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Adaptive Passivity-Based Control of Extended-
Period Quasi-Resonant Converters

H. F.Hoand K. W. E. Cheng

Abstract-- An adaptive passivity based control scheme is
proposed for the stabilization of average model of extended-
period quasi-resonant (EPQRC) power converter. The
output load of the converter is assumed constant but
unknown. A generalized state space average model of a
buck-type series-mode extended-period quasi-resonant
converter (SM-EPQRC) is derived. The adaptive controller
is designed based on the derived model and the passivity—
based control (PBC) technique. Simulation results are
presented to illustrate the features of the proposed
controller.

Index Terms--
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1. INTRODUCTION

uasi-resonant power converters are derived from
qulse—width modulation (PWM) dc-dc converters by
replacing the switching device with a resonant switch [1].
The resonant switch which is a combination of inductor
and capacitor to shape the switching device’s current
and/or voltage wave-shapes quasi-sinusoidal. Zero-
current or zero-voltage conditions are created for the
switching device operate at very low switching losses.
Despite of the success to reduce switching losses, the
control scheme of quasi-resonant converters (QRC)
suffered from a complicated frequency-control by varying
the switching frequency in order to achieve voltage
regulation. Therefore, quasi-resonant converters (QRC)
operating at constant switching frequency have been
proposed [2-6]. By adding an extended period switch,
soft-switching and duty-cycle control are proposed in [4-
6]. The extended period circuit is added in a quasi-
resonant converter, either in a series configuration with
the resonant switch, or in a parallel configuration with the
resonant switch. These soft-switching converters are
especially useful in the application of high efficiency and
high frequency power converter systems.

Recently, the feedback control of the buck and boost
type QRC have been studied [7-9], [11]. The controller
design are based on the average model of the QRC
derived from generalized state space averaging (GSSA)
technique [10]. Based on the derived model, a passivity-
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based control scheme is proposed to the stabilization of
the buck and boost QRC. In this paper, the development
of an adaptive passivity-based control for the stabilization
of the SM-EPQRC is presented. In this work, the output
load resistance of the converter is assumed constant but
unknown. The controller design is carried out using the
derived generalized state space average model of the SM-
EPQRC and follows the ideas of passivity-based approach
reported in [8-9],[12]. The average model is derived using
the classical Euler—Lagrange (EL) equations together with
the generalized state space averaging (GSSA) technique.
The EL parameters and the corresponding differential
equations for each of the six operation stages of the buck-
type SM-EPQRC in a switching cycle are first found. The
GSSA technique is then applied to the six sets of
differential equations to obtain the GSSA equation of the
buck-type SM-EPQRC. It is proved that the closed-loop
system is stable in the sense of Lyapunov approach and
the converter voltage output can track the desired
reference value with unknown load.

This paper is organized as follows. Formulation of a
buck-type SM-EPQRC average model is presented in
Section 2. The designed in passivity-based adaptive
control is included in Section 3. Simulation results for the
proposed control scheme are included in Section 4.
Finally, the paper is concluded in Section 5.

II. AVERAGE MODELING OF BUCK TYPE SM-EPQRC

In this section, the derivation of the mathematical
model of the buck-type SM-EPQRC using the GSSA
technique and the EL modeling approach is presented.

A. Generalized State-Space Averaging Technique [10]

Consider a  periodically  switched  network
with m different switched modes in each switching cycle.
The state equation in each operation mode is described by

x(t)=A4,x(t)+ B, (), i=12,---,m (1)

where x € R” is the state vector of the system, 4, € R””is
the state matrix, B, € R’ is the input control variable
functions. The ith equation of (1) is defined on the time
. i-1

intervg, =[t,_,t,], where ¢, =t +Z/:1 t,and?, =t +7,.
It is assumed that 7,>0 and j =1,2,---,k are fixed. The
initial time#, > 0is a given time, T = Zm 7, denotes the

j=1 7

switching period, and f, =1/T is the switching frequency.
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Let f denote the highest natural frequency of state
matrix 4, . If the input control variable functions B, are
bounded and f, >> f, , then by defining r, =d,T , the
periodically switched network of (1) can be characterized
by the following GSSA equation:

x:(z d A }w%i jBi(/l)d/l

=i

@

Next, the Lagrangian dynamics formulations of the
circuits associate with the six operation of the buck-type
SM-EPQRC are presented.

B. Euler-Lagrange Equations

The EL dynamics of an electrical circuit without any
magnetic couplings between its different branches is
given by the following set of nonlinear differential
equations [12]:

dfoL) oL_ db,
oG) oq &g

0 E, €)

where g € R" is the vector of electric charges and ¢ € R”

represents the vector of flowing currents. The vector of
electric charges and flowing currents constitutes the
generalized coordinates describing the circuit. D is the
Rayleigh dissipation cofunction of the system and
F, represents the components of the set of the generalized
forcing functions, or voltage sources, associated with the

generalized coordinates. The Lagrangian L of the system
is defined as

L(¢.9) =T(¢.9)=V(q)
where T(q,q) is the magnetic co-energy and V' (gq) is

“4)

the electric field energy of the circuit.

C. A Lagrangian Approach to Modeling the SM-EPQRC
Buck Converter

Consider the buck-type SM-EPQRC in Fig.1, two
different kinds of energy storage elements are presents.
The two energy storage states are the resonant tank state
and the filter state. The filter states will be considered as
state variables while the variable associated with the
resonant tank are considered as input control variables.
This is because the state variable in resonant tank can be
determined in each operation mode when the state
variables associated with the low-pass filter are found.

For this converter, a complete switching cycle can be
divided into six stages. It is assumed that SW, and SW, are

identical switches. The six operation modes are shown in
Fig. 2 [4], [6], with the following assumptions:

Assumption 1. L, >>L ,C >>C,;
Assumption 2. switching frequency f, is much higher
than the natural frequency of the low-pass filter L C

0o "0

and inductor current i, can be

thus capacitor voltage v, Lo

treated as constant in each switching cycle;
Assumption 3. all elements are ideal.

Lr

Ds: ¥

CoTVeo

Fig. 1. The buck-type SM-EPQRC circuit.
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Fig. 2. Equivalent circuit of the SM-EPQRC in sex operation states.
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In order to use the standard notation for EL dynamics
of a electric circuit, the inductor current i, , the resonant

inductor currenti,, ,the resonant capacitor voltage v, and

the  output  voltage v are  rewritten  as

Co

4,-9,-9./C. and q., /C, , respectively. The Lagrangian

dynamics formulations of the six circuits are treated
separately. In each stage, The EL parameters and the
corresponding differential equations obtained using the
EL equation (1) are given. Define 7,,V, and D, as the
magnetic co-energy, the electric field energy and Rayleigh
dissipation cofunction of the circuit corresponding to the
i th state, respectively. Also define, F, as the j th loop

voltage source in a circuit and ¢, as the j th loop current.

The formulations are as follows.

1) Linear Stage [Fig.2(a)]: The EL parameters for this
stage are formed by

1. ., 1 .
ﬂ=5hf+5%%

1 1
Vl :2_q(q1_q2)2+2_q(Q3_q4)2 (5)

I .
DlZEqusFlex qu:Eqi:Eq‘ZO

Ig

Define 9, =9 :9,=9-9: =9, —9e, and according to
(3), (4), the dynamics for this stage are given by the

corresponding differential equations

oV 4e . e
qu Lr LI‘C/‘ ’ QLD Laca ’
. qc .
e, = _R_E:,a +4q,, (6)
and the duration is given by
Ié
T — quo (7)

1d V

2) Resonant State A [Fig.2(b)]: The EL parameters for this
stage are formed by

1 . 1 .
Tz :Equlz +§Loq22

1 1
v, :z—q(% -q,)’ +z(612 -q,)" (8

D, =%qu, F,=V,F, =F,

, T 2

=0

2q1
Define ¢, =4, . 4,, =4, » 4, =4, — 4, and according to

(3), (4), the dynamics for this stage are given by the
corresponding differential equations

.. qdo Vs . e 9c,
.= + ) = - s
=" " e Ic
. 9o, -
= o 9
4o =77 C 9. ©)

where

V, =V.(-cosay), o, =

1 L
,Z = |== (10
o */c, (10)

T, =— (11)

n

3) Extended Period State [Fig.2(c)]: The EL parameters
for this stage are formed by

and the duration is given by

1. . 1 .
T3 :Equlz +_Loq12

2
V3 = ZCU (ql _qz)2 (12)
1 .,
D, :ERQZ’FM =V, quz =0
Define q.Lr = q.Lo = ql > 42 = q‘Ln _q.Ca and from

assumption L, >> L so that L + L, ~ L ,according to (3),

(4), the dynamics for this stage are given by the
corresponding differential equations

.. V q. . qc .
== _ = N =——= + 1 3
Go=7 "1c 4o =g Tl (13)
and the duration is given by
T, =uT (14)

where T, is the extended period, x is the duty ratio and
T =1/ f, is the switching period.
4) Resonant State B [Fig.2(d)]: The EL parameters for
this stage are formed by
=2 L} +2 Ll
Vo= (g -0.) (g g’ (15)
2C, 2C, ’

1

D, =—R3, F, F, =F, =0

4 T s Tdg, 4q,

Define ¢, =4,,49,,=4,> 4, =4,, — 4., and according to
(3), (4), the dynamics for this stage are given by the
corresponding differential equations

. 9o V. . _ 4o _ 4o
=——C4 4+ g, =—r——
9. Lc L ‘P LC LC.
. qc .
9eo =~ R(Ca +4,, (16)
where
V., =V.(1+cosw,t) (17)
and the duration is given by
a
T4d = (1 8)
a)n a))l
where
a=2r-sin(Z,q,/V) (19)

5) Recovering State [Fig.2(e)]: The EL parameters for
this stage are formed by
|
I, = ELO%Z
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1 1
v, =2_C,q12+2_CD(ql -q,)’ (20)
1 .,
D :ER‘Izo F,, =F, =0

Define ¢,, =¢,, 4, =4,, — 4., and according to (3), (4),
the dynamics for this stage are given by the corresponding
differential equations

- q, qc . dco .
=L f& g =-294 21
9, LC ILC 9o ="pc F 21
where
V. =—qﬁt+Vs(1—cosa) (22)
and the duration is given by
V
T,,=———(1-cosa) (23)

a)nZquu
6) Free-Wheeling State [Fig.2(f)]: The EL parameters for
this stage are formed by

1.
T, :ELoqzz

1 1
V= 2—erlz +2—Q(q2 -q,)’ 24

1.
D, = Ri. F, =F, =F, =0

Define q.Lu = C?z > qs = q.Lo _q.&; and according to (3)7 (4)>
the dynamics for this stage are given by the corresponding
differential equations

_ an
RC

o

(:jLu :_%a C}CU =

The duration of this state is given by
nd:Tc_]-;d_Tzd_nd_TAd_Tsd (26)
The differential equations of the six operation modes
given by (6), (9), (13), (16), (21) and (25) can be written

in the following form:

+4q,, (25)

i(t)= Ax(t)+ B,(1), =126 7)
where
x=[4,, 9.1, =04, 4.1
A=A =A=4,=A4 =4 :{0 _I/L"C“}
SR R [ S U To}
oncf]
" 10
v./L, v. /'L,
B{ i },32234235:[ g } 8)

The GSSA equation of the buck-type EP-ZCQRC can
be obtained using (2). Define z, =4, , z,=g¢./C,
where z, and z, are the average inductor current and

average output voltage, respectively. Hence, the GSSA
equation of the buck-type SM-EPQRC is given by

. z, V k
Z, = __2+L_S|:/u(t)+gqj(l/wzl):|

L
[ o (29)
. z,  z
Z,=——2+—L
RC. C
where
k= f ) f VW2 =as d-cosa) (5

n<1

From the GSSA equation (29), we can get its GSSA
equivalent circuit model as show in Fig. 3 with

Vg:Vs.(a(/’l?Zl) (31)

It is noted that the voltage conversion ratio of (29)

which is the same as that given in [4], [6] and the constant

equilibrium values z, and z, for a constant duty ratio

4 =U are given by

V
R/ =VJ<U+%W ) (32)

K

where V, and /, are the desired constant values of the
output voltage V', and the output current i,, , respectively.
For the buck-type SM-EPQRC under consideration, it is
assumed that the resistive load is unknown but constant.
The control objective is to find an adaptive feedback
controller for stabilization the output voltage towards the
desired valueV, .

Lo
Y'Y Y\
—>
Iy
N +
Ve Coxv, §R

Fig. 3. GSSA equivalent circuit of the buck-type SM-EPQRC.

III. PASSIVITY-BASED ADAPTIVE CONTROLLER FOR THE
AVERAGE MODEL OF SM-EPQRC

In this section, the design of the passivity-based
adaptive controller for the SM-EPQRC is presented. It is
assumed that the resistive load R >0 is unknown but
constant. The passivity-based adaptive scheme for
achieving output regulation is described in the following
proposition.

Proposition: Consider the GSSA model of the buck
type SM-EPQRC (29), the adaptive feedback controller
and the parameter adaptation law described by (33) and
(34)

N N Vk
p=| LoV, v, R -0 -2Ew | (33
V 2z

0=—y(z,~V,V, (34)

where 0 denote the estimate of 1/R and the parameter
R, and the adaptation gain y are user-specified positive
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constants. The adaptive controller initial condition is
chosen so that é(0)>0. Under these conditions, the
closed-loop system (29) and (34) has an asymptotically
stable equilibrium point given by
(z,,2,,0)=(, RV, 1/R) (35)
Proof: Define the resistive load parameter of the circuit
as

O=1/R (36)
Define the state vectorz =[z, z,]", (29) can be compactly
written as:
Dz+Jz+Rz=0(y,z,)E 37)
where
L 0 0 1 0 0
D= " ,J= ,R= )
0 C, -1 0 0 @
E= V. (38)
o
k
O(p,z,) = p) +——¥ (39)
2

In this output regulation scheme, the average output
voltage z, is directly regulated to a desired constant

voltage valueV, > 0. Since 1/ R is unknown, define z , to
be

(40)
Thus

(41)
and the output voltage is to be directly regulated to a

desired constant value V,

z

=V, (42)
Denote e=z—z, is a average state error vector and
z, =[z,,z,,]" is a desired value vector. (37) can be

rewritten as

Dé+Je+Re=OE—-(Dz, +Jz, +Rz,) (43)
To ensure asymptotic stability, a damping injection is
performed on (43) by adding the desired error dissipation
term

R,e=(R+R))e (44)
where
R :{R‘ O} R :{Rl O} R >0 (45)
1o et o o]
Adding to both sides of (43), then rewrite (43) as
Dé+Je+Re=y (46)
where
w=0E-(Dz,+Jz, +Rz, —-Re) 47)

Equation (47) can be written as

. k
Lozld +z,, _Rl(zl _Zm) =E(,u(l)+;‘1’)—l//l (48)

C()Zu TZy +9Z24 =Y,

Using (33) and (40) and 0= é—Hyields

'7”1 :0,(//2 :ng (49)
Now, consider a Lyapunov function the total energy of
the stabilization error system plus the energy associated

with the parameter estimation error
1 1 ~
H,()=—e'De+—0° (50)
2 2y

The time derivative of H, along the error trajectory (46)

1S

H,(t)=—e"R,e+ep, Lag (51)
y

Using (34) , (49) and the fact that 0=06 , then we have
H,(t)=-¢"R,e<—ale|’ (52)

where a =min(R,,1/ R) .From (52), we known that e is

bounded and every term in (46) and 0 are bounded. Thus,
the asymptotic convergence of the error is guaranteed by
Barbalat’s lemma [13].

IV. SIMULATION EXAMPLE

Simulation was performed on the perturbed version of
the average buck-type SM-EPQRC (29), where 7
represents an external perturbation of the voltage
source V', . The magnitude of the perturbation was chosen

to approximately 3% of the value of V, . The circuit
parameter values were taken to be the following:

L =100uH ,C, =33uF ,R=15Q,

C =098uF R, =0.15,L =12.7uH ,V, =50V,
k=0.35,f =30kHz.

The initial value of parameteréwas set by é(O) =1.5and
let the learning rate y = 60 . The desired average output

voltage used was V, =25V this corresponds to an ideal

average input current/, =V, /R=1.67 4, with a steady-
state duty ratio of U =0./49 and the desired parameter
value was1/ R =0.067S . Fig. 4 shows the closed-loop
state trajectories of the average output voltage, the
average output current, the duty ratio function, the
estimate load resistance value and the magnitude of the
perturbation noise. It can be seen that the passivity-based
adaptive controller achieves the desired stabilization of
the output voltage with unknown load and external
perturbation.

V. CONCLUSIONS

In this paper, the modeling and controller design have
been proposed for the SM-EPQRC. A GSSA model based
on EL system of the converter has been derived. A
passivity-based adaptive voltage regulation scheme has
been developed for the buck-type SM-EPQRC.
Simulation has been proposed to illustrate the robust
performance of the closed-loop system.
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Fig. 4. Simulation results of the closed-loop performance in a buck-

type SM-EPQRC.
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