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Abstract. A passivity-based adaptive Pulse-Width-Modulation (PWM) feedback
regulation scheme is proposed for the stabilization of a new class of multivariable de-
to—dc power converters, constituted by a cascaded arrangement of “boost” converters.
These are assumed to be loaded by an unknown, but constant, resistive element.
The performance of the proposed dynamical regulators is tested through computer
simulations which include stochastic perturbation inputs.
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1. INTRODUCTION

Feedback regulation of de-to—-dc¢ power supplies has been
extensively treated in the literature. Conference pro-
ceedings, such as the IEEE Power Electronics Special-
ist Cconference (PESC) Records, a growing list of text-
books and an edited collection of research articles, Bose
(1992), reflect both the theoretical and practical impor-
tance of this field.

A Lyapunov-based adaptive control of approximately
linearized dc—to—dc power supplies has been treated by
Sanders and Verghese (1992). A full adaptive nonlin-
ear state feedback linearization viewpoint was proposed
by Sira-Ramirez et al (1993). A feedback design tech-
nique that suitably combines input—output linearization

1 This work was supported by Consejo de Desarrollo Cientifico,
Humanistico and Tecnoldgico of the Universidad de Los Andes
under Grant [-456-94, and by the Comission of European Com-
munities under Contract ERB CHRX CT 93-0380.

and the adaptive backstepping design procedure, was re-
cently presented by Sira—Ramirez et al (1995).

In this work, a passivity—based controller design method-
oloy for the adaptive regulation of a new class of switch-
mode PWM regulated dc-to—dc power converters is pro-
posed. We specifically treat a multivariable version of
the “boost” (or, “step up”) converter, consisting of sev-
eral cascaded “boost” converters. In fact, all results per-
taining the adaptive feedback control of the single, tra-
ditional, “boost” converter can be immediately derived,
from our results, as a particular case.

Section 2 presents some generalities about the average
PWM models of multivariable “boost” converters. In
Section 3 a passivity-based adaptive feedback regulation
scheme is derived. Section 4 contains simulation results
while Section 5 contains the conclusions and suggestions
for further research in this area.
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2. A MULTIVARIABLE “BOOST” CONVERTER
CIRCUIT

Consider a cascade connection of n “boost” dc-to-dc
power converters, as shown in Figure 1. The multivari-
able switch-regulated model of such a composite con-
verter is given by.
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where z; ; i = 1,2,...,2n — 1 represent the inductor
currents, x; ; j = 2,4,...,2n, are the capacitor volt-
ages. The variables u; ; ¢ = 1,...,n denote the switch

position functions.

For simplicity, we assume a multivariable PWM feed-
back regulation policy for the switch position functions
u; ; ¢ = 1,...,n characterized by sinchronous sam-
plings,

_flfor e <t<t + wi(te)T
Ui = 0for tp + pi(te) T <t <ty +T
i=1,2,...,n.

tepr =t +7T ; k=0,1,... (2)

where p; ; 1 = 1,2,...,n are the duty ratios. T is the
common sampling interval and ¢ represents the sinchro-
nized sampling instants for all the converters. The duty
ratio functions g;(-) take values in the closed interval
[0,1] of the real line.

The average PWM model of the cascaded set of “boost”
converters, shown in Figure 1, is given by,
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Let v denote the vector

V1 1—p
1— o

v = v2 = i (4)
Un 1- Hn

We rewrite the average system (3) in matrix form as
follows,

DPupz+{(Ime(v) + RuB)z=EMB (5)

where 2T = [21,29,...,22,] € R®™ with z; ; i = 1,3,5,
...,2n — 1 representing the average inductor currents.
The variables z; ; j = 2,4,...,2n, are the average ca-

pacitor voltages, while p; € [0,1] i = 1,...,n, are the
duty ratio functions associated with the PWM operation
of the regulating switches, u; ; i =1,2,... n.

The matrices in equation (5) are given by

DMB=diag{Ll;CllL2:C2x~-~yLnnd} )
RMB =d1a.g;{0,0, ,0,1/RL}
Ehp=1[E.0,...,0]

0 V1 0 0... 0 0
-1 0 1 0 ... 0 0
0 =1 0 v3... 0 0
0 0 —v2 0 ... 0 O
Iup)=1| . . . ... (6)
O 0 0 O0... 1 o
0 0 0 O0... 0 v,
| 00 0 0...—v, 0]

Note that for all v; ; ¢ = 1,2,...,n, the matrix Jyp(v)
satisfies: Tapp(v) + T g(v) = 0.

The state equilibrium point of the average model (3), for
constant duty ratios y; = U; € (0,1); 1 =1,2,...,n,is
readily obtained as,

I = 3 Z3 = %5 z :__7273
1—-0U, ' 1-U, "~ "' T R(1-TU,)

. _ E _ 7 = _ Zan-2

2510, Tl =g, (@

It is clear that the average output voltage Zs, signifi-
canly magnifies the value of the external input source

E.
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The steady state values of the average inductor currents
and the average capacitor voltage are then related by,

=2 =2 =2
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Given a desired value, Vy, for the average output voltage
Z2n, one must follow the procedure described next, in
order to obtain a set of steady state desired inductor
currents,

e Establish an arbitrary growing sequence of desired
steady state average capacitor votages,

E<72<E4<...<72n_2<?2n=Vd (9)

¢ From the second row of expressions in (7) obtain
the corresponding required steady state duty ratios,
Uy, ..., Up.

o With Z; known from the first equality of (8), sub-
stitute the determined duty ratio values, U; ; i =
1,...,n, into the first row of expressions in (7) in
order to determine a set of desired steady state val-

ues of the inductor currents, Z3.75,...,Z2,_1.

3. PASSIVITY-BASED ADAPTIVE CONTROLLER
DESIGN FOR BOOST CONVERTER CIRCUITS

The following proposition summarizes the properties of
a passivity—based nonlinear adaptive dynamical controller
for the cascaded “boost” converter that, indirectly, reg-
ulates the average output capacitor voltage towards a
desired value Vj. This is achieved by regulating the av-
erage inductor currents towards a given set of desired
steady state values, uniquely determined from the arbi-
trarily chosen sequence of growing steady state capacitor
voltages (9).

Proposition 1 Consider the averaged dynamics (3) of
the multivariable cascaded “boost” converter circutt, where
Ci,L; >0 ; i=12...,n, and £ > 0 are known
constants representing the capacitances, inductances and
voltage of the external source, respectively. The constant
parameter, Ry > 0, is the unknown load charge resis-
tance.

Define an adaptive nonlinear dynamic state feedback con-

troller as
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where the dynamical controller intial conditions are cho-
sen so thal, z(3;4(0) > 0; i = 1,2,...,n, and é(O) >
0. Va, the constant reference value for the output volt-
age Z(an)a, 15 chosen to be a sirictly positive quaniity.
The set of constants, Z3,Z4,...,Zan—2,%Z2n, Satisfy the
restriction

E<—Z-2<E4<"'<72n—2<72nzvd

but they are, otherwise, completely arbitrary. The scalar
variable § denotes the estimate of ﬁ. The parameters
Ri,Ry,...,Ron_) are designer chosen constants with
the only restriction of being strictly positive. Under these
conditions, it is always possible to choose the initial state
of the controller 2594 j = 1,2,...,n and é(O), such that
the closed loop system (3),(10) has an equilibrium point
given by,
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which is asymptotically stable.
Proof

It can be verified, by direct substitution, that (11) rep-
resents an equilibrium point for the closed loop system.

Define

V2 V2
na=0-% ; =025 ... ;
E )
~ dz
Zian-1a = 0=
Z2n-2

(12)
Note that z;4 ; j = 1,3,....2n -1 and z; ; j =
1,3,...,2n — 1 coincide at the equilibrium point. Let,

z— 24, stand for the error vector, denoted by 2. In terms
of the error signals, (5) is rewritten as,

Dupz+ (Tmp(v) + Rypa) 2 = ¢ (13)

where,

v=EmB — {DMBZ'd +{TmB(v) + RMB) 24

} (14)

and R rpq 18 a positive definite matrix given by,
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This term is included to achieve the damping injection
that enforces asymptotic stabilty.

Expression (14) is explicitly written as

Y1 = —Lizia— (1 ~pi)eaa + E+ Ri 2y
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Using (10) aind (13) one has %i=0;i=1,2,...,2n-1
and ¥o, = BZ(Zn)d; where § = 6 — % .

The resulting stabilization error system is then given by
the following perturbed dynamics,

Dumpi+ Imp(v)i +Rupai = o (17)
éZ(Zn)d
Using as a Lyapunov function candidate the total en-

ergy of the stabilization error system plus the “energy”
associated with the parameter estimation error,

Ha(t) = % [ETDMBE + é?] (18)

one obtains that, along the trajectories of (17), the fol-
lowing relation is satisfied,

Hy(t)=-3TRppaz + 0 [9 + Z(2n)d (220 — Z(2n)d) ]
(19)
Using the last equation in (10) and the fact that 6=6
one obtains
. . : a
Hy(t)=—-7Z"RumBaz < _EHd
(20)

where o and 8 may be taken to be

. 1 1
o = min {Rl, E’ oo, Ran_y, R_L}
B =max{L,,Cy,...,L,,Cn}

One concludes that 7 and § are bounded and that 7 is
square integrable. To actually show that 7 — 0 asymp-
totically, it must be verified that % is uniformly continu-
ous. For this, it suffices to show that  is bounded. From
the perturbed error dynamics (17), and the bounded-
ness of 6 and %, it follows that # is bounded if, and only
if, 2(2n)4 is bounded. A proof of the fact that Z(2n)d 18



bounded follows from standard Lyapunov stability ar-
guments.

Since #; ; i = 1,2,...,n tend to zero asymptotically, the
converter capacitor voltages, zo; j =,1...,n, converge,
respectively, to the values, Zy; j =,1...,n, with, Zs, =
V4. According to (8), this implies that the converter in-
ductor currents, z9;4; ¢ = 0,1...,n — 1, converge, re-
spectively, towards the uniquely determined correspond-
ing equilibria, namely, (VZ/Zx) Ry i = 0,1...,n — 1,
which, in turn, must coincide with the equilibrium point
of z(2i41)a for each i. This implies then that, necessarily,

6 —1/Ry.

The stability of the dynamics for z;4; 7 = 2,4,...,2n,
given in (10), is, ultimately, determined by the following
“zero dynamics”.
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which has an asymptotically stable equilibrium point at

(22d, 24, - - -, Z(2n-2)d) Z(20)d) =

(Z2,Z4, ...

a7(2n—2)w Vd) (22)
for all initial conditions satisfying z(3;)4(0) > 0; j =
1,2,...,n.

4. SIMULATION RESULTS

Simulations of the closed loop behaviour of a three stage
cascaded average “boost” converter and the passivity
based indirect adaptive feedback controller were per-
formed on the following perturbed version of the “boost”
converter circuit,

. 1 E+
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where 7 represents an external stochastic perturbation
input affecting the system behaviour directly through
the external voltage source value. Note that this pertur-
bation input is of the “unmatched” type. i.e., it enters
the system equations through an input channel vector
field, given by [1/L;,0,0,0,0,0]T which is not in the
range space of the control input channel, given by the
vector field,

[ 1 1 1 1 1 1

T2, — Ry, T2, 23, 7260~ 525
Ll ’ Cl ! L2 ’ C2 ’ La ! Cs

]T

. The magnitude of the noise was chosen to be, approx-
imately, 10 % of the value of E. The circuit parameter
values were taken to be the following “typical” values,

Cl=C2=C;3=20pF ;RL=3OQ N
L1:L2:L3:20mH ;E:15V

We let the desired average output voltage be Zg = V4 =
200 Volts, and arbitrarily chose 74 = 100 ; Zz5 = 50.
These values corresponded to steady state duty ratios
Uy =07 ; Us =05 ; Us = 0.5 The nominal
value of Z;, corresponding to V4, Ry and E is 7, = 88.88
Amp. The steady state duty ratio values and the value
of Z; yielded the following desired steady state induc-
tor currents Zs = 26.66 Amp. and Zs 13.33 Amp.
Figure 2 shows the closed loop state trajectories cor-
responding to the feasible adaptive duty ratio synthe-
sizer derived for the three-stage multivariable “boost”
converter. This figure also presents the trajectories of
the duty ratio functions, the trajectory of the parame-
ter estimation values and a realization of the computer
generated stochastic perturbation signal 7).

The simulations show that the proposed controller achie-
ves the desired indirect stabilization of the output volt-
age around the desired equilibrium value while exhibit-
ing a high degree of robustness with respect to the ex-
ternal stochastic perturbation input.

5. CONCLUSIONS

In this article an adaptive passivity-based regulation
scheme has been developed for the on-line feedback spec-
ification of the stabilizing duty ratio function in mul-
tivariable, and traditional, versions of dc-to-dc power
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converters of the “boost” type. The proposed approach 2274 76
. . . . 200.

is based on a combination of closed loop energy shaping

and appropriate stabilizing damping injections, accom-

plished through dynamical state feedback. The proposed 100,

technique, which uses the total energy of the system as
a Lyapunov function, was shown to easily accomodate 0 .

1

L)
0.08

for parametric uncertainties at the load. The more diffi- 0 0.04

cult case of uncertainties in the circuit parameter values

remains to be explored. %, zl
88
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* Fig. 1. Multivariable Cascaded “Boost” Converter. Fig. 2. Simulation Results for Performance Evaluation
of Passivity-Based Adaptive Controller in a Per-
turbed Average Multivariable “Boost” Converter.



