./Ry. As a result, linear
dynamics for output voltage u.; can be calculated as:

dvdc _ V;C — Vde
dt CR;

(18.152)

Define the voltage regulation error as vy = v)j, — v4. With a constant desired
voltage V. = 0 such that: )
Vae + RLCvge =0 (18.153)

Equation (18.153) shows that the voltage error tends to zero asymptotically with the
time-constant R, C. It also means that the output voltage converges to its reference
value automatically if the power-balance condition is fulfilled. Finally, i; and i; can
be calculated as:

.* ViciL
R L - (18.154)
eq + eqtanp*
* it *
it = VactLtanp (18.155)

9 e4 + egtanp*

where p* is the input reference current phase angle. It is usually determined by the
control designer.
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18.3.4 Simulation Results

In order to evaluate the proposed sliding mode control strategies for AC/DC
power converters, several computer simulations have been conducted using MAT-
LAB/Simulink software. Parameters of the simulated three-phase AC/DC converter
are listed in Table 18.7. All of the reported results were obtained under the assump-
tion that ideal sliding modes are enforced in the systems. Figure 18.30 shows the
DC output voltage using the proposed SMC algorithm. As it can be seen, the output
voltage is maintained at the desired level with zero steady state error. vy .r = 250V
in this case,

Results of the current tracking control system are shown in Fig. 18.31. After
the transient stage, phase currents track references very well. This proves that the
proposed sliding mode control strategy ensures that the input currents are free of
higher order harmonics.

Figure 18.32 shows the source voltage and current. It illustrates the ability of the
proposed control algorithm to reduce the reactive power to zero and maintain a unity
power factor.

Figure 18.33 illustrates the ability of the input current and output voltage control
systems under the proposed strategy to quickly follow a sudden change in the dc
link voltage reference (Vge_rer1 = 300V, vge_rer2 = 250V). In this case, K should be

Table 18.7 Simulation parameters of the three-phase AC/DC converter

Parameter L (mH) C (nf) f (Hz) Ry (2) Eo (V)
Value 7.5 820 60 100 120
Fig. 18.30 DC-link output 300
voltage of the AC/DC power
converter
250 +
< 20/
S0
&
IC) .
S 150
]
|
- 100
o
a
50

0 01 02 03 04 05 06
Time (sec)
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Fig. 18.31 Three-phase current tracking using the proposed SMC strategy
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Fig. 18.32 Input phase voltage and phase current
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Fig. 18.33 System response T T T T T T :
to a sudden change of the dc i i ; i : i
link voltage and input current

Input Phase Voltage (V)

Input Phase Current (A)

L

Time (sec)

varied such that the equilibrium point is equal to desired value u.¢. For this purpose,
K is selected as an integral function of the mismatch vy ,or — Vac.

18.4 Sliding Mode Control of DC/AC Power Electronic
Inverters

PWM originally refers to an approach used to realize or amplify a continuous function
by using on/off implementation. In power electronics industry, the term PWM also
refers to the control of semiconductor switches in converter circuits. With the devel-
opment of new control algorithms for power converters, several PWM techniques
have been proposed and implemented in the control system of DC/AC inverters, like
harmonic elimination PWM [5, 6] space vector PWM [17, 18, 41], sine-triangle
PWM [28], hybrid PWM [3], hysteresis band control, etc.

PWM control approaches can be classified into two main categories: open-loop
control using a pre-calculated switching pattern, such as harmonic elimination PWM,
and close-loop control whose switching actions depend on feedback information,
such as hysteresis band PWM approach. Some of them can be used in both open-
loop and close-loop schemes, such as space vector PWM [41]. Comparative studies
of different PWM techniques can be found in [31, 37], and other literature.
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Performance of power electronic inverters is evaluated in different aspects, for
instance harmonic loss factor, reference tracking ability and robustness against vari-
ation of circuit parameters and disturbances. Therefore, Sliding mode control (SMC)
is very natural to be used in the control of power inverters [1, 38—40], since the
switching between two discrete values can be used directly as gating signals to the
semiconductor switching devices in power converter circuits. SMC has excellent
reference tracking ability and robust against parameter variations of the inverter.

This section presents a new PWM approach for power electronic inverters called
Sliding Mode PWM (SMPWM). It is a close-loop control method based on the
sliding mode concept. The control objective is to track proper reference inputs using
a three-phase full-bridge inverter. It considers the fact that three arbitrary phase
current references cannot be tracked for three-phase three-wire systems.

18.4.1 Circuit Model and Design Methodology

Consider the system in Fig. 18.34. The three-phase full-bridge inverter under con-
trol is to provide desired currents to the load, taking into account that they can be
dependent.
Based on circuit analysis, the system equations are:
L% 4 Riy + E, = 54 Uge — vy
LY + Riy + Ep = 5pUge — v (18.156)

L% + Ric+ Ec = sc Uge — vy

SW SWy SWs

Fig. 18.34 Three-phase PWM DC/AC inverter scheme
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where v, is the voltage at neutral point. E,, E;, E. are balanced three phase voltage
sources which represent three back EMF in ac motors. s,, s, s, € {£1} represent
the on/off control signals for six switching devices of the three-phase full-bridge
converter. If a switching device is conducting, value “1” is assigned to it, otherwise
“—1” is assigned. Since sum of the currents is equal to zero, v, of the three-phase
system can be found as:

Use
Yy = Td (Sa + 5p + 50) (18.157)

Itlooks natural that v, is discontinuous, but its average value changes continuously.

18.4.2 Sliding Mode Pulse Width Modulation (SMPWM)

The objective of the inverter’s control system is to track proper selected voltage or
current references. Some existing PWM techniques use three-phase current errors as
inputs to its controller, for instance hysteresis band PWM. It controls the three phases
independently based on corresponding current error. However, as it was mentioned,
the three currents cannot be independent.

Denote X -
Jo=—(7)ia =
B=—(8)i,— £ (18.158)
Jo=—(f)ic— %

Substituting (18.157) into (18.156) results in:

di Uge

—=J DS 18.159
dt + 3L ( )
where,
iy 2 —1-1 Sq Ja
i = ib ,D: -1 2 -1 ,S: Sp ,J: Jb
ic -1 -1 2 Se J.

Notice that matrix D is singular, therefore among i, i, i, only two phase currents
can be controlled independently. If the sum of reference currents _ i* # 0, wherez =
a, b, ¢, then problem can not be solved. If >_ i ¥ = 0, only two of the reference inputs
can be given independently, then we have one superfluous degree of freedom since
the dimension of control equals to three. As result, although three currents are equal
to the desired values, the motion of system is not unique. For example the voltage
v, in (18.157) can be equal to different values. In future, we assume that reference
inputs and are given and discuss how to utilize the additional degree of freedom.
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It should be noted from (18.156) that, since the equation for each phase current
depends on all three discontinuous functions s, s,, s., the frequency analysis cannot
be performed independently. Thus, although hysteresis band PWM works in practical
implementation, its analysis needs to be carefully checked. Control algorithm should
be developed to control three-phase currents while only two of them can be controlled
independently. The extra one degree of freedom can be used to control one more
variable.

The proposed control algorithm is based on complementing the original system
by the first order equation:

S3=vr—v, (18.160)

where v, is defined in Eq. (18.157).
The sliding surfaces s = [s,, s, s3]7 can be defined as:

Sq =1 — 14

sp = if — ip (18.161)
s3= [ (vi— vy dr

where i}, i), v} are reference signals. The derivative of vector s can be easily derived
as:

. . 2 Use 1 Uge 1 Use

Sa =ig = Ja— 37 Sa+ 3770+ 3775

. . 2 Uye 1 Uge 1U

Sp =iy — Jp — 3Yesy, + 3 Yes, + 1k, (18.162)

§3 =5 — (Uge/3) (Sa + 56 + 5¢)

Three-dimensional discontinuous control J can be designed such that sliding
modeis enforced on s = 0. When sliding mode occurs ons = 0, all three components
of are equal to zero and the tracking problem is solved. Since motion equation in
sliding mode depends on parameter v}, it can be selected in correspondence with
some performance criterion. Different control methods can be used to enforce sliding
mode.

Having proposed sliding surface s, the proposed control algorithm should be
designed such that vector s is reduced to zero after finite time. Select the Lyapunov
function:

V= 3 sTs (18.163)

Its time derivative is given by:
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. Udc
V=F() — 3—L[asa + Bsp + Vsl (18.164)

where,
F () =sq(if = Ja) + 56 (if — Jp) + 53V

o= (25, —sp +s3L)
(18.165)
B = 2sp —sq +s3L)

Y = (=S4 —sp +s3L)
If u./L is large enough, F (.) can be suppressed with control S given by:
Sq = sign (@)
S=1s,=ysign (B) (18.166)

s =sign (y)

The proposed SMPWM control design for AC/DC inverters has the following
advantages:

1. SMPWM with Lyapunov approach takes into account all sliding surfaces directly
for each phase’s control.

2. SMPWM does not require the dc voltage source to have constant value.

3. SMPWM can tolerate significant amount of disturbances or fluctuations from
voltage source. This is an attractive advantage of SMPWM.

18.4.3 SMPWM Using Sliding Surface Decoupling Approach

Although the SMPWM method proposed in Sect.4.2 is simple, it does not provide
the capability to analyze the motion in the vicinity of the sliding manifold, since
the three equations in (18.162) are interconnected. Therefore, this section presents
another SMPWM technique that takes into account all sliding surfaces indirectly for
each phase’s switching control.

Equation (18.162) can be written in matrix form

Ud c

S=f2+3L

BJ (18.167)
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where the vector f, = [% —K,, ‘% — Ky, v;"] includes terms without control vari-
2 —1 -1

ables, and B=| —1 2 —1 |. Since B is a non-singular matrix, it can be trans-
L L L

formed into a diagonal matrix, and control variables can be decoupled for each sliding
surface. Introduce new switching manifold 5 = B~'s = 0. In this case,

L [3L o3
B'=—| 0 3L 3 (18.168)
L | 31 313
1 3Ls, + 3s3 51
§=— 3Lsp + 353 =15 (18.169)
9L —3Ls, — 3Lsp + 353 53

Differentiation of (18.169) gives 51 = B~'5 and § can be as:

5=B'5=f— Ude ih (18.170)
3L | |

where f3 = [f51, f32, f33]T is a 3 * 1 vector whose elements have bounded values
as:

fo =5 (LG = LKa+v})
fo= (L% — LK, + ) (18.171)
i* dir "
fro =50 (~LGE + LK, — G+ LK, +))
3 does not include control variables, s,,, s, and s.. Equation (18. shows that the
d includ I variabl. d's.. Equation (18.170) shows that th

overall motion can be decoupled into three individual ones (with respect to control).
Select the control logic for inverter switches as follows:

Sq = sign (51)
sp = sign (52) (18.172)

S. = sign (53)
If % > sup ||f3|], the sliding mode existence conditions §1§1 <0, §2§2 <0, §3§3 <0
hold. Sliding manifold is reached after finite time. Reference input v} can be selected

depending on some operation criteria: control of switching frequency, minimization
of this frequency with given accuracy, and so on.
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18.4.4 Sliding Mode Control of Neutral Point Voltage (v,,)

This section explains the physical meaning of the proposed control methodology. As it
follows from (18.162), the time derivative of s3 depends on varying at high frequency
in sliding mode. It means high frequency will be rejected on sliding surface and will
depend on average value of v,.

Section4.3 shows that SMPWM can track reference currents and control the aver-
age value of v, at the same time. As aresult, proper v; can be found to minimize some
performance criterion. As an example, the switching frequency is to be minimized
in order to reduce switching losses with a given accuracy. Ideally, sliding mode is a
mathematical abstraction where the sliding motion trajectories are strictly on discon-
tinuous surfaces. However, sliding mode in a real life system occurs not strictly on
its discontinuous surfaces. Instead, it appears within some boundary layer. Analysis
of sliding motion in boundary layer can be found in [40]. Assume that switching
devices have hysteresis loop A. Then A defines the accuracy of the system, as shown
in Fig. 18.35. In our system, the switching frequency depends on state velocities.
Moreover, the switching frequency is not a constant value. We consider the sys-
tem using surface decoupling approach shown in Sect.4.3. Then each phase can be
handled independently. The switching frequency is determined by two time intervals
withs > O0and s < 0. Consider the switching behavior of the i-th motion in (18.170)
where i € {1, 2, 3}. For each motion in (18.170), the time duration of “switch on”
and the time duration of “switch off” can be written as functions of v;.

The function f3 in (18.170) depends on v}, as shown in (18.171). For each motion
in (18.170), the time duration of ‘“switch on” and the time duration of “switch off”
can be written as functions of v

Toni (V:;) = m

(18.173)

I S
i () + 5

torri(Vy) = ‘

It means that the switching frequency of the i-th motion is a function of v} as well.

Fig. 18.35 Sliding manifold g e S I T e
of SMPWM

Sliding

Surface

I, aff
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1
Loni (V:) + taffi (vz)

Sowiten_i (V) = (18.174)

Taking into account all three motions in (18.170), the variable f;,,;;.;, defined in
(18.87) can be used as a measurement of the overall switching frequency of the
system:

3
Fowiren i) = D fowiren i (V) (18.175)
i=1

Let fowiren i (V) be the function to be minimized under the constraint 13]—2 > sup || f3ll-
Then, the optimal v} can be found from (18.172) and (18.173), such that fyren ;i (vV};) is
minimized. In this particular example, the performance criterion is a function of v;.
In other problems, criterion could be a function of v,. Then let v} equal to the optimal
value of v,, and the tracking v, = v} is provided by SMPWM.

Table 18.8 Simulation parameters of the three-phase AC/DC inverter

Parameter | Uy, (V) Eape, rms i:bc, peak R (2) L (mH) Step (us) | Freq. (Hz)
V)
Value 650 200 18 0.06 12 10 60

20 T T T T
= real
10 . 1 reference

ic
o

1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03
time (sec)

Fig. 18.36 Current tracking using SMPWM
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18.4.5 Simulation Results

In order to evaluate the proposed control algorithm, computer simulations have been
conducted using MATLAB/SIMULAINK software. Parameters used in simulation
are listed in Table 18.8. This simulation used sliding surface decoupling approach.
Results of three-phase current tracking (zoomed-in) are shown in Fig. 18.35. After
the transient stage, phase currents track the references very well. Discontinuous
output voltages v,, vp, V. are shown in Fig. 18.36. In Fig. 18.37, the average value
of v, tracks a time varying reference. This average value is obtained by a first order
dynamic ux = —x + v, and u = 0.001. This low pass filter is used to calculate
the average value of v, in order to illustrate how close is this value to the v}. Of
course this filter is not needed for implementation of the system. In this simulation,
the reference v} is a randomly selected time varying function. It is not optimized
according to some criterion. The only objective of Fig. 18.37 is to show the ability
to track a time varying.

It is worth mentioning that SMPWM (see Fig. 18.38) is suitable for both analog
and digital implementations. This due to the fact that SMPWM can be implemented
with or without timing functionality, while other PWM approaches like Space Vector
PWM require the DSP controller to have the ability to handle timing [7, 41].
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Fig. 18.37 Three-phase output voltages using SMPWM
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Fig. 18.38 Tracking a time varying v;; (¢) using SMPWM
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