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Stability and Small-Signal Analyses of the Dual
Series-Resonant DC-DC Converter

Amir Tahavorgar

Abstract—The stability and small-signal analyses of the dual
series-resonant dc—dc converter are investigated in this paper.
The small-signal model of the converter is derived from the ex-
tended describing function analysis. Frequency-domain analysis is
then employed to derive the small-signal transfer functions of the
converter. This procedure establishes an insightful understanding
about the effects of the converter parameters and operating condi-
tions on the stability and transient behavior of the converter. The
results are used to illustrate the development of the single-loop,
voltage-feedback control scheme for the dual series-resonant dc—
dc converter. It is demonstrated that the proposed control method
enables the converter to regulate its output voltage in the case of
abrupt changes in input voltage and output load, and it provides
improvement in the transient response. An experimental prototype
of the dual series-resonant dc—dc converter is built and the perfor-
mance of the control scheme is experimentally evaluated by ap-
plying abrupt changes in the operating condition of the converter.
Based on the experimental results, it is shown that the single-loop,
voltage-feedback control scheme is effective in regulating the out-
put voltage of the converter.

Index Terms—DC/DC converter, extended describing function,
series-resonant circuit, small-signal analysis, soft-switching con-
verters.

NOMENCLATURE
Q1,Q2 Semiconductor switches.
L,y = L,» Resonant inductors.
C,1 = C,2 Resonant capacitors.

D1,D2 Output rectifying diodes.
N, Primary winding turns.

Ny Secondary winding turns.

N Turns ratio of the transformer (N /N,).
L, Magnetizing inductance of the transformer.
C. Clamping capacitor.

R, Output load.

c, Output capacitor.

Wy Angular resonant frequency of L, and C,.
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W Angular resonant frequency of L, and C..

Ws Angular switching frequency.

fr Resonant frequency.

fsw Switching frequency.

T, Time period (T = 1/ fw)-

iLm Magnetizing inductor current of L, .

ULl Resonant inductor current of L,.1.

iLr Resonant inductor current of L.

Vol Resonant capacitor voltage of C, .

VCr2 Resonant capacitor voltage of C,.o.

Vg Input dc voltage.

Vo Output dc voltage.

Vo Clamping capacitor voltage.

Vim Magnetizing inductor voltage.

d Duty ratio of Q2.

F Normalized switching frequency (fsw/fr)-

0 Phase angle between sgn(iz,; + ir,2) and v,
waveforms.

InFCLr nth cosine coefficient of the Fourier expansion of
the resonant inductor current.

T FSLr nth sine coefficient of the Fourier expansion of
the resonant inductor current.

UnECCr nth cosine coefficient of the Fourier expansion of
the resonant capacitor voltage.

UnFSCr nth sine coefficient of the Fourier expansion of
the resonant capacitor voltage.

an, nth cosine coefficient of the Fourier expansion of
the magnetizing inductor voltage.

b, nth sine coefficient of the Fourier expansion of
the magnetizing inductor voltage.

A, nth cosine coefficient of the Fourier expansion of
the sgn(ir,1 +ig,2).

B, nth sine coefficient of the Fourier expansion of
the sgn(iz,1 + iL,»Q).

Kr Integral gain.

K Threshold gain.

I. INTRODUCTION

HE numerous applications of dc/dc converters in various
T industries have required extensive on-going research of
these converters. The objectives of the research works have
ranged from improving the overall efficiency [1]-[4] and in-
creasing the power density of the converter [4]—[8] to reducing
the manufacturing cost by using fewer number of switching
modules, as well as reducing the complexity of the converter

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Topology of the dual series-resonant dc—dc converter [13].

Fig. 1.

topology and control scheme [9]-[11]. It has been shown in the
literature that resonant dc/dc converters provide improvement in
efficiency by significantly mitigating the switching losses of the
converter and enabling increased switching frequency operation
that leads to miniaturization of the converter.

The dual series-resonant dc—dc converter, as shown in
Fig. 1, has been proposed by Tahavorgar and Quaicoe [12],
[13] It has been shown that the converter provides improvement
in efficiency and power transfer capability compared with tra-
ditional single series-resonant dc—dc converters [13]. The dual
series-resonant converter is a suitable solution for low-voltage
and high-frequency dc—dc converters in telecommunication in-
dustries. It was demonstrated that the converter is able to operate
in buck and boost regions, which underscores the versatility of
the proposed topology. These features, derived from detailed
steady-state characterization of the converter, have been exper-
imentally examined by Tahavorgar and Quaicoe and reported
in [13]. However, the analytical and experimental investiga-
tions were carried out in open-loop operation of the converter
to characterize its operation in a steady-state condition. This
paper focuses on the development of the small-signal model to
investigate the stability and transient performance with a view
to the development of the single-loop, voltage-feedback control
scheme for the dual series-resonant converter.

The conventional state-space averaging method has been
widely used to model pulsewidth modulation (PWM) based dc—
dc converters [14], [15]; however, this method cannot be applied
to model the dual series-resonant converter, as the switching fre-
quency of the converter is close to the natural resonant frequency
of the converter. The sampled data approach was proposed as
a general modeling procedure for power converters [16]-[18].
This approach is effective in modeling resonant converters; how-
ever, it provides discrete-time model that needs to be solved
numerically. Therefore, designing a compensator based on the
obtained discrete-time model is a challenge and the procedure
becomes unmanageable when the operation of the converter in-
volves different topological modes, a prevailing condition for
resonant converters [19], [20]. In addition, the approach does
not provide insightful information to design the controller. This
paper utilizes the extended describing function method to derive
the small-signal model of the converter [21]. The extended de-
scribing function is based on a mixed-mode analysis involving
both time-domain and frequency-domain analyses and leads to
a systematic approach to developing the small-signal models of
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Fig. 2. Waveforms of the key signals of the converter.

converters to investigate the stability performance for different
control regimes. The advantage of implementing the extended
describing function as the modeling approach for the dual series-
resonant converter is that it results in a fully parametrical anal-
ysis of the state-space equations. This advantage results in a
complete characterization of the behavior and response of the
converter in steady-state and transient conditions. This fact is
a significant practical aid in the design of the converter. The
stability performance investigation presented in this paper leads
to the conclusion that the single-loop, voltage-feedback con-
trol system is effective in regulating the output voltage of the
dual series-resonant dc—dc converter in a closed-loop control
scheme.

The rest of this paper is organized as follows. The small-
signal analysis of the proposed converter based on the extended
describing function approach is presented in Section II. In
Section III, the derived transfer functions are discussed with
a view to determine a suitable control scheme to regulate the
output voltage. The transient behavior of the converter for vari-
ations in key operating parameters as well as simulation results
for different scenarios of abrupt changes in the input signals are
also discussed in this section. Experimental results of the imple-
mentation of the single-loop, voltage-feedback control scheme
are presented in Section IV and the conclusions of the work are
given in Section V.

II. SMALL-SIGNAL ANALYSIS

The operation of the dual series-resonant converter consists
of six modes [13] from ¢t =Tj to t = Ty. Fig. 2 shows the
key waveforms of the converter variables. Based on the con-
verter condition during each mode of operation, the state-space
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equations can be stated in the general form as follows:

Lr17diL&; ®) = —vori(t) — UOT(t)
x (14 sgn(in,1(t) +inr2(t))) + Nopw (t)
(1a)

Ly LL{Z ®_ vepa(t) + UOQ(t)
X (1 — sgn(iL,}l (t) + iLrQ (t))) + N'ULm (t)
(1b)
Cr dvcd%tl(t) =ir1(t) (Ic)
cﬂdl’%(t) —ipa(t) (1d)
L, ‘“Ld—“;(t) = o (1) (le)

dve. d .
62— o (5 inn (0 = i)

X (ipm + N (ip,1(t) +ipr2(t))) (1f)

od;;o — %(iL7~1 (t)—irro (t)) +%(iLr1(t) +ipra(t))

% sgn (ip,1 () +ipee () + % i, (t)
(1g)

where sgn(-) and u(-) are the sign and step functions, respec-
tively.

In the extended describing function procedure, state-space
variables are decomposed into their Fourier coefficients. In or-
der to accomplish the analysis using this procedure, only the
fundamental components of the Fourier series of the variables
are considered and the higher coefficients are neglected. The
state-space analysis of the converter can be represented in the
general form as follows:

Ccle = Ai + Ba (2a)
§=C# (2b)

N A A N N 2 N ~ 1T
T = [ZIFSLT L1FCLr  VIFSCr VIFCCr tLm  VUCc vo]

(2¢)
i=[0g d @ 0] (2d)
§ = [00]. (2¢)

All the variables in (2c)—(2e) represent the ac small-signal
part of the corresponding variables. As an example, @,
is the small-signal component of the switching frequency,
represented as wy, = Qs + @5 = Fw, = F(Q, + &,). Other
variables are similarly represented. The dual series-resonant
circuits operate in a complementary mode, and assuming iden-
tical resonant circuit parameters, the resonant inductor currents
are equal. Consequently, the ac components of the resonant
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capacitor voltages are equal. Therefore, the decomposed reso-
nant inductor currents (ilFSLT7 ’ZIFCLT) and resonant capacitor
voltages (U1rscr, U1rccr) represent the resonant variables
in both series-resonant circuits (L,; — C,1 and L, — C,9).
The state-space matrices can be obtained by substituting the
decomposed state-space and input variables into the state-space
equations in (1) and equating the small-signals of sin (-), cos (+),
and dc terms to each other. The resulting state-space matrices
are shown in

A=
- 1 _Nb _B', -
0 FQ, -1 0 0 I L 72L,.1
1 _N —A
—FQ, 0 0 -1 0 L:“ QL,_I
o 0 0 FQ, 0 0 0
0 &~ —FQ 0 0 0 0
0 0 0 0 0 ~ 0
Aéfil \g{h 0 _(15?) 0 0
B A 1
L 20 30, 0 0 0 0 ~R,C,
(3a)
B =
Vi Ipp
0 0 0 0 (1—D[)Lm én 0
nlipcLr —nlipsyr nVirccer —nVirscr 0 0 0
1
0 0 0 0 0 0 &
(3b)
C:[0000001] (3c)
where
2
A} = = (sin(27D + 6) — sin(0)) (3d)
™
, 2
B; = = (—cos(2rD + 6) + cos(6)) (3e)
s
sin(27w D
ay = g (31f)
™
1 —cos(2nD
- LoesnD) s

In (3d)-(3g), A}, and B are the approximated fundamen-
tal Fourier coefficients of sgn(iy,1 + i5,2); a1 and by are the
Fourier coefficients of vz,,, the voltage across the magne-
tizing inductor at the primary side of the transformer; and
0 = 27Ty /Ty is the phase difference between sgn(iy 1 + ir,2)
and vy, , as shown in Fig. 2.

Transfer functions relating the output voltage to various con-
verter control variables can be obtained by transforming the
state-space equations to the frequency domain using the inverse
Laplace transform as follows:

T(s)=C(sI — A 'B. “)

In particular, four transfer functions that relate the output
voltage to the output current, input voltage, switching
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frequency, and duty ratio are derived by solving (4).
These transfer functions are referred to as output-current-
to-output (9, (s) /7, (s)), input-voltage-to-output (3, (s)/04(s)),
frequency-to-output (9, (s)/ws(s)), and duty-ratio-to-output
(9, (s)/d(s)), respectively. The denominator of these transfer
functions is obtained as follows:

1 > $042 (F2 1) Qs+ (F2 —1)2Q) 5
R,C,y +(1 - D)*(F2 —1)° Q02 '

m

A= <s+

(5

Assuming L, > L,, and {C,,C,} > C,, (5) can be sim-
plified as follows:

s o+ gl ¢+

X (32 Y (F— 1)293) (32 +(F+ 1)292) (6a)
where
1
Q, = 6b
T o (6b)
1
Q, = . 6
e (6¢)

The location of the poles of the open-loop transfer functions
can be approximated as follows:

1

N X (7a)
p2,ps = £j(1 — D)y (7b)
p1,ps = £j(F —1)Q, (7c)
pe,pr = £j(F +1)Q;. (7d)

Three of the poles of the open-loop system (p;, p2, and p3)
occur at low frequencies. The locations of these poles depend on
the output resistor, output capacitor, duty ratio, and the angular
resonant frequency of L,, and C\.. However, the locations of the
high-frequency poles (p4, p5, ps, and p7) depend on the normal-
ized switching frequency and the angular resonant frequency of
L, and C,

III. STABILITY ANALYSIS

The objective of the small-signal analysis is to develop a
single-loop, voltage-feedback control scheme to control the out-
put voltage of the dual series-resonant converter in the case of
variations in the load, input voltage, or reference voltage. Using
the approximated poles in (7), the transfer functions obtained
from (4) are discussed ahead in order to provide an insight
into the stability and transient behavior of the converter and
to demonstrate that the duty-ratio-to-output transfer function is
the more suitable approach for the control of the dual series-
resonant converter.
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A. Output Current to Output (0,(s) /i, (s))

This transfer function relates the output voltage to small
changes in the output load, and it is obtained from (4) as follows:

0o (8)
%0(3)

) (52+(F+1)29,‘%)(32+(F_1)293)(s2+(1_p)293n)
:a A .

(8a)

The output-current-to-output transfer function has three com-
plex poles on the imaginary axis and no real zero. The three com-
plex zeros are at the same location as the complex poles. The
transfer function can be approximated as a first-order system as
follows:

Uo(s) R,

’ZO(S) SRO Co + 1

It is realized that for small variation in the output load, the

system reacts as a first-order system and the output voltage
response is stable.

(8b)

B. Input Voltage to Output (0,(s)/04(s))

The input-voltage-to-output transfer function, which de-
scribes the variation in the output voltage for small changes
in the input voltage, is obtained from (4) as follows:

(52 + FZQ?) (52 +(1- D)an,) (s+ 2y)

=K,
%(5) A (%2)
where
o FQT (B'1a1 — Allbl)
v A/1(L1 + Bllbl (9b)
/ /
K, — N(Ala,l—I—Blbl) 9c)

2L, C,

The transfer function has two complex zeros on the imaginary
axis and one real zero. The complex imaginary zeros are located
at £5(v/1 — D)Q,, and £ F, and the real zero (z,) is given
in (9b). By neglecting the high-frequency zeros and poles, it is
observed that the reduced-order system has one pair of imagi-
nary zeros at +5(v/1 — D)€, , one pair of imaginary poles at
+j(1 — D), and areal pole at (R,C,)~!. Since the location
of the real pole is significantly closer to the origin than the lo-
cations of the complex poles and zeros, it can be concluded that
the system will respond to small variations in the input voltage
as a first-order system with a real pole at (R, CO)‘l; hence, the
variation of the output voltage will be stable.

C. Frequency to Output (0,(8)/ws(s))

This transfer function describes the effects of small varia-
tions in the switching frequency on the output voltage. The
frequency-to-output transfer function is obtained from (4) as
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follows:
50(5) (s2 + F202) (s? +(1—D)293n) (s + 2)
AO - Kw
5(3) A
(10a)
where
Livcrr A'v + Lipsrr By
2, = FQ, (10b)
Lipstr At — Lipcrr B
K - (Lirstr Ay — Lirer, B'1) (100)

2C,

Both z, and K, in the transfer function are dependent on
the steady-state condition of the resonant inductor currents, as
shown in (10b) and (10c¢). This dependence makes the utilization
of this transfer function to regulate the output voltage difficult,
since the transient and stability performance of the converter
will depend on the quiescent operating point of the converter.

D. Duty Ratio to Output (9,(s)/d(s))

The effect of small variations in the duty ratio on the output
voltage is described by the duty-ratio-to-output transfer function
obtained from (4) as follows:

ﬁf(s) _ X, (52 + F202) (s + za1) (5 + za2) (112)
d(s) A
where
FQT (B'1a1 - Allbl)
« pr— llb
=i Alvay + B'1by (116)
Vi
= — 11
=2 ILm, Lm, ( C)
N (A/l(ll + Bllbl) ILm
K, = . 11d
¢ 2L,C.C, (11d)

In addition to the imaginary zeros at +j(),, this transfer
function has two real zeros (z4; and z42). The location of z;; is
the same as the location of z, given in (9b), whereas the value
of 249 depends on the value of the magnetizing inductor current
(11b). Table I summarizes the transfer functions that can be used
to obtain the pole-zero maps.

The steady-state characterization of the dual series-resonant
dc—dc converter showed that the converter can be regulated with
two degrees of freedom namely, the switching frequency (wy)
and duty ratio (d) [13]. While either the frequency-to-output
transfer function or duty-ratio-to-output transfer function can
be used to regulate the output voltage, the dependence of the
frequency-to-output transfer function on the steady-state oper-
ating point of the converter would pose a problem in the im-
plementation of a switching frequency control scheme. In ad-
dition, implementation of a closed-loop control method based
on the variable duty ratio is more straightforward than vari-
able switching frequency scheme. Therefore, the duty-ratio-to-
output transfer function is utilized to illustrate the implementa-
tion of the single-loop, voltage-feedback control scheme for the
dual series-resonant converter to regulate the output voltage.
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TABLE I
POLE-ZERO EXPRESSIONS FOR THE TRANSFER FUNCTIONS
Transf er Gain Zeros Poles
Function

+ jFQ,
v, (5) N(4ja, + B/b,) +jM1-DQ,
v, (. 2L ’ '
v, () C, —FQ, Bl’al - Al,bl

Aja, + B/b,

+jFQ
S  J(F 410,

R , , Bla, — A/,
() N(dja, +Bb)I,, | —FQ, da 1B
as) 2L,C.C, A + j(F-1)Q,

— Vd

1,,L, + j(1 —D)Qm

+ jFQ,
‘,;u (S) F(IIFSL/'A; _Ilb'('LrB;) ij(l_D)(zm *41
5 2C, ' ’ RC
@,(s) ¢ -FQ, IlF(‘LrA,l +[]FSL»‘BI' e

11FSLr'Al - Ill-'CLrB]
5 (s) 1 + j(F+1)0,
v (s
= - + j(F—-1
i, (s) c, SE 1o,

+j(-D)a,

IV. DUTY-RATIO-TO-OUTPUT CLOSED-LOOP
CONTROL SCHEME

In order to use the duty-ratio-to-control transfer function in
a closed-loop control scheme, the transfer function needs to
be simplified by removing nonsignificant zeros and poles. The
expressions in (7) indicate that the imaginary poles associated
with the resonant frequency €2, (i.e., p4,ps,ps, and p7) are
not significant because of their occurrence at high frequencies.
These high-frequency poles can be neglected in comparison
with the real pole (p; ) and the imaginary poles associated with
Q,, (p2 and p3). In addition, the real zeros (z4; and zg2) occur
at higher frequencies in comparison with the poles of the open-
loop system (pi,p2, and p3), and can, therefore, be assumed
to occur at infinity. A closer look at the pole-zero map of the
duty-ratio-to-output transfer function reveals that the imaginary
poles associated with §2,,, do not occur exactly on the imaginary
axis, as illustrated in Fig. 3(a). Rather, these poles have real
parts that are relatively small compared to the imaginary parts
and were neglected because of the simplifications and assump-
tion made during the development of the extended describing
function. Fig. 3(b) shows a closer snapshot of the pole-zero map
of the duty-ratio-to-output transfer function, which demonstrate
that the imaginary poles associated with €, exhibit damping
characteristics.

The above-mentioned observations lead to a simplified duty-
ratio-to-output transfer function that can be expressed as fol-
lows:

@0(8) - K/d

d(s) (s+ 7)) (2 +2¢(1 = D)2y + (1 - D)3, )

where 2
K = NVy (B'ra1 — A'1by) (12b)

2FQ,. L. L, C.C,
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The frequency response of the converter is calculated
using the ac sweep analysis in piecewise linear electrical
circuit simulation (PLECS) and it is compared with the Bode
plots of the duty-ratio-to-output transfer functions for the
seventh-order system (1la) and reduced third-order system
(12a) to verify the accuracy of the transfer functions derived
from the extended describing function methodology. Fig. 4
shows the Bode plots of the open-loop system. The corner
frequency occurs at w. = (1 — D)w,,. Due to the double
imaginary poles, the frequency response of the seventh-order
system deviates from the PLECS ac sweep results at the corner
frequency; however, this deviation does not occur for the
simplified third-order system and the response is very close to
the PLECS ac sweep results. At frequencies far away from the
corner frequency, it is observed that the frequency response of
the converter from the PLECS results is very close to the Bode
plots of the derived transfer functions.

Fig. 5 shows the step response of the converter from the
PLECS simulation result, the seventh-order system (9a), and
the simplified third-order system (12a). For the seventh-order
system, all of the poles of the system are on the imaginary axis
and the system exhibits an undamped and fluctuating response.
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Fig. 6. Single-loop, voltage-feedback control scheme to control the output
voltage of the dual series-resonant converter.

It is observed that the simplified third-order system does not
exhibit undamped fluctuations and compares favorably with the
PELCS simulation results. Therefore, the simplified third-order
transfer function (12a) is determined to be adequate for the
implementation of the closed-loop control scheme.

The pole-zero map depicted in Fig. 3(b) shows the poles of
the simplified third-order system in (12a). This map suggests
that by introducing a compensator (H (s)) with a real pole at
zero, the resulting closed-loop system can be made to be stable
for a wide range of variation of the gain of the compensator
(K).Fig. 6 shows the closed-loop control scheme with an inte-
gral compensator that is used to control the output voltage of the
converter with respect to the reference voltage. Fig. 7 shows the
location of the poles of the closed-loop system around the origin.
It is observed that as K increases, the poles of the closed-loop
system start to converge on the real axis and establish the first
breakaway point for K; = Kpy. For K; < Ky, the response
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Fig. 8. Frequency response of the compensated system (R, = 30 2, F =
3,D =0.5).

of the system is overdamped and for K; > Ky, the response
is underdamped. As K continues to increase, the poles start
to move away from the real axis and the damping ratio of the
system is reduced suddenly. Eventually, the poles of the closed-
loop system move to the right side plane and the system becomes
unstable. In order to guarantee the stability of the closed-loop
system and avoid undesirable and huge overshoots and under-
shoots, K should be kept below K. This condition ensures
that the poles of the closed-loop system are located on the real
axis. Since this breakaway point occurs at s = —0.5/R,C,, the
value of the threshold gain can be determined from (12a) as
follows:

d(s) B (1—D)*FQ, L,
'lA}O (S) s o 2NVd(B’1a1 - Allbl)R?)Cg '
RoCo (13)

Klth = —S

The Bode plot of the compensated closed-loop system of
Fig. 6 is given in Fig. 8. The gain margin and the phase margin
of the compensated transfer functions are 54 dB and 76°, for the
critically damped system (K; = Kjy,), 63.5 dB and 85°, for the
overdamped system, and 43 dB and 55° for the underdamped
system, respectively.
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Fig. 9. PSoC 5LP experimental implementation of the control scheme to
regulate the output voltage.

Fig. 10. Experimental prototype of the dual series-resonant dc—dc converter.
TABLE 11
EXPERIMENTAL PROTOTYPE COMPONENTS
No. Component Part No. / Value
1 MOSFET switches IPP320N20N3
Waurth Electronics Midcom
2 Transformer 750341142
(L, =70 uH, N=1)

3 Output diodes RF2001T4S
4 MOSFET driver IRS2011
5 Voltage transducer LV 25-P
6 Series resonant circuits (L,; L,,=4 pH

— rl) Crl: 1 HF
7 Series resonant circuit (L,, L.,=4 pH

—C) Co=1pF
8 Output capacitor 100 uF
9 Clamping capacitor (C.) 10 pF
10 Gate signal generator PSoC 5LP
11 Shunt jumper J/ -
12 Shunt Jumper J2 -

V. EXPERIMENTAL RESULTS

Fig. 9 shows the implementation of the closed-loop control
scheme for the dual series-resonant dc—dc converter. The control
algorithm is implemented on PSoC 5 LP (programmable system
on chip) [22]-[25]. Successive approximation register analog-
to-digital converter is used to convert the continuous analog
waveform of the reference voltage (Vier) and the output feedback
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Comparisons between the stability in the proposed dual series-resonant converter and single series-resonant converter when the load changes from

R, =15Qt0 R, = 309. (a) Overdamped response (K = 1). (b) Underdamped response (K; = 4).

Tek S 1y M Pos: 1.760 us Tek gL M Pos: 1.760.us Tek H» M Pos: 1.760us
_'—h——\//—/ml—u—m—_ﬂ—.‘-—* w\m v—-—' P
K=l ) Kr=4
2 settling time=25 msec 2 K= oisnd 2 settling time=10 msec
Vo [4 Vidiv] settling @e=_0 msec Vo [4 Vidiv]
Vo [4 V/div]
CH2 4.00v M 10.0ms CH2 /S CH2 4.00v M 10.0ms CH2 CH2 4.00v M 5.00ms CH2 £
(a) (b) ©
Tek T By M Pos: 1.760us Tek L. Y M Pos: 1.760,us Tek AL y M Pos: 1.760 s
e Pd e PN \ :
K=l <l Kr=4
2 settling time=20msec < s;fnh:‘g\tfpd:‘— #0mseo A settling time=10msec
Vo [4 Vidiv] . [4 Vidn] 7o [4 Vidiv]
CH2 4.00v M 10.0ms CH2 /- CH2 4.00v M 10.0ms CH2 / CH2 4.00V M 5,00ms CH2 /1
(d) (e) ®

Fig. 12.
decreases from R, = 30 to R, = 15 Q.

voltage (Vineasurea) into discrete digital signals. The resistors
of the voltage transducer (i.e., Ry, and R;) are selected so
that the measured voltage is maintained between 0—5 V, when
the output voltage varies up to V, = 70 V. The output of the
integral controller is fed to a PWM component to generate the
gate signals. Fig. 10 shows the experimental prototype, and the
values or part numbers of the components of the experimental
prototype are listed in Table II.

The comparison between the stability of the output voltage
in the proposed dual series-resonant converter and single series-
resonant converter when output load changes is investigated
experimentally and the results are shown in Fig. 11, for two
types of underdamped and overdamped responses. For this case,
it is observed that the dual series-resonant converter is able

Effect of the integral gain on the output voltage. (a)-(c) When the output load increases from R, = 15 Q to R, = 30 2. (d)—(f) When the output load

to recover the output voltage with less overshoot and settling
time compared with the single series-resonant converter. The
small ripples before applying the load transition and after the
overshoot are associated with the nonideal nature of the switch
that is used to change the output load from R, = 15to R, =
30 Q.

Fig. 12 shows the effect of the integral gain on the recovery
of the output voltage in the case of both sudden increase and
decrease in the output load and for different values of integral
gain. It can be seen from this figure that increasing the value of
the integral gain does not affect the percentage of the overshoots
or undershoots when the load current increases; however, it
does affect the settling time of the output voltage. It is realized
that by increasing the integral gain, the undershoot (for the
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from V; = 7V to V; = 10 V. (a) Overdamped response (K; = 1). (b) Underdamped response (K = 4).
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Fig. 14.  Effect of the integral gain on the output voltage. (a)-(c) When the input voltage increases from V; = 7 Vto V; = 10 V. (d)—(f) When the input voltage
decreases from V; = 10Vto V; =7 V.
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Fig. 15.  Steady-state waveforms of the output voltage, resonant inductor current, and resonant capacitor voltage. (a) V; =7V, R, =30Q.(b)V; =7V,R, =
159Q.(c) Vg =10V,R, =309.
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scenario of increase in the output load) and the overshoot (for
the scenario of decrease in the output load) of the output voltage
remains unaffected; however, the settling time of the voltage is
reduced for both scenarios, and the output voltage recovery to
the reference voltage becomes faster.

The experimental results of the output voltage transition when
the input voltage changes are shows in Fig. 13 and the results
show improved response of the output voltage in the proposed
dual series-resonant converter comparing to the single series-
resonant converter. The performance of the control scheme to
recover the output voltage after sudden change in the input
voltage for K; = 1 exhibits the same overshoot and settling
time for both single series-resonant and dual series-resonant
converters. However, as the value of the integral gain increases
to Ky = 4, the dual series-resonant converter shows improved
transient behavior with smaller overshoot and less settling time.

Fig. 14 shows the effects of the integral gain when the input
voltage is subjected to a step change for two scenarios, namely,
Vy increases from 7 to 10 V; and V,; decreases from 10 to 7 V.
In the experiment, the step change in the input voltage is im-
plemented through a single-pole double-throw (SPDT) switch.
In both scenarios the control scheme regulates and restores the
output voltage to the reference voltage (Ver = 8 V). The under-
shoots in Fig. 14(a)—(c) are due to the performance of the SPDT
switch.

The action of the SPDT switch is such that during the transi-
tion from V; = 7 to V4, = 10V, the input voltage momentarily
decreases to 0 V before increasing to 10 V, resulting in the ob-
served undershoots in Fig. 14(a)—(c). However, for the scenario
of decrease in the input voltage in Fig. 14(d)—(f), the effect of
the momentary no-voltage condition is not significant and the
observed undershoots are due to the decrease in the input volt-
age from V; = 10 to V; = 7 V. It is observed that as the value
of integral gain increase to K; = 4, the response of the system
becomes underdamped.

The steady-state waveforms of the resonant inductor currents,
ac coupling of resonant capacitor voltage, and output voltage for
each of the three mentioned operating conditions are shown in
Fig. 15. The variations in the resonant inductor current and
resonant capacitor voltage for each operating condition are due
to the change in the duty ratio of the PWM switching signal as the
result of the implementation of the closed-loop control scheme;
however, the output voltage remain constant at Vies = 8 V.

VI. CONCLUSION

In this paper, the small-signal and stability analyses of the dual
series-resonant dc—dc converter are presented. The extended
describing function approach was used to obtain different out-
put transfer functions of the converter. The transient behavior
and stability of the output voltage in response to changes in
the output load, input voltage, switching frequency, and duty
ratio are described for each of the transfer functions. Analy-
sis of the different output transfer functions led to the selec-
tion of the duty-ratio-to-output transfer function as the suitable
option for implementing a single-loop, voltage-feedback control
scheme. The effects of the gain of an integral compensator on the
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transient response of the system were investigated. The inves-
tigation resulted in the determination of a threshold gain below
which the stability of the closed-loop system and underdamped
response are guaranteed. The control scheme with an integral
controller was implemented on an experimental prototype, and
the large signal stability of the closed-loop control scheme of
the converter was investigated by subjecting the operation of the
converter to abrupt changes in its output load and input voltage.
It was demonstrated that the proposed control scheme was ef-
fective in restoring the output voltage to the desired reference
voltage in response to large signal variations in the input sig-
nals of the converter. Comparisons between the stability of the
proposed dual series-resonant converter and the single series-
resonant converter demonstrated that the dual series-resonant
converter is able to recover the output voltage with less over-
shoot and settling time compared with the single series-resonant
converter.
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