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Abstract

Dynamical Adaptive regulation of Pulse-Width-
Modulation (PWM) controlled power supplies is
proposed using a suitable combination of aver-
age dynamical input—output linearization and the
“backstepping” controller design method. The va-
lidity of the proposed approach, regarding control
objectives and robustness with respect to unmod-
elled, yet unmatched, and bounded stochastic per-
turbation inputs, is tested through digital com-
puter simulations.

1 Introduction

In this article, a non-overparameterized adap-
tive feedback control strategy is adopted which is
based on a combination of the adaptive backstep-
ping controller design algorithm (see [1], and [2])
and input-output dynamical feedback lineariza-
tion (see [3]). The backstepping adaptation algo-
rithm here proposed is shown to be suitable for a
large class of state linearizable nonlinear systems
with constant, but unknown, parameters includ-
ing those systems which are not transformable to
Parametric Pure and Strict Parameteric Feedback
Canonical Forms. Observability of the uncertain
system is demanded while inputs are allowed to
appear in the intermediate steps of the procedure.
Moreover, eontrol input derivatives are invariably
present at the final stage of the proposed algo-
rithm. In Section 2 the developments leading to
dynamical non-overparameterized adaptive PWM
control strategies for dc-to~dc power supplies of

*This research was supported by the Consejo de Desar-
rollo Cientifico, Humanistico and Tecnolégico of the Uni-
versidad de Los Andes under Research Grant [~456-94

tOn leave from the Universidad de Los Andes, Mérida—
Venezuela

Miguel Rios-Bolivar fand Alan S.I. Zinober

Applied Mathematics Section

School of Mathematics and Statistics

University of Sheflield
Sheffield 510 2TN, U.K.

e-mail: A.Zinober@sheffield.ac.uk

81

the “Boost” types containing unknown parameter
values, are presented. Computer simulations are
presented in Section 3 for the assessment of the
closed-loop performance of the derived dynamical
adaptive controller strategies. Section 4 contains
the conclusions and suggestions for further work
in this area.

2 An Adaptive Controller
for the “Boost” Converter

Counsider the “Boost” converter, shown in Figure
1. The system is described by

i) = ~10-wV@+3
Ve = %(1-u)1(t)-%vu)
y = I@t) (2.1)

where L, C and R are respectively the induc-
tance, capacitance and resistance values of the
circuit components. The quantity E represents
the constant value of the external voltage source.
The control input function u is the switch position
function taking values in the discrete set {0,1}. It
i1s well known that, in a “boost” converter if the
output capacitor voltage V(t) is taken as the reg-
ulated output, then the system is non-minimum
phase (see [4]).

A PWM feedback strategy for the specification of
the switch position function u, is given as,

u = 1 fortg <t < tp+ pa(te)T
- 0 for tk+l‘a(tk)TSt<tk +T
th+T=tky1 5 £=0,1,... (2.2)

where pi4(;) is the value of the actual duty ratio
function at the sampling instant t;. The actual



duty ratio function is obtained from the (feedback)
computed duly ratio function, denoted by u, when
restricted to taking values in the closed interval
[0,1]. The sampling period, T, is assumed to be
constant.

The Average Modelfor the PWM controlled Boost
converter (2.1), (2.2), is obtained by formally re-
placing the switch position function u by the duty
ratio function p. Since the state and output vari-
ables have an average connotation we denote them
differently from the original variables.

& = —10-wG+7

. 1 1

G = 5(1 - )i - ECz

7 = G (2.3)

The Average PWM model (2.3) has the enormous
advantage of reducing any output stabilization
problem, defined on the converter model (2.1),
to a standard nonlinear feedback controller design
problem in which the duty ratio function u plays
the role of the required input variable. Once the
computed duty ratio function, y, is synthesized as
a feedback function for the regulation of the aver-
age system, the actual duty ratio function, py,, is
obtained from a bounding operation on the values
of u, to the unit interval.

We denote the values of the several parameters
defining the circuit equations as

1 1 1 E
01——z ; 92—5 i 03——% ; Oa=—
(2.4)
The actual values of these parameters are assumed
to be totally unknown, hence the need for con-
troller adaptation.
Under the assumption of a constant value of the
duty ratio function g = U, with 0 < U < 1, the
equilibrium values of the average PWM converter
models are readily obtained from (2.3) and (2.4)
as

8364 _
0.0,(1-U)2

— 04
T 6(1-0)
(25)

)= G(U)

The primary objective of our adaptive duty ra-

tio synthesizer is in the feedback regulation of the
average input inductor current (;(t), towards a
known, constant, equilibrium value, denoted by
X1 = ¢1(U). This value corresponds to some con-
stant value, U, of the (actual) duty ratio function.

2.1 Non-Overparameterized Adap-
tive Controller for the Boost
Converter

Consider the average PWM Boost converter
model (2.3). We denote an estimate of the un-
known parameter values by,

-~

0;‘ ) = 1)273a4 (26)

Step 0
We let z; stand for the output variable error, de-
fined as

z1=1-CU) =0 - G(U) (2.7

The time derivative of the output error 23, is of
unknown nature and given by

2= —=01(1—p)(z+ 64 (2.8)
An estimate of z; may be obtained as,
A o= —h(l-pe+6s (29

We can rewrite the expression (2.8) as

~(1 = )¢,
n=h+@-HT : (2.10)
1
Step 1
Let the estimated value of z; satisfy,
H=—c1zy ; >0 (2.11)

where ¢, is a positive scalar design constant. We
call the following form of expression (2.11), the
“pseudo—controller” equation.

=0 (1= p)Ga + 0 = —c1(C1 - G(U))  (212)

This equation represents a desired algebraic re-
lation by which an effective stabilization of the
output efror would be possible when used in com-
bination with a suitable estimation update law for
the unknown parameters 6.

If the pseudo-controller relation (2.12) were valid,
then from (2.11) and (2.10), the output error z;
would satisfy

—(1 = u)2
0
0
1

5=—e12y +(0-8)T (2.13)

Choosing T to be a positive definite diagonal ma-
trix whose elements 7;; , ¢ = 1,2,3,4, will be



called parameter adapiation gains, we could con-
sider next a scalar positive definite Lyapunov func-
tion of the form

V= % 2+0-0TT 108  (214)

The time derivative of V| would result in
Vl = - 212 -+

=(1-p)C2

-0

0
1

- —f4zT

(2.15)

However, the pseudo—controller expression (2.12)
is not generally valid from the outset. Thus a
pseudo—controller error must be defined and our
control effort in the second step of the algorithm
should be geared towards forcing such an error to
zero.

Consider then the pseudo—controller error

2 =z1+e121 = =01(1-p)C2+ 85+ e1 (¢ — (V)

(2.16)
Using (2.16), the actual expression for the output
error derivative becomes,

=(1=p)C2
2.'1 = —01Z1+22+(0—§)T 8 (217)
1

As a consequence, the derivative of the Lyapunov
function (2.14) is given by

i = ——clzf+z2+
_ =(1=p)C2
@—9Tr | <6421 :
1
(2.18)

Step 2
The time derivative of z; may then-be written as:

o= 0i(-a(l- W)+ 6 (-6~ w0) +
03 (9:(1 = #)Cz) +84(cy)

~61(1 = p)Ca + B1fiCa + 04 (2.19)

An estimate of the pseudo—controller error deriva-
tive (2.19) is then obtained as,

h o= hi-al-we)+ 6 (-60- %)+
B (611 - wG2) + 3 (e1)

—81(1 = 1)Ca + 614G + 64 (2.20)

One can easily rewrite the derivative of the
pseudo-controller error z; as

—ei(1— p)s
a5 _ar | =01 - p)?
2= 2a+ (0 - 0) A (2.21)
€1

We now let the estimate of the pseudo-controller
error derivative satisfy,

~

Zg=—cCaz2 ; ¢3 > 0 (222)

If the time derivatives of the estimated parameters
were already known, then expression (2.22) would
constitute a controller equation. We proceed then
to find the update laws for the estimation of the
unknown parameters.

Substituting (2.22) in (2.21), the closed-loop be-
haviour of the pseudo—controller error z5 is found
to be governed by

=11 — p)¢a
o emnig—fy | -1
23 = —c329+(8-9) Gl - WG (2.23)
C1

Using then a scalar Lyapunov function of the form

V= % [+ 2 +6-DTT0-5)] = Vitas]
(2.24)
one finds that the time derivative of V; satisfies

‘./2 = —clzf + 2129 — szg (225)
. -1~ )2
+(0 -7 | =8+ zT 8 +

1
—e1(1 = p)

. -01(1 — )¢,

: e
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If the update law for the estimated value of the
parameters is now chosen as

_ —(1 - )¢
5 = er 8 +
1
—a(1—p)¢e
—-0;(1 — p)*¢
~ 2.26
2 Ga-me | @
€1

then an asymptotically stable behaviour to zero
can be guaranteed for both the output error



and the pseudo—controller error while achieving
bounded evolution of the parameter estimates 8.
Indeed, the output derivative of the Lyapunov
function (2.25) is obtained as

V= % (—c12? + 2129 — c223) (2.27)

which is a negative definite function provided the
design parameters c; and c; satisfy 4cic; > 1.
From (2.20), (2.22) and (2.26) the duty ratio func-
tion p can be readily obtained in an implicit man-
ner, as the solution of a nonlinear time-varying
differential equation. One obtains, after some
straightforward manipulations

po= ;llz{ —cic(Cy —~ X1) = (e1 + €2) %

(-1~ w2 + 6]
+63(1 - ) [0;(1 —p)61 — 0;(2]
= [raa+ 1t = w3¢f] (G - X) +

a (—0’\1(1 ~ w)Ca+ g+ e1(Cr — X1)) ]}

(2.28)

It should be stressed that the output p of the dy-
namical controller (2.28) constitutes the computed
duty ratio function. The actual duty ratio func-

tion, denoted by p,, is obtained from the following
bounding operation on p,

for u(t) > 1

1
Ha(t) :{ pt) for0 < p(t) <1 (2.29)
0 for u(t) < 0

The above physical restriction on the values of the
computed duty ratio function results in local sta-
bilization of the average input inductor current.

3 Simulation Results

We used the following stochastically perturbed
model for simulations

i) —-2-(1 —wV(t) +
V() = -é,—(l —wi(t) - R—IC V(t)

y = I(t) (3.1)

The following “unknown” values of the circuit pa-
rameters, were used,

E +u(t)
L

C=18182uF; L=027TmH; R=244Q;
E = 14.667 Volts

The sampling frequency was set to be 100KHz and
the computer gernated random noise amplitude
was set to be 2.44 Volts ( 16 % of the value of E).
Figure 2 depicts the dynamic adaptively regulated
state responses of the Boost converter. Figure
3 and 4 show the estimated parameters. Figure
5 depicts the duty ratio function trajectory and
Figure 6 represents the perturbation noise. The
regulated output variable, I(t), is seen to con-
verge asymptotically towards the desired equilib-
rium value set to be I(t) = 15.75, with correspond-
ing V = 23.77Volts and y = U = 0.38 .

4 Conclusions

A robust adaptive Pulse-Width-Modulation feed-
back regulation approach, based on input-output
linearization and a direct version of the backstep-
ping algorithm, has been developed which results
in the effective input inductor current stabiliza-
tion for parameter uncertain dc—to—dc power con-
verters. The approach requires no transformations
to either Parametric Pure, or Parametric Strict,
Feeedback Canonical Forms.
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Figure 1: “Boost” Converter Circuit.
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Figure 2: Dynamic adaptively controlled state tra-
jectories of perturbed Boost converter.
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Figure 3: FEstimated parameters
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Figure 4: Estimated parameters
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Figure 6: Perturbation noise
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