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Dumitru STANCIU, Dan Alexandru STOICHESCU, Adriana FLORESCU

"Politehnica” University of Bucharest, Electr
Bd. luliu Maniu 1-3, sect.6, 77

onics and Telecommunications Faculty,
206-Bucharest, Romania

e-mail: fistanciu@apel.pub.ro] ptoich@vl.elia.pub.ro | gdriana_florescu@home.ro|

ABSTRACT: In the paper, a general method for
applying the sliding mode control to the electronic
power converters operating as variable structure
nonlinear systems is developed. Unlike the method
proposed by Buhler (Buhler 1986), this one may be
aplied even if the reactive elements (L, C) of the
converter are placed in front as well as behind the
switch/switches. A new block diagram and a
switching function for the variable structure systems
are proposed. Everyone of the state equations systems
matrices is written as a sum of two matrices and a
matrix in every sum is multiplied by the switching
function. The state equations of the overall
"convertor + load ™ circuit, the switching law, the
equivalent control signal, the existence conditions and
the switching frequency are presented. The method is
applied to three particular sliding mode control
power converters.
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converters, switching function

1. INTRODUCTION

Generally, the power electronic converters are
circuits embodying diodes and static switches, consisting
in conventional thyristors, gate turn-off thyristors,
bipolar junction transistors, power MOS-FETS, insulated
gate bipolar transistors (IGBT), passive elements (R, L,
C) and independent voltage and current generators. In
these circuits, after every commutation of the switches,
the equivalent structure of the circuit changes. In the

Comparator |7

w + E(X) T‘ Control |

same time, different nonlinearities appear (relay type
nonlinearities, hysteresis type nonlinearities, etc). These
circuits are called "variable structure nonlinear systems".

A very suitable method for the control of this type
of systems is the sliding mode control.

2. PROPOSED SOLUTION

In (Buhler 1986) for a variable structure system
using sliding mode control, a block diagram model is
proposed, where the power converter is represented by a
switch and its reactive elements are included in the load.
This diagram is useful only if the reactive elements (L,
C) of the converter are placed behind the switch (for
instance, the dc-dc Buck converter). The power
converters possessing reactive elements in front of and
behind the switch/switches cannot be described by this
diagram. Such converters are the dc-dc Boost converter
and the single phase inverter active filter. For analyzing
the systems of this type, we propose the general block
diagram in fig.1.

In the block diagram in fig.1, the power block is no
more a switch but a power converter possessing static
switches and passive elements (R, L, C). In a power
converter there are two variables determining its state:
the supply voltage "e" and the control signal of the
converter static switches. Therefore, we consider the
power converter to be characterized by a switching
function "z" which takes into account the state of the
circuit switches; this state is determined by the
comparator, that is by the actuating signal.
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Fig.1. The block diagram of a variable structure nonlinear system using sliding mode control
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The switching function allows the writing of the state
equations not only for the load S, but for the overall
circuit "power converter + load".

The state vector for the overall "power converter +
load" circuit is composed of the state variables of the

load S (the vector Xg ) and the state variables introduced
by the reactive elements (L, C) of the converter (the

vector z).lf we denote by X the state vector of the

overall "power converter + load" circuit, we can write
its state equations system;

= AX +be
) T (1)
By=c X
where:
- — —T
X=|Xs Xc )
e - the input (generally, the supply voltage of the
converter);
A - a quadratic matrix depending of the elements (R, L,
C) of the overall "converter + load" circuit and the
switching function "z".The quadratic matrix A can be
splited in two quadratic matrices A; and Ap which
depend on the elements (R, L, C) of the overall
“converter + load" circuit, the matrix Ay being
multiplied by the switching function "z" in the following
way:
A=M+2A (2)
b - a column vector determined by the elements (R, L, C)
of the overall "converter + load" circuit and the
switching function "z". The column vector "b" can be
splited in two column vectors by and by which are
determined by the passive elements of the overall
"converter + load" circuit, the vector by being
multiplied by the switching function "z":
b=b +zby (3)

T = ﬁg cg ﬁ where c-sr corresponds to the vector

Xg and cg corresponds to the vector X¢ .

e The switching law
From fig.1. results:

£x)= KT X+ kygw @)
e The equivalent control signal

Substituting the vector X, as it is expressed in (1),
in the derivative of the switching law (4) and equating it
to zero, results:

~kT (Ax+be)+ kyyw =0

Substituting in this equation A and b as they are
expressed in (2) and (3) respectively and taking into
account that z = zequjy , the equivalent control signal is

obtained:
1 - .
Zequiv-———————LEFk! (Aqx+bre) +kaWE  (5)
k' (ApX+hoe)
*  Existence conditions
From equation (5), the following existence
conditions of the sliding mode derive:
B kT QAyx+bpe)#0 ©

) Zmin <Zequiv < Zmax
e Control system with integral controller
The control system shown in fig.l. has a
proportional behavior and, therefore, a stationary error
exists. This disadvantage may be removed by adding an |
controller, as one can see in fig.2. For the control system
with I controller, a new state variable xR is to de added

to the state vector which shall be represented by the

same letter x.
The integral controller is described by the
differential equation:

XR = (1/Ti)EQW—cT X), where Tj is the time constant.

The state equation in this case is obtained by adding
the state equation of the system without | controller to te
differential equation of the integral controller. We get:

X = AX +be +byw 7)
where:
0
As 0 X b
A=l 1 cx=[ ] b= S; bw =
cs /Tj 0 XR 0 T

The index "s" points the variables in the system
without the | controller, shown in fig.1.

The switching law, the equivalent control signal and
the existence conditions can be obtained in a way similar
to the system without | controller.
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Fig.2. Variable structure control system with | controller



*  The maximum switching frequency
In fig.3, the comparator hysteresis in terms of the

error s(;) (fig.3a) as well as the error s(;) variation

(fig.3b) are shown. The comparator hysteresis is, in fact,
the control signal hysteresis, that is the switching
function "z".
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Fig.3. a) the hysteresis of "z"; b) the error variation
s(x) (switching law)

In order to get the switching frequency, the control
signal (the switching frequency) takes the values zmin
and zmay -

When the reference signal w is constant, its

derivative W =0. Derivating the switching law given

by (4), results:

&)=k % ®)
Taking into account egs. (2) and (3), a new form for

equation (1) results:

X=A;X+bje+(AyX+hoe)z (9)
Substituting eq. (9) in eq. (8) and taking into

account that z = z|jy, , we have:

£(X)=—kT [AMR+bre+(ApX+boe)zjim]  (10)
where z|jm equals zZmax Of Zmin -

For z = Zequiv » s(?):o , that is:

—kT[A1¥+b1e+(A2Y+b2e)zequiv]:o (11)
Subtracting (11) from (10), we get:

& (X)=kT WA X +bpe) Wzlim - Zequiv ) (12)
According to fig.3b we may write:

= Z.Af ot =—.2A_£; c= : (13)
-£(X) E(X) tc +1g

For determining tc, z)jm is replaced by zmax in
eg. (12) and for tq , z|jm is replaced by zpip -

Using egs.(12) and (13), the expression of the
switching frequency fe results:

. KT (Ppx +hpe) 5Zmax‘zequi\)[02equirzmin)
o=
20e Zmax~ Zmin
The switching frequency cancels for Zequiv = Zmax

(14)

and Zequiv = Zmin - It is maximum for:

Zequiv = (Zmax + Zmin)/ 2
and its maximum value is:
T, =
femax = % [@zmax = Zmin ) (15)
In the switching frequency expression (15) as well
as in the expression of the maximum switching
frequency, one can find the term Agi +boe instead of

"b" in the similar formulas given in (Buhler 1986). For
Ap =0and bpe=Db, the corresponding expressions in
(Buhler 1986) are obtained.

The expression " Ay x +boe™ points out that the
switching frequency as well as its maximum value
depend on the state vector, that is the maximum
switching frequency is not constant.

By means of the block diagram given by Bihler
(Buhler 1986), the variable structure nonlinear systems
can be analyzed using the sliding mode control; the
matrix A is independent of the switching function "z"
(A2 =0) and the input "u" may be written: U = Zze,
thatis by =0.

The matrix A is independent of the switching
function "z" when the switch and the load S can be
separated, that is when there are no reactive elements
(inductances or capacitors) between the voltage supply
and the switch of the converter, as one can see in the dc-
dc Buck converter diagram.

3. APPLICATIONS
3.1. The dc-dc Buck Converter

In fig.4, the block diagram of a dc-dc Buck
converter using the sliding mode control for the current
i isshown.

The switching function is:

_ 01 if Trison

7=
Ho if Trisoff



According to the notations in fig.4, for the state
variables uc and i we can write the state equation

system:
X = Ax +be,
where:
11
y - =
x=| i A=A +2Ap; Ap=| RE Cliag =0
L
0
b=bj+zbp=z|1|; bp=[0]; e=E
L

Fig.4. The block diagram of the sliding mode
control dc-dc Buck type converter

As Ay =bq =0, the matrix A is independent of the

switching function "z" and the input u=ze, hence this
diagram may be analyzed in the same way as the block
diagram proposed by Buhler (Buhler, 1986).

e The switching law

e(X)=-kT x+w, where k' =10 kj|
»  The equivalent control signal

Using eq. (5), results:
Uc

Zequiv = E
*  The conditions of existence
Using egs. (6), we get:
ki E
Ea) kT(A2Y+b2e):'T¢O
O
b) 0< “?C <1, obviously

*  The maximum switching frequency
Using eq. (15) and taking into account that
Zmax =1 and zpjp =0, we get:
ki - E
L 84

As the converter satisfies the conditions of the block
diagram proposed by Buhler, fcmax IS constant and

independent of the state variables.

meax

3.2. The dc-dc Boost Type Converter

In fig.5, the block diagram of a dc-dc Boost type
converter using the sliding mode control for the control
of the current i|_ is shown. The circuit may be used, for
instance, to design a diode rectifier able to absorb a sine
wave current from the electric net, thus improving the
power factor; the voltage "e" is the rectified net voltage.

The reference value of the current i* is the product
between a signal proportional to the supply voltage "e"
and the signal "k" which is the output of the controller
which controls the voltage uc across the capacitor.
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Fig.5. The block diagram of the sliding mode control
dc-dc Boost type converter

The switching function is:

0o if Tr ison
z=0, . .

ol if Tr isoff

According to the notations in fig.5, considering the
state variables uc and i, we can write the state
equation system:

X = AX +be
where:

e 1 0 <
X=| "li A=Atz M= RC R E] ;
'L 0 0 -= 0

L
0
b=bg+zbp; bp=|1|; bp=|0|

L
and "e" is the rectified sine wave voltage.

Taking into account that the matrix A depends on
the switching function "z", as the inductance L separates
the supply voltage "e" and the switch Tr, for this diagram
we cannot use any more the considerations applicable to
the diagram proposed by Biihler.

e  The switching law

e(X)=—kTx+i" , where kT =[0 ki



* The equivalent control signal

»  Existence condltlons
— k
ga) kT (Ay X +bye) :T'uc 20
Hb) 0<zequiv <1
e The maximum switching frequency
Taking into account that zpax =1 and zpjp =0,
from (15) results:
1 .
= L
‘max T gae L
Consequently, the  switching
proportional to the state variable " ug "

Uc

frequency s

3.3. Single Phase Inverter Active Filter

In fig.6, the block diagram of a sliding mode control
single phase inverter active filter is shown.
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Fig.6. The block diagram of the single phase
inverter active filter

*  The switching function
For the inverter transistors Tq,T2,T3,T4 we define

the switching functions zj (i=1, 2, 3, 4):
Dl if Tj ison
DO if Tj isoff
»  The operation mode of the inverter
The operation mode for the T1, T and for T3, T4

transistors is specified by table 1, respectively by tabel 2.

Zj =

e>0 <0
Z1 0 1
Zy 1 0

Table 1: The operation mode of the
transistors Tq and To

e<0 e>0
Z3 1 0
Zy 0 1
Table 2: The operation mode of the
transistors Tg and T4

From the tables 1 and 2 results that the operation of
the transistors T1, To is determined by the sign of the
error s( ) and the operation of the transistors T3, Ty is

determined by the sign of the supply voltage "e"
When transistors T and T4 are on, tran5|stor5 To

and T3 are off and viceversa. Consequently:
dz1+zp =1

16
523 +z24 =1 (16)
According to the notations in fig.6, we can write:
ex =(2124 22 23) ¢ (17)
Also:
74 = 11 s0nte) 52” €) (18)

Considering U, and 1| as state variables and

taking into account the egs. (16), (17) and (18), we can
write:

X = AX +be
where:
0 sgr(e)—l
x=| C|; A=Aj+21A0; A= x
I 1‘59['(9) 0
2L
o L 0
Az =|_, Clib=bp+zgbpiby=| 1]; bp=0
T ° .

e - the sine wave supply voltage

Taking into account that the matrix A depends on
the switching function z7, the conclusions obtained by
means of the block diagram given by Bihler are no more
valid.

e The switching law
According to the notations in fig.6, we get:

e(X)=i - kiig - k' X
where kT =10 ki
e The equivalent control signal

1-sgnie
Zequw——E E* g ) +%

¢ The existence condltlons

) KT (Apx +by e):¥uc 20
O

Eb) 0<Z1gquiv <1

These conditions are satisfied.
e The maximum switching frequency
Takind into account that z3max =1 and

Z1min =0, from (15) results:



1 _Kj
fC = - 71—
max  8Ae L
Consequently, the  switching
proportional to the state variable " ug "

Uc

frequency s

4. CONCLUSIONS

In the paper a new block diagram for the nonlinear
variable structure systems, using the sliding mode
control is proposed and discussed; this diagram is much
more general than the corresponding one proposed by
Buhler (Buhler, 1986).

This block diagram is useful for describing all the
nonlinear, variable structure systems which use
electronic power converters and can be applied to the
nonlinear variable structure systems whose matrices A
and b depend, besides the elements (R, L, C) on the
switching function "z".

In order to write the state equations of the overall
"power converter + load" circuit, we proposed to write
everyone of the matrices A and b as a sum of two
matrices depending only on the passive elements of the
circuit; one of the matrices in the sum is multiplied by
the switching function "z".

Starting from the state equatons of the overall
"power converter + load" circuit, we obtained:

- the switching law;
- the equivalent control signal;
- the existence conditions for the sliding mode
control;
- the maximum switching frequency.
These theoretical results have been applied to the
sliding mode control power converters.
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