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Abstract—The series resonant converter (SRC) operated in the
half-cycle discontinuous-conduction-mode (HC-DCM) provides
galvanic separation and a tight coupling of its input and output
voltages in open-loop operation, i. e., with minimum control com-
plexity, which renders it suitable for a wide range of applications
that require galvanic isolation. This letter first explains the “DC
transformer” behavior of the converter and then provides a
generic derivation of a passive equivalent circuit that accurately
models the converter’s terminal behavior. The proposed generic
derivation yields the known analytic results for idealized cases,
but additionally allows for a parametrization of the equivalent
circuit based on simulated or measured waveforms, thereby
facilitating high accuracy also in non-ideal cases. Furthermore, it
is shown that a non-infinite magnetzining inductance results in an
additional load-independent difference between the input and the
output voltage, and a corresponding extension of the equivalent
circuit model is proposed. The considerations are verified by
simulations and measurements of a 10kW/350V/350V HC-
DCM SRC system.

Index Terms—Series resonant converters, half-cycle discontin-
uous conduction mode, dynamic equivalent circuit.

I. INTRODUCTION

HERE are converter systems that employ a dedicated

stage to provide galvanic separation and voltage scaling,
whereas the power flow is controlled by another stage in the
power conversion path (e.g., [1], [2]). In such applications,
minimum complexity of the isolation stage is desirable. The
series resonant converter (SRC) operated in the half-cycle
discontinuous-conduction-mode (HC-DCM) [3]-[5] is of high
interest for such applications, because it achieves a tight cou-
pling of its input and output voltages in open-loop operation,
while providing zero-current switching (ZCS) and potentially
also load-independent zero-voltage switching (ZVS) utilizing
the magnetizing current [6].

A. Operating Principle of the HC-DCM SRC

Fig. 1a shows a generic representation of a HC-DCM SRC,
and Fig. 1b shows key waveforms for a single switching
period. For power transfer from the input to the output,
only the input-side bridge is actively switched to generate
a rectangular voltage, vp;, with a switching frequency f; <
fo = 1/(2nv/L,C;) and (almost) full duty ratio, which is
applied to the resonant tank formed by the transformer’s
stray inductance, L,, and a series resonant capacitor, C;.
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Fig. 1. (a) Basic HC-DCM SRC topology, (b) idealized waveforms for a
steady state A, (c) disturbance of this steady state by a load current step that
causes a sag of the output voltage, and (d) new steady state B with a power
flow adapted to the increased load.

Considering a lossless case, i. e., ideal components, the steady-
state output voltage equals the input voltage (scaled by the
transformer turns ratio, which is assumed to be n = 1 here). At
the beginning of a new switching half-cycle, therefore only the
voltage across the resonant capacitor, Uc;, excites the resonant
tank and gives rise to a sinusoidal current pulse according to

in(t) = ”Zi sin(wot) for t < Tp/2, )
0

where Zy = /L,/C; and wy = 27 fy. Since the second
bridge is operated as a diode rectifier, the current cannot
reverse its direction once it reaches zero at t = Ty/2, where
To = 1/fo. The resonant current pulse changes the voltage
of Cy to —0¢, at t = Ty/2; it stays constant until the next
switching cycle is initiated at ¢ = 7./2. The negative half-
cycle follows from symmetry considerations.

B. Idealized “DC Transformer” Behavior

The HC-DCM SRC acts as a “DC Transformer” by tightly
coupling its input and output voltages as mentioned above.
Still considering ideal components, i.e., no losses, this behav-
ior can be explained starting from a certain steady state A with
a given power flow through the converter and Vi, = Vi, /n as
shown in Fig. 1b. Then, the excitation voltage of each resonant
pulse is given by the peak resonant capacitor voltage, i.e.,
Ocr,A» and hence iR = Ocr,a/Zo.

If the load current changes abruptly, the output voltage
sags in case of a non-infinite output capacitance, as it is
shown in Fig. lc. However, then the temporary difference
between the output and the input voltage will also contribute
to the excitation voltage of the next resonant cycle, i.e., it
becomes Uy A + (Vin — Vour) > Ocr,a. Accordingly, the
amplitude of this next resonant current pulse will be higher,
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Fig. 2. (a) Considered series resonant converter topology; (b) key waveforms;
(c) dynamic passive equivalent circuit.

which corresponds to an increase of the power transfer through
the converter—the power flow is automatically adjusted to
meet the higher load at the output until finally a new steady
state B with a corresponding higher power transfer is attained
(Fig. 1d). Note that the series resistances as well as the forward
voltage drops of the power semicondcutors in the current
path of a real converter cause an additional (load-dependent)
voltage difference between the input and the output voltage.

C. Dynamic Equivalent Circuit

The dynamics of this “DC transformer” behavior of the
HC-DCM SRC with respect to its terminal voltages and
currents can be accurately modeled by a passive equivalent
circuit, which is based on the local average value (over half a
switching period), ir, of the real converter’s resonant current,
iR (cf. Fig. 2ab). Such an equivalent circuit has been proposed
already in 1990 [7], [8] for sinusoidal currents and was then re-
fined later considering piece-wise sinusoidal currents [9], [10]
(both in German). However, the equivalent circuit model can
also be derived in a very generic way using power- and energy
considerations [1]. This facilitates a parametrization of the
model not only by means of calculations, but also directly from
simulated or measured converter waveforms, which allows to
easily employ the model for systems with non-standard current
shapes (e. g., for converters with small DC capacitors, where
the pulse shape deviates from a piecewise sinusoid [11]). Since
the HC-DCM SRC is often employed as an isolation stage
within a system consisting of several converter stages, such
an emipircal parametrization using simulation or measurement
results can be valuable in order to assess the effect of the
SRC’s dynamics on those of the complete system, e.g., by
means of its transfer function that can be easily derived from
the passive equivalent circuit. In the following, the generic
derivation of the equivalent circuit is explained and verified
by simulations and experiments. Furthermore, the magnetizing
inductance’s impact on the model accuracy is analyzed and a
corresponding extension of the model is proposed.

II. GENERIC DERIVATION OF THE EQUIVALENT CIRCUIT

Generally, a given power flow through the SRC is associated
with certain (conduction) losses and a certain amount of stored
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energy in the resonant tank. In order for the equivalent circuit
model to accurately mimic the switched system’s terminal
behavior, its losses and its stored energy must be equal to
those of the switched system for the same power flow. These
two simple power- and energy-related conditions are sufficient
to derive the parameters of the equivalent circuit in Fig. 2c.

A. Equal Load-Dependent Losses

The load-dependent losses occur in the power semiconduc-
tors, which are modeled as a on-state resistance, r,, and in
case of diodes or IGBTs by an additional voltage source, vy,
as well as in other series resistances, such as the transformer
windings.

Losses resulting from vy depend on the average current
through the semiconductors. Since the local average current,
iR, 18 flowing in the equivalent circuit, a diode with an
equivalent voltage drop can model these losses. The equivalent
voltage drop, Vg, corresponds to the sum of all voltage drops
in the current path, i.e., Vp = 2v¢ diode in the considered
circuit.

In contrast, the load-dependent losses caused by the total
series resistance in the current path, Ry.ta1, depend on the rms
current of the switched converter, %R. Because the resistance in
the equivalent circuit, R, is only exposed to the local average
current, it must be adapted in order to yield equal losses:

)
TR Rac = i Riotal = Rac = 8*Riota with 8% := 2. (2)
'R
The series resistances of the DC bus capacitors are included
in the equivalent model, where they retain their effect on
the terminal currents; however, in a switched system they
would also be exposed to the resonant current, resulting in
corresponding rms losses. To account for this, R4, can be
adapted [9]:

Rac = B°Riotal + (B2 — 1)(R1 + Ra). (3)

Note that switching losses and core losses do not depend
strongly on the transferred power in DCM mode. Therefore,
they do not contribute to the converter dynamics. Nevertheless,
it would be possible to model these losses with shunt resistors
in the equivalent circuit, if desired.

B. Equal Load-Dependent Stored Energy

The energy stored in the resonant tank, Eg.,, depends on
the transferred power according to

1. . .
Fgtor = ing'QR with iz = f(P). )

Because the inductor in the equivalent circuit, Lgc, is only
exposed to the local average current, it must be adapted in
order to yield equal stored energy:
-2 o~ i3
inLlac = igLy = Lac = a’Ly with o” := £, (5)
'R
As an aside, note that if a converter bridge is realized as a
half-bridge, the DC capacitor in the equivalent circuit has to
be adapted such that the stored energy remains the same [1].
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TABLE 1
SPECIFICATIONS OF EXAMPLE SYSTEM AND PROTOTYPE.

Rated power 10kW | Cr1 = Cra 1 uF

Rated input voltage 350V | Lo 19.2uH

Rated output voltage 350V | Ry 204 m§2

Switching freq., fs ca. 50kHz | C1 = C> 15 uF

n 1| Lm 300 uH
TABLE 1T

WAVEFORM PARAMETER EXTRACTION FORM SIMULATION.

Ideal (calc.) Large DC Cap. Small DC Cap.
iR - 45.14 A 47.12A
iR - 31.37A 31.94A
iR - 2778 A 27.69 A
a 1.61 1.62 1.70
B 1.13 1.13 1.15
L 50.0puH 50.7 uH 55.6uH
Rac 262 mQ 264 mQ) 276 mQ

C. Summary and Discussion

For the case of (piecewise) sinusoidal current, simple ana-
lytic expressions for « and 3 can be found [9]:

7 fo ™ fo
=_—"— and = — | = 6
21, =2\ ©
However, the two ratios,
a=2 ad gi= & )
1R 1R

can be defined for arbitrary current shapes, i.e., in particular
they can be calculated from simulated or measured current
waveforms. This illustrates the highly generic nature of the
proposed power- and energy-based derivation of the equivalent
circuit.

III. VERIFICATION BY SIMULATION

Considering the specifications given in Table I but for now
neglecting the magnetizing inductance, Ly, it is possible to
calculate idealized « and [ using (6). Table II shows the
results, which are very close to those obtained from simulated
waveforms of the switched system. There, the rms, peak and
average values of the resonant current are extracted from a
steady-state simulation and given in Table II; v and /3 can then
be calculated using (7). Fig. 3a illustrates that the equivalent
circuit models the converter dynamics accurately.

If smaller DC capacitors are considered (i.e., about Cg. <
10C,, specifically 1.5 uF instead of 15 uF), the calculation of
« and [ would become very complicated [1]. It is much
more straightforward to extract the parameters from simulated
waveforms, as shown in Table II. Note that the resulting
equivalent circuit element values deviate significantly from
the ones calculated for large DC capacitors, whereas the
correspondingly parametrized equivalent circuit still captures
the terminal behavior accurately (cf. Fig. 3b).

[

Current, A

Output voltage, V

0.5 1 1.5
(a) Time, ms

2 0 0.5
(b)

Time, ms

Fig. 3. Resonant current (top) and output voltage (bottom) from switched
simulation (with Ly; — o0) and from equivalent circuit (a) for Cq7 = Cq =
15 uF (i.e., comparatively large DC link capacitors) and (b) for C7 = Ca =
1.5 uF (i.e., comparatively small DC link capacitors).

IV. INFLUENCE OF MAGNETIZING INDUCTANCE

A non-infinite magnetizing inductance, Ly, corresponds to
a non-ideal coupling of the two transformer windings, which
causes an additional voltage difference between the converter’s
input and output voltages. Considering the circuit from Fig. 2a,
the stray inductance L, would be fully compensated by C;1
if fs = fo, and if only a single series capacitor on the active
side would be employed (Cy2 — 00). Else, i.e., under typical
operating conditions where f; < fp, the resulting residual
series impedance Z, = Z; , + Z,; (neglecting the typically
small series resistances) forms a voltage divider with the
non-infinite magnetizing impedance, Z,;, giving rise to an
additional voltage difference, Av, between the input and the
output voltage:

ﬁ B Zs - JwsLoy + 1/(jwscr1) (8)

Vi  Zo+ 2y JwsLo +1/(jwsCrr) + jwsLy
Note that Av/Vi, = 0 for Ly — oo.

Especially for lower ratios Ly/L, also the shape of the
current pulses is affected, i. e., it becomes necessary to extract
« and § from a simulation or a measurement. This has been
done for a set of configurations, and the resulting output
voltage deviations between the switched simulation and the
equivalent circuit (without modeling Av yet) are shown in
Fig. 4, confirming that (8) is a good approximation of the
additional voltage difference caused by the magnetizing in-
ductance. Furthermore, this deviation becomes small (< 5 %)
for ratios Ly /L, > 10 if fs is chosen close to fy as is
typically the case in order to minimize losses. Note that if a
single resonant capacitor is employed, Av =0V for fs = fo,
independent of Ly;/L,. This is not the case if the resonant
capacitor is split, because the compensation of L, is not
perfect even for f; = fo.

If required, the additional voltage difference can be incor-
porated in the equivalent circuit by means of an idealized
diode (or, in bidirectional systems, a Zener diode) with a
corresponding forward voltage drop (and reverse breakdown
voltage). Alternatively, a voltage source may be used or the
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Fig. 4. Influence of the magnetizing inductance on the output voltage. The
curves are calculated using (8), whereas circles and squares are obtained
from comparing a full switched simulation including Lj; with the results
of an accordingly parametrized equivalent circuit that does not yet consider
Ly (circles: single resonant capacitor Cyy; squares: two resonant capacitors
Cr1 = Cra).
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Fig. 5. Impact of the ratio Ly /Lo on the dynamic behavior: «, 3, and hence
Ly and Rg. are extracted from (steady-state) simulations, Av is calculated
using (8) and implemented in the dynamic equivalent circuit accordingly. The
transient behavior is modeled accurately for common ratios of Lyi/Ls > 5,
cf. (b) and (¢).

input voltage may be adapted accordingly. In the input to
output voltage transfer function, the voltage difference appears
as a constant factor smaller than unity.

Fig. 5 shows simulated step responses for three differ-
ent Ly; values. As discussed above, the equivalent circuit
is parametrized from the simulated waveforms and Awv is
caluclated using (8) for each case, resulting in good steady-
state accuracies. For very low ratios of Ly;/L,, the dynamics
obtained from the equivalent circuit are slightly too slow
(cf. Fig. 5a), which is an effect not captured by the equivalent
circuit. However, the practical relevance of this is limited,
since for common ratios of Ly /L, > 5, the impact is com-
pletely negligible as illustrated by the waveforms in Fig. Sbc.

V. EXPERIMENTAL VERIFICATION

In order to show the proposed dynamic model’s ability to
accurately describe the terminal behavior of a real SRC, the
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Fig. 6. (a) HC-DCM SRC prototype rated at 10kW /350 V/350V; (b) com-
parison of measured step response and predictions from the passive equivalent
circuit. The prototype’s dimensions are 160 mm X 140 mm X 120 mm; it
employs Infineon’s 650V CoolMOS CFD2 MOSFETs (IPW65R041CFD)
on the primary side and 600V HFASOPAG60C fast recovery diodes on the
secondary side. The transformer is built with three E70 ferrite cores using
8 turns of 350 x 0.2 mm litz wire, and a fourth core is used to realize the
required total series inductance (L.).

load step response of a prototype system shown in Fig. 6a is
compared to the model in the following by first parametrizing
the equivalent cirucit based on steady-state measurements and
then simulating the same step response as has been measured
with the prototype. The prototype’s specifications are given in
Table I; it features a peak efficiency above 98 % and a power
density typical for industrial systems. During the experiments,
an input DC voltage of 355V is used and the switching
frequency is set to 47.6kHz (to optimize the ratio fo/fs
regarding losses). Furthermore, a decoupling inductor with an
inductance of 58 uH is placed between the power supply and
the input terminals of the SRC, which can be added in the
same way to the equivalent circuit simulation, since it is an
external component.

To parametrize the equivalent circuit elements, the ratios
« and [ are calculated from the characteristic values of
the measured steady-state current waveform. With (7) and
the measured values for %R = 42.12A, ig = 29.35A and
iR 26.06 A, directly o = 1.62 and 8 = 1.13 follow,
which are very close to the values obtained through calculation
or simulation given in Table I. From that, the equivalent
circuit elements can be calculated as Lg. = 50.2uH and
R = 262.4 mf). Furthermore, the ratio between magnetizing
inductance and stray inductance is Ly;/L, = 15.6, which, ac-
cording to (8), yields an additional voltage drop of Av = 9.2V
(2.6 %). This is considered in the simulated equivalent circuit
by means of an additional series diode.

Fig. 6b shows a measured load step response (from zero to
about 3.5kW) as well as the corresponding results from the
equivalent circuit model simulation. The comparison illustrates
that the dynamic model can be easily parametrized from
measurements of a real system and then be employed to
accurately predict the real system’s terminal behavior.
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VI. CONCLUSION

This letter proposes a generic derivation of the passive
equivalent circuit model of the half-cycle discontinuous-
conduction-mode (HC-DCM) series resonant converter (SRC).
The generic approach yields the known analytic results for
ideal cases, but facilitates also a parametrization based on
simulated or measured converter waveforms, whereby non-
idealities are easily considered. Furthermore, the influence
of a non-infinite magnetizing inductance is analyzed and a
corresponding extension of the equivalent circuit is proposed.
Finally, experimental results of a 10kW/350V/350V HC-
DCM SRC confirm the accuracy of the dynamic equivalent cir-
cuit model and illustrate the effectiveness of the measurement-
based parametrization that is enabled by the proposed generic
derivation of the equivalent circuit model.
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