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Abstract: Non-linear control of power converters 1s an active area of research in the fields of power electronics.
The variable structure nature of DC-DC converters lends itself to Shiding Mode Control (SMC). The state space
averaged model of a DC-DC buck boost converter has been derived and sliding mode control techniques are
applied to the system to obtain the desired output. The presence of a RHP zero in the control-to-output transfer
function resulted in undershoot in the output response. To tide over the disadvantages of the conventional
control techniques, the non-linear Sliding Mode Control (SMC) scheme has been adopted. The simulations are

carried out using SIMULINK software.
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INTRODUCTION

Recent applications in the design of power supply
employs buck-boost converters because the required
output is inverted directly from the input voltage and
the output voltage can be either higher or lower than the
input voltage. The buck-boost power converters are
widely used m applications like automotive, marine,
etc., have to be controlled by appropriate means in
order to supply the needs of the loads (Matsw et al,
2002) conventional control techmiques such as P, PI
and PID controllers have the common characteristic that
the control algorithms are described by equations
(Nagrath and Gopal, 2001; Slotine and Li, 1991). A
mathematical description of the controlled system is
essential, however, such techniques leave much to be
desired in terms of high grade of performance required
from converters in several applications.

Sliding Mode Control (SMC) is a technique that
1s suitable for the variable structure nature of the DC-
DC Converter (Venkataraman et al., 1985). A variable
structure system 1s one that has a defined number of
sub structures, based on the condition of some non-linear
elements. Shiding mode control 1s a control techmque
wheremn the state trajectory 1s directed towards an
invariant surface on the phase plane to achieve desired
system behaviour (Mattavelli et al., 1993).

The objective of this research, is to implement a
sliding control scheme for a buck-boost DC-DC converter
using MATLAB and analyse its performance under
various conditions.

CONVERTER MODEL AND DERIVATION OF
STATE SPACE MODELS

State space models are very useful for dynamic
modeling of power converters (Mohan ef al, 1995;
Skvarenina, 2002). They also provide a basis for
applying various linear control techniques. A buck-boost
conwverter possesses two different cirewt configurations,
corresponding to the ON state and the OFF state. The
behaviour of the buck-boost converter circuit in these
states can be depicted by state space models.

The general form of the state space model 1s given by

X=AX+Bu
Y =CX+Du

Where X 1s the state vector, u is the mput or
control vector, A, B, C and D are the state matrix, the
input  matrix, the output matrix and the direct
transmission matrix, respectively. The switching function
d(t) is used to describe the switch states. &(t) = 1
corresponds to the ON state circuit and &(t) = 0
corresponds to the OFF state.

Thus, over a time period T, divided mto two
switching intervals, the state space models for each
switching mterval can be given as

X=AX+Bu
Y=CX+Du for0 =t =T, d0=1
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X=A,X+ Byu
Y=CyX+Dyufor§T=<t=T,08(t)=0

The differential equations governing the dynamics of
the state vector X = [i,,v,]" are obtained as:
ON state equation:
0<t<d T, d(t)=1,51s ON, Dis OFF,

dv v
Li—L-v, ..C,—2=-_"0
Tdat P T ar R,
OFF state equation:
0T <t<T,d(t)=0,518OFF, D 1s ON

dVO . Vo
=i ——

=—V. -
070 gt R,
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't
From these differential equations, the A,, B, C, and
D, matrices can be obtained for the ON state and the A,,
B,, C, and D, matrices can be obtained for the OFF state.

The state space averaged model can be obtamed from

these.
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Small signal transfer function model: State space
averaging provides an elegant solution for the application
of widely known linear control techniques to most power
converters (Rashid, 2001). Since the converter outputs
must be regulated actuating on the duty cycle and the
converter inputs usually present perturbations due to
load and supply variations, state variables are
decomposed to small AC perturbations and DC steady
state quantities.

The transfer functions are derived from these state
space averaged models.
Line to Output Transfer Functions:

iL(s) Aj(1+3CyRy)
vo(s)  s*L;CoRq+5L; + Ro(1—A))?
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Fig. 2: Open loop characteristics

Small signal duty cycle to output transfer functions:

vols) _ Vpc(Ro —sLibg 1A% .
8(s)  s%L;CgRg +sL; + Rg(1- A)?

The mput to output steady state relations are derived
and found to be:

I, _ &
Vpe  Ry(1- A
Mo o N
Voo 1-A

These relations are the steady-state transfer

relationships of the buck-boost converter.

Open loop performance: The buck-boost converter model
is designed using MATLAB as shown in Fig. 1 with the
values of £ =20 kHz V=28 V.V, =24V,

The output of the simulation is shown in Fig. 2.

As seen from Fig. 2, the required characteristics
cannot be obtained with open loop since there i1s no
feedback to control the duty ratio.
fluctuations are found in the output and the system
becomes unstable. To get the desired characteristics,

Hence wide

closed loop control 1s chosen.
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SLIDING MODE CONTROL
OF DC-DC CONVERTERS

Switched mode DC-DC converters are non-linear and
time varying systems and so it is not easy to design linear
controllers directly for these systems. The state space
averaging can be used to design linear controllers, which
operate in a narrow linear range. SMC 13 a logical control
choice, which provides a more consistent way of handling
the control problems in power converters. The converter
switches are driven as a function of the instantaneous
values of the state variables. The main feature of sliding
mode control is its ability to result in very robust control
systems (Rashid, 2001).

Basic principles: A variable structure system 1s one that
is made up of a number of *sub topologies’, each of which
is defined by the condition of non-linear elements, i.e., a
system where the control law is deliberately changed
during the process according to predefined rules that
depend on the state of the system. The overall dynamics
of the system is quite different from that of the individual
sub topologies.

Consider the followmg Single Input Single Output
(SISO) dynamic system:

x® = f(x, ) + b(x, Hut) + d(1),
y(t) =x(t)

Where x(t) = [x(t), xV(t), x%(1), ... x®X1)] is the state
vector (x¥(t) is the 1" time derivative of the state variable
x, f(x, t) 13 the system matrix, y(t) 1s the output vector, u(t)
is the control input, d(t) is the disturbance input and n is
the order of the system.

It is desired to track a state trajectory x,(t) = [x(t),
x40, x9,00, x"(t)], in the presence of modeling
uncertainties and disturbances. Let e(t) = x,(t) - x(t) be the
tracking error vector. Defining a scalar equation:

d n-1
S(e, 1) {a+}\.] e=0

E

Where A is a strictly positive constant.

3 15 a surface on the phase plane of the system. This
surface is called as the sliding surface. The motion of the
system trajectories on this swrface, i.e., the dynamics
described by S(e, t) = 0, 1s known as the sliding mode and
the line S is known as the sliding line or the switching
line. This equation simply denotes that S is the weighted
sum of the state error and its derivatives.

Once in the sliding regime, the resultant system
performance 1s completely different from that dictated by
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any of the substructures of the V33 and is completely
controlled by the control law. For the system to operate in
the sliding mode, the following conditions must hold:

SLIDING MODE CONTROL OFBUCK-
BOOST DC - DC CONVERTERS

All existing controllers for power converters are n
fact, variable structure controllers, in the sense that the
control action changes rapidly from one to another of,
usually, two possible values of the switching signal 8(t),
thereby cyclically changing the converter topology. This
results in a ripple as the state trajectories move back and
forth a certain average swrface in the state space. This
inherent ripple and the variable structure nature of the
power converters lend themselves to the application of
sliding mode control, with which superior performance
can be achieved.

In this approach, the converter topologies, as non-
linear time-variant systems, are controlled to switch from
one dynamics to another when just needed Tf this
switching occurs at a very high frequency (ideally at
infimite frequency), the state dynamics can be forced to
slide along a certain prescribed state space trajectory. The
converter is then said to be in sliding mode, the allowed
deviations from the trajectory (the ripple) imposing the
practical switching frequency.

This study deals with the derivation of the control
law for the buck-boost de-dc converter. Consider the
basic circuit of a buck boost converter shown in Fig. 3.

Let us assume the output voltage v, to be the
controlled variable. The state space averaged model of
this topology, derived already, is reproduced below:

Hoe,

[s]

0
1-8(t)/C,

i

To convert this into the phase variable canonical
form, let us choose the errors n the output voltage and its
derivative as the phase variables:

(1= 80t/ L;
o 1/R0C0

8(t)/L;
0

i
v

[

o
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Fig. 3: A buck boost de-de converter
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Where V. is the reference output voltage and V, is
the controlled output voltage. Choose the sliding surface
S as:

S 1) = g X, + 8%,
g1V Vo) T gV, = V') =0

Assuming d(t) = Vo / (Vo + V) 18 constant and
substituting from the above equations, we get:

|

If S(x, t) = 0, then S’(x, t) = 0. Therefore,

Sl

According to the existence condition,
If S(x, t) == 0, then S’(x, t) < 0, then
di / dt >0 and 8(t) =1

If S(x, t) <0, then S’(x, t) >0, then
di, /dt=0=>d(t)=0

Therefore, the control law 1s given as:

5it) —{

Dynamics in the sliding regime: In this study, it will be
proved that the dynamics in the sliding regime is
governed only by the error coefficients g, and g,. The
system is given in the state variable notation as:

o g_l Vor + VDC

o]
g2

[4]

g2V .
— 422 0 | =0
J {(Vor Vo) g ROCD} 1L

VDC

Vo, + Voo dv,

dt

- %

c, &

23]

dip, _

LS(x,t)>+¢
0,8(x,t) <—¢

X=AX+BU

Let G =
surface 1s

[g: 8], X = [x, x,]" and hence the sliding

[x,
S=GX=gixtgx
The dynamics in the sliding regime is governed by

. t)=0=>GX=0
Upon simplification,

U =—(GB) 'GAX
X=(1-B(GB) 'G)AX = A, X

-1
A, =1-B(GB)'G
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Where u,, is the equivalent control nput to the
system and A, is the system matrix in the sliding regime.
It can be easily shown that, n the phase varable
representation, for the system in sliding mode,

el

This shows that the dynamics in the sliding regime 15
completely governed only by the ratio g,/g,. Note that the
above derivation is based on the assumption that (GB)™
exists.

For positive values of both g, and g,, the system is
marginally stable and the ratio determimes the pole
location and hence the dynamics. As the model is a state
space averaged model, A, T << 1, where 4, = g /g, is the
maximum eigen value of the system (related to the
maximum frequency of the system) and T 1s the time
period of the switching signal.

0 1
0 —gl/gz

RESULTS

The derived control law is simulated by using
SIMULINK software. The converter circuit is simulated
using PLECS software. The block diagrams used for
simulation are shown m Fig. 4 and 5.

In the simulation, C; . g/g,= 4 and € = 0.3, v,
=32V (boost mode) and 24V (buck mode) and V.
=28 V. The circut parameters used n linear control
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Fig. 4. Block diagram of sliding mode control of buck-
boost converter
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Fig. 7: Boost mode cutput (v, =32V)

simulation are retained The zimulated cutput iz a2 shown

inFig 6and7.

Compared to the linear controller, it can be easily
seen that sliding mode control gives a zuperiot

0.081 0815 0082 0815 0083 QB35 Q084 0845 0085 Q0555 0.09
Tine

performance. Alzo undershoot (due to the presence of the
PHP zero in the control to output transfer funetion) iz not
prezent in the regponze (Fig. 8) for reazons advanced in
the earlier study.
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Fig 10: Outpnat response with load distirbatces

To prowve the robust nabae of the siding mode
cotutt oll e, drgoat disharbance (noise super itnpositi o) atd
load distiwbatice (seitching on 2 2500 O load parallel to
exigtitng load att= 0.078) were simulated and the results
obtairned are as shown inFig @ and 10, [tis seen that the
outpt tespotise is ingensitive to these variations, a
manifestation of the controller’s robustness.

CONCLUSION

The performance of the sliding mode cortroller for
buck-boost cotverter are analysed under normal and
distutbatice conditions. Howewer, wader it and outpot
dishwbatice conditions there are fioise present in the
response characteristics Such nodse can be eliminated by
propet opetating conditions and by use of fuzzy or newral
models However, this research gives hetter petformance
than cotrventi onal cortrollers.
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