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Dynamic Modeling and Control of Self-Oscillating
Parallel Resonant Converters Based on a Variable
Structure Systems Approach
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Abstract—This paper describes a novel modeling approach for
self-oscillating resonant power converters operating under a con-
trol method based on the variable structure of the system (VSS).
Using a fundamental harmonic approximation, the link between
control and switching frequency in steady state is found to be
accurately described by an affine function that depends on the
load. Besides, this link has been extended in order to charac-
terize the control-to-switching frequency dynamics, resulting in
a novel small-signal continuous-time model. The resulting control-
to-switching frequency transfer function can be appended to the
well-known models for frequency modulation, in order to ob-
tain a complete control-to-output system. The new model exposes
that the dynamics of the converter under the VSS-based control
approach presents advantages with respect to the conventional
methods as frequency modulation: 1) reduced dc gain variation
for uncertain loads and 2) improved phase margin at high fre-
quencies. The dynamic modeling is complemented with the de-
sign of a controller for regulating the output voltage of a parallel
resonant converter, whose performance and robustness are com-
pared with the standard frequency modulation. Numerical simu-
lations and experimental results confirm and verify the analytical
derivations.

Index Terms—Modeling of power converters, parallel reso-
nant converter, resonant power conversion, robust control, self-
oscillating control, series resonant converter, variable structure
system.

1. INTRODUCTION

ESONANT conversion plays a key role in today’s

power processing systems. First, resonant converters
can provide, among other advantages, reduced switching loss
and improved power density, with respect to their pulsewidth-
modulated counterparts. Besides, resonant conversion is
inherently related to a number of applications as, for example,
efficient lighting [1]-[3] and induction heating [4], [5], to name
a few. Typically, these circuits can be controlled by means
of frequency, amplitude, or phase modulation [6]-[8]. Due to
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the large-signal excursion involved in the state variables of
the resonant tank, the modeling of resonant converters under
such control methods can be considered a complex task. A
well-known simplification is based on the approximation of the
resonant tank waveforms by their fundamental components.
In [9], an intuitive derivation of the transfer functions was
proposed, while a more general small-signal model based on
time-varying phasors was described in [10]. This last method
has been successfully employed for the simulation [11] and
modeling [6], [7] of a variety of resonant converters, and it may
be considered the standard approach.

In addition to these approximated frequency-domain meth-
ods, also the exact response of the resonant tank has been ex-
plored. State-plane methods, which can be used for analyzing
the soft-switching properties of the converter [12], were first
proposed for control in [13], where linear and nonlinear com-
binations of the states were used to activate the switches, and
no voltage-controlled oscillator was required. This idea is the
basis for the self-oscillating resonant converters that have ap-
peared since then [14]-[20]. Despite most of these references
did not emphasize this, they proposed different forms of con-
trollers based on the variable structure of the system (VSS)
[21]. The main advantages of this control approach are: 1) im-
proved regulation performance, 2) reduced-order dynamics, and
3) a straightforward realization. However, for the same reasons
stated previously, the modeling of the closed-loop dynamics un-
der VSS-based control is not obvious. The exact trajectories of
the series and parallel resonant converters were investigated in
[14]-[16], and [22], while the fundamental approximation was
employed in [17] and [18]. More recent works have proposed
linear piecewise-affine models [19], which allow to demonstrate
the closed-loop stability by numerically derived Lyapunov func-
tions [20]. In a previous work [22], it was shown analytically that
a limit cycle with an oscillating frequency equal to the resonant
frequency could be generated in the PRC using a mechanism
for changing input voltage polarity based on the inductor sign.
A minimum value of @ to guarantee the oscillations was also
established. However, no dynamic modeling neither amplitude
regulation of the output voltage were considered. Therefore, in
spite of the advantages of this control method, a frequency-
domain model has not been reported in the previous literature.
This does not allow to assess the dynamic performances of the
converter nor to precisely synthesize the parameters of a con-
troller for closed-loop regulation.

In this paper, a novel frequency-domain model is obtained for
resonant converters operating under the VSS approach. While
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the proposed control law is not new, the paper discusses a mod-
eling approach that allows to link the properties of VSS-based
control with the conventional frequency-domain methods. This
novel model allows, for first time, to carry out high-performance
regulation by employing the parameters of the VSS-based law as
control inputs. Besides, this paper demonstrates that this control
approach allows to reduce the control-to-output dc gain varia-
tion for uncertain loads, and that it yields simpler dynamics up to
high frequencies. The accuracy of the proposed model has been
illustrated in the case of designing a controller for regulating
the output voltage in a parallel resonant converter. The resulting
dynamic properties have been compared with a converter con-
trolled by the conventional frequency modulation, proving the
advantages that this approach can provide.

This paper is organized as follows. Section II introduces the
VSS-based control method and links two possible control laws
with the steady-state switching frequency of the converter. This
connection is extended in Section III, where the frequency-
domain control-to-switching frequency model is presented.
In Section IV, a design example illustrates the advantages
of this approach, which are compared with the conventional
frequency modulation by means of numerical simulations of
the closed-loop systems. Experimental results validating both
the frequency-domain model and the closed-loop performances
are shown in Section V for a 100-W PRC prototype. Section VI
summarizes the key aspects of this study and presents some
conclusions.

II. STATE-PLANE VSS-BASED CONTROL
OF RESONANT CONVERTERS

Fig. 1(a) shows the structure of a full-bridge resonant con-
verter with a generic resonant tank and the load being modeled as
a resistance. Assuming a constant input voltage v, (t) = V,, the
switch network produces a square wave of frequency wg,, = %:V
and subintervals Tq,, (v = 1) and T (u = 0) at the input of the
resonant tank. In this case, the state trajectories of a second-
order resonant tank [see Fig. 1(b)] can be easily represented
in the plane. Fig. 2 shows the trajectories of a parallel reso-
nant converter near the natural oscillation frequency w, = \/%7
with a sufficiently large quality factor (). The inductor cur-
rent and capacitor voltage have been scaled to their normalized

. /(It??o, being R, = /&

and Q = %. In the figure, the following VSS-based control

values me (t) = ”ﬁ/ﬁ and jz(t) =
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Fig. 2. State-plane normalized trajectory of a PRC controlled by (1): u =
sign(jz ). x marks: switching instants.
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Waveforms of the PRC controlled by (1): u = sign(jr, ).

law activates the switches of the network

{ Ifj; > 0, activate network topology T, (u = 1)

ey

Ifj; <0, activate network topology T (u = 0)

which can also be expressed as a modified sign function u =
sign(ji.)-

Given that the switching instants occur at the change of sign
in jr,, there is only one possible switching frequency in the limit
cycle, where the fundamental harmonic of v,, denoted v, is
in phase with the input current, as shown in Fig. 3. The Bode
plot of the input impedance Z;(s), which is depicted in Fig. 4,
shows that the phase between the input voltage and the input
current is zero at frequency w,. Hence, the VSS-based con-
troller in (1) results in the converter switching at the natural
oscillation frequency. This observation was already reported in
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Fig. 5. State-plane normalized trajectory of a PRC controlled by (2): u =

sign(jz — kmc ). x marks: switching instants.

[18] and [22], but employing different descriptions of the trajec-
tories. Since the waveforms are assumed to be approximately
sinusoidal, the phase relationship between the input voltage and
the input current can be extended to predict the effects of more
complex self-oscillating control laws involving a combination
of the state variables.

A. Control Principle and Steady-State Model

In general, a linear combination of the states j; and m¢
can be employed to generate the switching instants of the res-
onant converter. In [14], the switching instants occur when
[s171 + s2me| = Veonst holds, being s1, sg, and Veong constants.
Equivalently, this class of VSS-based controller can also be
expressed as

u = sign(j, —k-mc). )

This form, which appeared previously in [16], [19], and[20], has
the advantage that it has a straightforward representation in the
state plane and, more importantly, that the value of parameter k
is directly related to the angle between v (¢) and j, (¢). Figs. 5
and 6 show the state plane trajectories and the time-domain
waveforms of a PRC, now switched following (2). It can be
seen that the angle between v (¢) and jz (¢) is equal to o and
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Fig. 6.  Waveforms of the PRC controlled by (2): w = sign(j; — km¢ ).

that the slope of the switching boundary is k& = tan(«). Hence,
following Fig. 4, when k > 0 (positive ), the converter operates
above the resonant frequency and when k£ < 0 (negative «v) it
operates below resonance. An analytic expression of «, given
by the input impedance, can be derived as follows:

= 2Zi(s)]s=ju
( 2
i) tige
Y an
chsw+§
_ _(on) tige, t1 (}?—JCwsw>
jcwsw + % % - jcwsw

I
N
VR
TN
Q| &
o
&

E
~——
N
Tl
Ole
el
_|_
=
|
N
glE
SRE
~—
~>
S~
~
~

2
Wgw 1 Wsw
= t — 1—— — . 3
w2 (- (2))) o
This result allows to eliminate the tangent function in k, and to

obtain an explicit relationship between the switching frequency
wew and k.

2
k:tan(a):fQL:jw <1Ql2 (u:;w) ) @

Besides, assuming that the converter operates near the resonant
frequency, the previous expression can be linearized around that
point, where wgy, = w, + Wsy

k(wy + Wew) =

12

1+azsw(2Q+ L ) )
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Fig. 7. Exact switching frequency of the PRC with respect to parameter & for

three different values of Q = [10, 20, 40] and its linear approximation.

Considering that 2¢) > 1/@Q), this equation can be rewritten as

1 Wew
kQJrQQ(wol). (6)

Fig. 7 shows the exact nonlinear function (4) and its approx-
imated linear expression (6) for a range of values of k, corre-
sponding to « angles between [—75, 75] degrees. The linear
approximation is in good agreement with the nonlinear original
expression and provides a direct way to relate the value of k£ and
the switching frequency of the converter. Because this is a direct
consequence of the linear phase shape around w,, the valid fre-
quency range of this expression shrinks with larger values of Q.
In the example of Fig. 7, where values of () up to 40 are shown,
the model can be considered valid for o € [—75, 75] degrees,
providing a wide valid frequency span around resonance.

If k is considered constant, this linear model can be used to
obtain the steady-state characteristics of the converter by the
conventional frequency-domain methods. As an example, the
amplitude of the output voltage in the PRC is

Vo = H(s)|S:j((k L)es tw,) Vi1 (7

e

where H(s) = ;< ((i% is the voltage transfer function of the tank.

B. Extension to the SRC

Following the same procedure, an analytic expression of o can
be derived for the series resonant converter using £ Z; ()

§=]JWsw

and noting that () = 1}{ . The resulting nonlinear expression is
k =tan(a) = Q (wsw _ ) (8)
w() C’L)SW

whose linear approximation is similar to the one found for the
PRC

k=20 <°"SW - 1) 9)

and whose small-signal model relating variations of k£ and wyy,
is the same.
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Fig. 8. Block diagram of the converter with the proposed VSS-based con-
troller. The dashed-line box corresponds to the system that is being modeled.
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Fig. 9. Block diagram of the small-signal model considering the dc gain

III. DYNAMIC MODELING

This section presents a small-signal modeling approach for
resonant converters under the VSS-based control method shown
in (2).

The model takes into account the effects of a time varying k
in wg,, , such that the resulting transfer function can be appended
to the well-known frequency modulated models in, for example,
[7]. The results are illustrated with the control-to-output voltage
envelope transfer function of a parallel resonant converter as
shown in Fig. 8.

First, a dc model that follows from the results of the previ-
ous section is introduced. Then, the dynamic effects of a time-
varying k are described and modeled in Section III-B.

A. Small-Signal DC Gain

Fig. 9 shows a model for the resonant converter with VSS-
based control. The variables are expressed in incremental
form, i.e.: k(t) = K + k(t), at) = A+ a(t), and wy(t) =
Qow + Wsw (1), With veny (t) = Veny + Oeny () being the output
voltage envelope and Geny(s) being the frequency to output
voltage envelope transfer function, as in [7]. Note that the time
dependence of the incremental variables may be omitted for
convenience.

Following the results in (6) and (9), it can be seen that a
simple gain connects k and gy

Wy »
2Q

The resulting model has appropriate dc gain but there are
dynamics that must be considered. The effects of k in Wew are
not static, and these are treated in the next subsection. However,
this result allows to emphasize the uncertainty reduction effects
of the VSS-based controller, due to the dependence of wg,, on
@ in (10). Fig. 10(a) depicts the Bode plots of the control-to-
output transfer function of a parallel resonant converter with the
parameters of Table I. The responses of the converter with the
conventional and VSS-based control are shown in dashed and

10)

Wew =
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Fig. 10.  Effects of VSS-based control on dc gain. (a) Bode plots of Geny(s) and ;%G’em,(s) for a set of quality factors @ = 11,15, 30. (b) DC gain against

load R, considering appropriate switching frequency changes for constant input/output gain.

TABLE I
PARALLEL RESONANT CONVERTER EXAMPLE DESIGN

Parameter Value
Ve 12V
Venv 160 V
L 8.3 uH
C 10.5 nF
fo= =2  540kHz
2w
Q 15

solid lines, respectively. Three different loads, or in other words,
three different quality factors (Q = 11,15, 30 are shown at the
same switching frequency. While the conventionally controlled
converter presents a dc gain variation of approximately 10 dB,
VSS-based control reduces this uncertainty to negligible values.
This reduced dc gain variation can also be observed in Fig. 10(b),
where changes in the switching frequency are considered in
order to compensate for changes in the load, thus maintaining
the same output voltage amplitude. Although the load range has
been magnified, it can be seen that, for this set of parameters,
VSS-based control reduces the uncertainty of the dc gain by a
factor of approximately 1/2. Note that, in such case, the dc gain
drops for resistances above 420 (2 because of the inclusion of

w . . .
the term i which decreases with increasing loads.

B. Small-Signal Frequency Response for Time-Varying k

The proposed VSS-based controller presents two main dy-
namic features. First, after a change in l%(t) there exist a shift
of the switching frequency during the next half period. In addi-
tion, the settling time of gy, (t) is determined by the time con-
stant of the state variables and the quiescent operating point K.
While the first effect impacts on the high frequency dynamics,
the latter is related to the low frequency response. Assuming
linearity, we can formulate the output of the VSS-based con-
troller as a combination of different transfer functions being

modeled separately, which are added to obtain the complete
model.

1) Switching Frequency Shift: The shift of switching fre-
quency is illustrated in Fig. 11(a). For simplicity, a con-
stant sampling frequency 7" = 2/Ty,, is assumed. The value
of k is modified between the sampling instants n—1 and n,
Ak = k(n) — k(n —1). This produces a reduced Th time in
the half period immediately after. As a consequence, the switch-
ing frequency &gy, (n) is increased a factor Aw,, as shown in
Fig. 11(b).

If Ak is sufficiently small, Aw, can be approximated by a
proportional relationship between the switching frequency in
steady state, when it describes an angle approximately equal to
m, and the switching frequency during the first half period, when
it describes an angle equal to 1 — A&

Aw, = v ng (11)

™

where the angle Ad can be approximated by

Ak

Aé = arctan(K + Ak) — arctan(K) ~ FOER

12)

Using (11) and (12), a discrete-time model can be posed as
follows:

~ st 1 7 7
B (n) = =2 = (kw) —k(n = 1)) (13)
or equivalently
Wsw, (2) Qw1 4
D I~ _(1—27Y). 14
TR <ES L (9

This model can be appended to a sampler and a zero-order
holder, in order to account for the inherent sampling, and trans-
formed into a continuous-time transfer function using a first-
order Pade approximation of the terms z~! = ¢~*T . The transfer
function that models the switching frequency shift can then be
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Changes in the switching frequency due to a time-varying k(t) = K + I%(t). (a) State-plane normalized trajectory of a PRC controlled by (2) after a

change in k between instants (n—1) and n. (b) Time-domain waveforms showing the switching frequency shift in &gy, (¢) and the low frequency response in

Fig. 11.
Wewy (1).
written as
Ogw, (8) Qw1 sT
_— R 1 h (15)
Bo) 7 KL (4s])

Note that, at the sampling instant (n+1), the switching frequency

has been assumed to return to its original value, instead of
Wo

2Q
in the following paragraph.

2) Low Frequency Response: The low frequency dynam-
ics between k(t) and Qg (t) can also be modeled by the
same discrete-time-domain methods described previously. In
this case, the model is assumed to be a first-order low-pass fil-
ter, which after transformation in the continuous time domain
yields

settling down at the expected value k. This aspect is treated

Wowy (8)  wo 1

k(s) 2Q1+r7s+sT (10

where gy, (s) is the low frequency response, as shown in
Fig. 11(b), and 7 is a time constant that depends on the time
constant of the resonant tank.

Fig. 12 shows the time-domain waveforms of j;, m¢, and
jr — kmg, for two different, but constant, values of k. In the
first case (K = 0), j; — Kmc is equal to jz and the switching
signal only depends on the sign of the inductor current , not on
its amplitude. As a consequence, the settling time of j; does
not affect the switching instants and 7 is equal to zero. As K
increases, the dependence of the switching instants on the am-
plitudes of the inductor current and the capacitor voltage grows,
given that sign(j;, — K'm¢) depends on such amplitudes. In
the PRC, the inductor current and capacitor voltage settle down
with a time constant 2RC' [23]. Consequently, the settling time
of wgy also approaches 2RC' when K grows. It can be assumed
that the time constant 7 grows following the sinusoidal function

Fig. 12.  Time-domain waveforms of the PRC for two different values of
K =[0,1]. When K = 0, the switching instant is only modified by the sign of
jr.- When K # 0, the switching instant is affected by the time constants of j,
and m¢ .

of the state variables, such that a general model can be written
as follows:

K|
V1+ K?

Fig. 13 shows the percentage values of 7 with respect to 2RC,
for a range of values of K corresponding to angles between [0,
85] degrees. The model provides a direct way to relate the value
of K and the settling time of the switching frequency. Note that

7 = 2RC'sin(arctan(| K1) = 2RC (17)
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Fig. 14.  Block diagram of the complete small-signal model.

the absolute value of K is used in order to avoid negative time
constants when K < 0.

3) Complete Model: The block diagram of the complete
small-signal model between the control variable k and the out-
put Ueqy s depicted in Fig. 14. The model consists of the low and
high frequency blocks with the corresponding dc gain and the
frequency modulated transfer function Gy (s), as explained in
Section III-A.

In order to validate the model, Bode plots of the control-
to-output transfer functions for two different loads R =
4202(Q = 15.2) and R = 650Q(Q = 21.3) are shown in
Fig. 15. It is worth noting that the resistances employed cor-
respond to the nominal and worst-case loads for the proposed
design example, and that the nominal load R = 420 €2 matches
the peak of the dc gain in VSS-based control, as shown previ-
ously in Fig. 10(b). The values of parameters used to plot the
Bode diagram are those used before in Table I: L = 8.3 uH,
C =10.5nF, and V;, = 12 V. The figure shows the analytical
small-signal model (solid line) against numerical simulations of
the switched circuit (circle marks) for two frequencies below
resonance fg, = [520 kHz, 515 kHz], which match the required
frequencies for an ac peak output voltage of V¢, = 160 V. The
values of K for these operating frequencies are enumerated in
Table II. Going back to Fig. 15, it can be seen that the model
is in good agreement with the simulation results and that the
proposed transfer function remains valid up to frequencies be-
low one half of the switching frequency. In addition, it is worth
to remark that the VSS-based controller cancels the effects of
the double pole below the switching frequency that appears

1475
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Fig. 15.  Comparison between the proposed model and numerical simulations
of the switched circuit for two different switching frequencies and loads: 1)
520 kHz/420 €2 . 2) 515 kHz/650 €2 . Solid-line: analytical model. O marks:
numerical simulations.

TABLE II
OPERATING POINT VALUES

Q fsw R K Venr(Vy = 12V)
152 520kHz 4209 —2.1 160 V
213  515kHz  650Q —-32 160 V

err(t c . J
Vref+ *) Controller k(t) on‘\sr er
- Peak Detection: Veny (t)

(a)
err(t wi(t Converter
Vref+ ®) Controller Fow(t) » VCO u(t): & Veny ()
- Peak Detection
(b)
Fig. 16. Closed-loop block diagram of the resonant converter with: (a) the

VSS-based controller, (b) the FM controller.

in the control-to-output transfer function with the conventional
frequency modulation Gy (s) [7]. As a consequence, with the
VSS-based controller, the phase is well above 180° for the range
of frequencies that can be of interest for feedback, and the system
dynamics are similar to those of a first-order system, as it was
also mentioned in [14]. These aspects suggest that closed-loop
regulation by means of a VSS-based controller can outperform
frequency modulation due to larger feedback bandwidth and
improved robustness.

IV. CLOSED-LoOOP VSS-BASED CONTROL

A design example showing the regulation capabilities and
the benefits of the proposed technique is presented in this
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section. The synthesis of a controller for the regulation of the
output voltage in a PRC, following the parameters and oper-
ating points given in Tables I and II, is described in three
different cases. First, in the case of the proposed VSS-based
control with the nominal load R = 420 (). Second, using stan-
dard frequency modulation (FM) in two different cases: with
the nominal load of R = 420 ) and with the worst-case load of
R =6509Q.

A block diagram of the converter with the controllers for the
VSS and FM approaches is shown in Fig. 16. In the figure, it
is worth to point out that sensing the output voltage envelope
is carried out by means of a peak detector and that the FM
realization requires a voltage-controlled oscillator (VCO). It is
also worth to mention that the synthesized controllers follow a
PI structure. They consist of an integrator for zero steady-state
error, a phase leading zero for appropriate phase margin, and an
additional high-frequency pole for noise immunity. In order to
unify criteria for the different designs, all the controllers satisfy
a phase margin ¢); over 45° and a gain margin GG;; above
10 dB.

A. Controller Synthesis for VSS Approach

The design of the first controller, that considers the VSS ap-
proach, has been carried out by employing the model described
in the previous section. Fig. 17(a) shows the loop gain of the
PRC converter with the synthesized controller, considering the

nominal load of R = 4202

1+6.9-10%s
s(142.8-1076s)"

Gvss(s) = 3300 (18)
As it can be seen, a phase margin of 45°together with a gain mar-
gin of 17 dB can be easily achieved with a crossover frequency
fe of approximately 25 kHz.

B. Controller Synthesis for FM and Nominal Load

The second controller is designed for the conventional FM,
whose control-to-output transfer function is given by Gepy, as
mentioned previously. In this case, the nominal load R = 420 2
is taken into account

1+85-107%s
s(1+25-1076s)"

Gc,FMl (S) = 1520 (19)
A Bode plot of the loop gain with this controller is depicted in
Fig. 17(b). A phase margin of 45° and a gain margin of exactly
10 dB are provided, for a crossover frequency of approximately
20 kHz.

C. Controller Synthesis for FM and Worst-Case Load

Finally, a third controller for FM has been designed, consid-
ering a worst-case load of R = 650 2. Given that, in this case,
the dc gain of the control-to-output transfer function Gepy is
near its maximum value for this application [see Fig. 10(b)],
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the crossover frequency that allows to satisfy a phase margin of
45° and a gain margin of 10 dB is lower than in the previous
cases: f. = 5 kHz [see Fig. 17(c)]. Besides, the use of a zero
for improved phase margin provides a relatively small improve-
ment, due to the influence of the resonant complex pole in Gy
at high frequencies. These aspects result in a simpler and more
conservative controller

GC’FMQ(S) = 426 (20)

s(143-107%s)

D. Simulation Results

In this section, the properties of the synthesized controllers
have been illustrated with a set of simulations of the switched
circuit. As in the previous section, the regulation objective is to
obtain an ac peak output voltage of V., = 160 V from an input
of V, = 12 V. First, the three different controllers have been
tested in presence of load disturbances. Fig. 18 shows a detail of
the voltage regulation waveforms when the load changes from
its nominal value R = 420 2 to the worst case R = 650 €2 at ¢
= 100 ps and goes back to R = 420 Q2 at r = 600 us. It can be
seen that while the VSS-based controller G vss(s) (solid line)
rejects the disturbance with a voltage deviation of 24 V and a

w
o

N
o

Magnitude (dB)
=)

Phase (deg)

-135

-180 :
103 104
Frequency (Hz)

Fig. 21. Comparison between the proposed model and experimental re-
sults for two different switching frequencies and loads: 1) 520 kHz/420 2 .
2) 515 kHz/650 €2 . Solid-line: analytical model. X marks: experimental mea-
surements.

settling time below 50 ps, the FM controller G, pu; (s) (dashed-
line) becomes unstable and cannot regulate the output voltage
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Fig. 23.

for this range of loads. The conservative controller G, pus ()
(dash-dotted line), which has been designed using the worst-
case load at R = 650 €, maintains the stability of the converter
in both operating points, but at the expense of worse distur-
bance rejection properties, since the output voltage deviation
and settling time are about 40 V and 250 ps, respectively.

The improved control bandwidth of the VSS-based controller
G..vss(s) with respect to frequency modulation can also be re-
garded in case of input voltage disturbances. In Fig. 19, the input
voltage V;, switches back and forth between 12 and 14 V. While
the FM controllers G, pm1 (s) and G pm2(s) present voltage
shifts above 20 and 30 V, respectively, the VSS-based controller
Ge vss(s) presents a deviation of the output voltage of only
10 V. Besides, the VSS-based controller yields a well-damped
waveform with a settling time lower than 50 ps, in contrast with
the poor damping and long settling times of the conventional
controllers.

V. EXPERIMENTAL RESULTS

This section presents the experimental realization of a PRC
converter with the proposed VSS-based control approach and
the closed-loop regulation of the output voltage envelope by

(b)

Output voltage measurement under input voltage variations (R=420Q). () V, =12V - 14 V,(b)V, =14V — 12 V.

means of the PI controller G. vss(s). The experimental pro-
totype is described first. Then, the frequency response of the
VSS-based controlled converter is compared with that of the
proposed small-signal model. Finally, the closed-loop transients
under the same load an input voltage disturbances used in the
simulations are shown.

A. Experimental Setup

A 100-W experimental prototype of a PRC converter, fol-
lowing the specifications established in Table I, has been built.
The power stage is made up of an H-bridge circuit, employ-
ing four MOSFETs (IPB200N15N3G), and a resonant tank,
composed of a ceramic capacitor and an air-gap-based induc-
tor of matching values. The VSS-based controller employs
an LT1116 comparator to establish the change of polarity of
the control signal and a current transformer for current sens-
ing purposes. One of the main differences with a conven-
tional implementation is the absence of VCO for frequency
modulation. The schematic of the experimental prototype can
be seen in Fig. 20. Although the PRC can operate in zero-
voltage switching mode when the circuit operates above reso-
nance (k > 0), operation below resonance (k < 0) is preferred
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(c) No load.

in the proposed example due to smaller circulating currents
[24].

B. Frequency Response Verification

Two measurements of the control-to-output voltage frequency
response, matching those shown in the simulations have been
depicted in Fig. 21. The measurements have been carried out
with a Venable FRA-3120 network analyzer and in open loop,
i.e., a small ac signal k is added to the dc value of the input K
and the envelope of the output voltage ¥,y is measured as the
output.

Two set points have been measured, corresponding to those
shown previously in Table II and Fig. 15. It can be observed a
good agreement between the solid lines (analytical model) and
the experimental measurements (x marks). While there exist
minor discrepancies in phase responses above 50 kHz, these
differences are not usually a problem for closed-loop control,
given that effective bandwidths are typically lower than 11—0 of
the switching frequency and that phase responses are always
above —180°.

C. Closed-Loop Responses

In Figs. 22 and 23, the experimental waveforms of the con-
verter with controller G, vss(s) are shown. Again, the ac output
voltage envelope is Vepy = 160 V and the input voltage is V;, =
12 V. The ac voltage has been enlarged and its envelope outlined
for easy comparison with the simulation results. It can be ob-
served an excellent agreement between the solid lines of Figs. 18
and 19 and the waveforms in Figs. 22 and 23, which verifies the
correctness of the analytical derivations and the performance of
the proposed control approach.

D. Start-Up Responses

Fig. 24 shows the waveforms of the output voltage during
start-up, for three different loads: 420 €2, 650 €2, and no load.
As predicted by the proposed model, larger loads correspond
to lower dc gains of the control-to-output transfer function,
and consequently, to narrower control bandwidths and increased
settling times. It is worth to remark that the VSS-based controller
allows the soft-start of the circuit without any need of additional
devices or control laws, which helps the designer to obtain a
cost-effective circuit.

(b)

1 1 1 T
i ||‘||'.|||'III HUHHTHTH
T
il

LELVRRL IR htt babtLtg

-
[

(c)

Startup waveforms of the output voltage for different loads. Top: 60 V/div, 2 ms/div. Bottom: 30 V/div, 10 us/div. (a) R = 420 €, (b) R = 650 Q,

VI. CONCLUSION

Self-oscillating resonant converters under VSS-based control
laws can provide improved closed-loop performances, due to
the inherent half-period sampling and its simpler dynamics, be-
sides of other advantages in their realization, as for example, the
lack of voltage-controlled oscillator. This paper presents a novel
small-signal model for these self-oscillating resonant convert-
ers under a class of VSS-based control laws and explains the
benefits obtained with the resulting VSS-based controller. The
proposed modeling approach exploits the link between the con-
trol variable k, the angle between the input current and the input
voltage, and the switching frequency, yielding an expression
that can be well represented by a linear approximation. This lin-
ear approximation is employed together with an analysis of the
trajectories of the system in the state plane in order to derive the
small-signal control-to-switching frequency transfer functions.
The proposed approach has the advantage that the model can
be coupled with the well-known switching frequency-to-output
transfer function for frequency modulation so that a complete
control-to-output voltage transfer function can be obtained eas-
ily. Although the model is the result of a linearization around
K =0, it has been shown that its range of validity is sufficient
to regulate the converter over a wide range of frequencies.

This model is used as the basis for designing a VSS-based
controller able to regulate the output voltage envelope of a paral-
lel resonant converter under variations of the input and output pa-
rameters. The synthesized controller, which has been designed
for the nominal load, has been compared with a conventional
controller for frequency modulation, in nominal and worst-case
conditions. Simulations have shown that the VSS-based con-
troller outperforms frequency modulation by providing not only
tight regulation in the presence of disturbances, but also exhibit-
ing robustness in case of significant parametric uncertainty.

Finally, the experimental realization of a self-oscillating PRC
converter with the proposed VSS-based controller has demon-
strated the correctness of the proposed small-signal model
and the validity of the closed-loop simulation results. Further
research contemplates the extension of the proposed model-
ing technique to other resonant converters, such as the series
resonant converter. Potential applications of this research in-
cludes efficient lighting systems [25], [26] or induction heating
[27], where the proposed control technique can be used as a
simple and robust mechanism for regulating circuits with large
sets of uncertainty.
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