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New Parallel Loaded Resonant Converter
With Wide Output Voltage Range

Minjae Kim, Hyeonju Jeong, Byeonggill Han, and Sewan Choi

Abstract—This paper proposes a new parallel loaded resonant
converter operating in a narrow switching frequency under wide
output voltage range. The proposed converter is capable of oper-
ating under zero-voltage switching turn-ON of switches and zero-
current switching turn-OFF of diodes. Also, the resonant capacitor
with feasible capacitance and current rating can be selected by
adjusting the turn ratio of the transformer, making the proposed
converter more realizable in high power application. Further, the
proposed converter has zero voltage gain at notch resonant fre-
quency, and therefore there are no current and voltage stress in the
resonant tank during start-up. Experimental results from a 3-kW
prototype are provided to validate the proposed concept.

Index Terms—Parallel loaded resonant converter (PRC), soft
switching, wide output voltage range.

I. INTRODUCTION

CO-FRIENDLY vehicles such as electric vehicles, hybrid
E electric vehicles, and fuel cell vehicles, and renewable
energy sources such as photovoltaic, fuel cells, and wind gen-
eration have received significant interest as alternative for fossil
fuel depletion, global warming, and environment pollution. Re-
newable energy sources and electric vehicle batteries generate
unregulated output with wide voltage range, and therefore can-
not be used in its original form. A dc—dc converter is essential
to obtain a regulated and stable output in useful form across the
load. Generally, dc—dc converters for this application should be
able to achieve high efficiency, high-power density, and high
reliability under wide output voltage range [1]-[4].

The dc—dc converter could be either PWM converters such as
the phase shift full-bridge converter or resonant converters such
as the LLC resonant converter. The phase shift full-bridge con-
verter could achieve zero-voltage switching (ZVS) turn-ON of
switches, but the ZVS region can be limited under light load con-
dition. Also, it usually has large turn-OFF switching losses [5]. In
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contrast, resonant converters have attractive features such as the
following: 1) better soft switching characteristic of switches,
especially smaller turn-OFF switching loss; 2) utilization of
parasitic elements such as leakage and magnetizing inductors of
transformer; 3) low electromagnetic interference emissions; and
4) simple structure due to absence of clamp circuits [6]-[15].

The resonant converter can be classified into the series loaded
resonant converter (SRC), the parallel loaded resonant converter
(PRC), the series-parallel loaded resonant converter (SPRC),
and the LLC resonant converter [6]. The SRC could achieve
ZVS turn-ON of switches if operated above resonance. However,
the main drawbacks of the SRC are that it cannot be controlled
at no-load condition and the maximum gain is smaller than 1.
Although the PRC has no no-load regulation issue, its circu-
lating energy is much larger than that of the SRC. The SPRC
remains the advantages of the SRC and PRC, which are smaller
circulating energy and no-load regulation issue.

The LLC resonant converter has been attracting more at-
tention due to the advantages over the aforementioned resonant
converters such as small circulating energy and turn-OFF current
of switches [8]-[12]. However, under wide output voltage range,
the LLC resonant converter may have undesirable problems such
as increased transformer size, wide switching frequency varia-
tions, and high conduction losses [13]-[15]. Furthermore, the
LLC resonant converter has start-up issues: since the voltage
gain curve of the LLC resonant converter is relatively flat when
the switching frequency is higher than the resonant frequency,
high voltage, and current stresses occur at the start-up mo-
ment if the start-up switching frequency is not sufficiently high
[16]-[20].

Recently, the resonant converters with wide output voltage
range have been proposed in the literature [2], [4], [13], [21]-
[30]. The design and control methods based on the LLC reso-
nant converter were introduced in [2], [4], and [21]. However,
the operating switching frequency range is still wide under wide
voltage range. Some topologies and/or hybrid switching method
(pulse frequency modulation plus phase shift) have been pro-
posed for narrow switching frequency range at the expense of
increased component counts, thereby reducing power density
and efficiency of system [22]-[30]. Also, the hybrid method
increases control complexity and implementation difficulty by
handling two control variables [31].

In this paper, a new resonant converter with notch resonant
tank is proposed for wide output voltage range application. The
proposed converter has the following features: 1) narrow oper-
ating switching frequency range under very wide output voltage
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Fig. 3. Operation states of the proposed converter. (a) Mode 1 (tg ~ t1).
(b) Mode 2 (t; ~ t3). (c) Mode 3 (to ~ t3).
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Fig. 1. Generalized circuit diagram of the proposed converter.
Ldead
=  atatiaiaitieieitaiatt i
1]
Hoosese [Foss
n1 : >t
I. | }
M 0‘5.T“ o : : T-"l
| - | | | | | I
. | ’,- . (RN 1 | |
ez | L AT LN N
; 1,0 I S I o1, J
U, R I o ‘. " |
1 | | -
| | | I | | I
| | | | | I I
| I /"\ | |
| | | | I I
Ver \L/ : : T \:\i\ t
| | | I | I
| | | | |
| | | I I | I
| | I I
I I |
. paEuZ o
vs T V T T T T t
| - I | | | I
L I 2 Lo l\_l_
| I | | ] I
| | I I | | I
.o} I | pecccceces 4occea o= o
i | { I | i
Vs; T l 1 1
I |
) e ! : t
ist R N Z
| | | I | | I
I I - I
| 1 : : PAdER : : 1
| | [ P N [
. . | [ R l
" Ip1,Ips \ 1, Ip2y Ips 'y | /
| | | | | | | t
ty 1 (S 1) 1y ts 1
Fig. 2. Key waveforms of the proposed converter.

range; 2) ZVS turn-ON of switches and zero-current switching
(ZCS) turn-OFF of diodes regardless of voltage and load vari-
ation; 3) easy selection of the resonant capacitor by utilizing
a tertiary winding of the transformer; and 4) no voltage and
current stress in the resonant tank during start-up. A 3-kW pro-
totype of the proposed converter has been built and tested to
verify the validity of the proposed converter.

II. PROPOSED CONVERTER

Fig. 1 shows the generalized circuit diagram of the proposed
converter. The resonant tank of the proposed converter is com-
posed resonant inductor L,.; at the primary side that is connected
in series to the transformer and notch resonant tank L,o — C,
that is connected in parallel to the transformer. The output volt-
age of the proposed converter is regulated by fixed duty cycle
and variable switching frequency.

A. Operating Principles

Figs. 2 and 3 show key waveforms and operation states of
the proposed converter, respectively. The operation states of the
proposed converter are described as follows.
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Fig. 4. Equivalent resonant circuits. (a) Mode 1 (tg ~ t1). (b) Mode 2
(tl ~ tz). (C) Mode 3 (tz ~ t3).

Mode I (ty — t1): This mode begins when switches Ss and S
are turned OFF, making the body diodes of .S; and S turn ON. In
this mode the tertiary side starts resonating with the equivalent
circuit shown in Fig. 4(a), transferring power to the load. Current
irr1 1s determined by the following equation:

Vit (nVi/na)

iLrl(t) = 7 (t*t0)+ilﬂ>1(t0),t0 <t<t.
rl

ey
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The current and voltage of resonant components are deter-
mined, respectively, as follows:

inra(t) = <Z§‘4)Ucw(to)) \/;iizshl(a%l(tto))

+ iL,-Q(tQ)COS (w,.l(t - to)) s to <t<t; (2)

n n
vor (t) = —n—zVo + (nz‘/; + vcr(to)) cos (w1 (t — to))

Lo .
+ irr2(to)y/ #sm (wri(t—to)), to<t<t

3)

where w,1 = 1/v/L,2C,.

This mode ends when current ¢7,; becomes equal to i7,2.
Note that switches S; and S; are turned ON with ZVS and
diodes Dy and D, are turned OFF with ZCS.

Mode 2 (t; — t2): In this mode the primary side starts resonat-
ing with the equivalent circuit shown in Fig. 4(b). The current
and voltage of resonant components are determined, respec-
tively, as follows:

(Vi = ver(th))
Z,

+ ipe1 (t1)cos (wea(t — 1)),

inr1(t) =ipr2(t) = sin (wya(t —t1))

th<t<ty &)

T n
ver(t) = nfiVi — (JVZ — vm(h)) cos (wr2(t —t1))
+ %z’b,.l(tl)z,.sin (Wt —t1)), t<t<t
1
5

where  w;y = 1/\/((n3/n1)2Lr1 + L,2)C,. and

VTt + (01 /5 Lio) (13 /m1 G,

During this mode the power is not transferring to the load
and the output filter capacitor supplies the load. This mode ends
when V; becomes equal to V,.

Mode 3 (ty — t3): During this mode, again, the tertiary side
starts resonating with the equivalent circuit shown in Fig. 4(c),
transferring power to the load. Current ¢7,; is determined by
the following equation:

Z, =

Vi — (n1V,/nz)

t—t inr(t2),
I ( 9) 4+ irr(t2)

to <t <ts.
(6)

The current and voltage of resonant components are deter-
mined, respectively, as follows:

ine1(t) =

inra(t) = (”v - vo,»(t2)> C in 1 (£ — 1))

Uz Lr2

+ iLTQ(tQ)COS (wrl(t—tg))7 to <t<ts (7)
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Fig. 5. AC equivalent circuit referred to the primary side.
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This mode ends when switches S7 and S, are turned OFF. The
other half of a cycle is repeated in the same fashion.

B. Voltage Gain Expression

Based on the first-harmonic approximation, the ac equivalent
circuit referred to the primary side is shown in Fig. 5. The ac
equivalent resistance R,., the fundamental components of the
input and output voltage of the resonant tank, and their ratio can
be expressed, respectively, as follows:

ni\? 8
Rac - <1> 7RL (9)
N9 s
4_ .
E;1(t) = =Visin(wst) (10)
s
ny 4 .
E,1(t) = —=V,sin(wst — ¢) (11)
Nog T
Eo,l(t) _ EE _ (jwsL'ro +1/jwsC") || Rac
Ei,l(t) Uz V:L jwerl + (jwsLlTQ + ]-/jwsclr) HRdC

12)

where L/, = (n1/n3)? L, and C!. = (nz/n1)*C,.
From (12), the voltage gain of the proposed converter is de-
termined by

G = % - Z—j ! 2 — (13)
e ) ()

Q = Ruc\/C", /L2 (14)

frr = 1/20/1,5C", (15)

fo = o/ fnn (16)

k=L./L,. (17)

The voltage gain curves versus normalized frequency for dif-
ferent values of Q, with k& = 2 is shown in Fig. 6(a). A higher
Q leads to a higher slope of the gain curve. It should be noted
that a load-independent operation with zero gain occurs at the
notch resonance frequency f,1, and therefore output voltage
regulation in Region 2 under wide voltage and load variation is
desirable, as shown in Fig. 6(a). Fig. 6(b) shows the curves of
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Fig. 6. Voltage gain curve of the proposed converter. (a) At different Q values
with & = 2. (b) At different k values with Q = 1.849.

TABLE I
DESIGN SPECIFICATIONS

Parameter Value

Input voltage range 380V

Output voltage range 50 ~430V
Maximum output power 3 kW
Maximum output current 7A
Switching frequency range 80 ~ 200 kHz

the voltage gain plotted over normalized frequency for different
values of k, with @ = 1.849. It is seen that operating frequency
range becomes narrow as k decreases.

C. Design Procedure

In this section, a design procedure of the proposed converter
is presented with an example. A specification for the design
example is given in Table I. As shown in Fig. 7, the charging
profile can be divided into trickle current (TC) mode, constant-
current (CC) mode, and constant-voltage (CV) mode. The TC
mode with a constant charging current I, of 10% rated value
is performed if the battery is in a deeply depleted status owing
to either over-discharging or extended storage time. When the
battery voltage reaches voltage V7, the charger goes into the
CC mode. During the CC mode, the charger charges the bat-
tery with maximum charging current /7 while monitoring the
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Fig. 7. Example of charging profile.

TABLE II
BATTERY EQUIVALENT RESISTANCES OF OPERATING POINTS ACCORDING TO
THE CHARGING PROFILE

A B C D E F
Vhat 50V 250V 350V 430V 430V 430V
Tyat 0.7A 7A 7A 7A 35A 035 A
Req 714Q  357Q 500  614Q 11280  1228Q
0 3.289 1.644 2.302 2.829 5.658 56.58
Jsw 152.9 91.5 89.4 88.1 97.6 100
1.5 - -
/ / | — 0=56.58
125l -\l — Q=5.658
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Fig. 8. Trajectory according to the charging profile in the voltage gain curve

of the proposed converter.

battery voltage. When the battery voltage reaches up to voltage
Vi, the charger goes into the CV mode and then decreases the
charging current to current I,,,q. Due to the battery’s different
operating modes, it is necessary to design a battery charger that
can respond to the battery charge profile. The design procedure
is given in the following three steps.

1) Select Resonant Frequency f.1: In order to ensure ZVS
turn-ON of switches and operate with narrow switching fre-
quency range under wide voltage range, the proposed converter
should be operated under Region 2, as shown in Fig. 6(a). There-
fore, maximum switching frequency fs ax 1S chosen to be f;.

2) Determine Values of Resonant Components: The battery
equivalent resistances of operating points on the charging profile
shown in Fig. 7 are listed in Table II. Fig. 8 shows a trajectory
according to the charging profile in the voltage gain curve of
the proposed converter. It is shown that the proposed converter
is able to achieve zero voltage gain regardless of Q value due to
notch resonant tank, and maximum gain according to Q value
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tions at point D.

decreases as Q decreases. Assuming that the battery is in the
most deeply depleted status, the required voltage gain is min-
imum, and the charger starts to operate at point A. During the
TC mode, the battery voltage is increased and the switching fre-
quency is decreased. When the battery voltage reaches point B,
the charger goes into the CC mode. In the CC mode the switch-
ing frequency of the charger is slightly decreased as the battery
voltage is increased. When the switching frequency reaches
point D, the charger goes into the CV mode. It is noted that the
switching frequency at point D is minimum. In the CV mode,
the charging current is gradually decreased and the switching
frequency is increased. When the battery is fully charged at
point F, the charger stops charging. In order to meet the design
specifications, the switching frequency at point D is chosen to
be minimum switching frequency f; i, of the charger. Consid-
ering a 20% gain margin to avoid Region 3, the required gain at
point D is maximum. Note that the turn ratio ny /n; is chosen to
be unity since the proposed resonant tank is capable of operating
under wide voltage range. The ac equivalent resistance at point
D can be expressed as

8
~Ruq.p-

(18)

Rac,D =

By applying f.1 and (18) to (14), the quality factor at point
D can be expressed as

4Req,D
7T2 fs.max L/TQ '

From (13), (19), fs min and fs max, the required voltage gain
at point D can be obtained by

Greq = G(LrlaL/rQ)

Qp = 19)

1
2 2
L,y f.snn\in2 27 fs min L1
\/(Lz»z/ T fomm® T ) +(7s

(20)

Fig. 9 shows the values of resonant inductances and capaci-
tance that meet the design specifications at point D. Since the
current rating and turn-OFF current of switches reduce as L,
increases as shown in (1), L, is chosen to be maximum value
to minimize the losses, and resonant values L,, L!,, and C!
are determined by 73 pH, 14 pH, and 50.4 nF, respectively, as
shown in Fig. 9. The magnetizing inductance L,, is 1.02 mH.
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Fig. 11.  Connection method of the notch resonant tank in case of (a) ny #n3
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TABLE III
DESIGN OF RESONANT CAPACITOR WITH AND WITHOUT TERTIARY WINDING

Parameter With Tertiary Winding Without Tertiary

[Fig. 2(a)] Winding [Fig. 2(b) or
(©]

Turn ratio of 1:1:2 1:1

transformer

Peak voltage of C, 1350 V 675V

RMS current of C), 585 A 11.7 A

Capacitance of C). 12.6 nF 50.4 nF

Realization of C Series connection of five Series connection of

(from ICEL) 0.1 uF and two 0.068 uF ten 0.47 uF

Total volume of C, 26391 mm? 95 567 mm?

The leakage inductances Lj;_3 are 1.91, 1.19, and 6.56 pH,
respectively. The leakage inductance is used as a part of the
resonant inductor.

3) Select Tertiary Winding Turn Ratio: The voltage and cur-
rent rating of resonant capacitor C,. of the proposed converter
can be adjusted by the tertiary winding turn ratio of the trans-
former. From Fig. 5, input impedance and fundamental current
of L1 can be expressed, respectively, as

Zi = jwerl + (jwsLITQ + 1/jwsclr) HRac
i (t) = Eiq(t)/Z;.

From (22), the fundamental current and voltage of resonant
capacitor at the tertiary side can be expressed as, respectively,

2
(22)

. n R .

o) R ¥ gL 1 10, P 3D
1 .

'Ucf,«’l(t) = F /%Cr’l(t)dt. (24)
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TABLE IV
PERFORMANCE COMPARISON BETWEEN THE CONVENTIONAL RESONANT CONVERTERS AND THE PROPOSED CONVERTER UNDER WIDE OUTPUT VOLTAGE RANGE
Specifications : Power = 3kW, V;,= 380V, V,= 50 ~ 430V
SRC PRC LCC LLC Proposed
= = £ £ £
Voltage 3 8 K] 3 3
curve z 3 z 3 T | =
> _ > = > =
Equivalent L,
resonant Rac‘, CP ——Ruc‘ CP ——R,,c‘ L, Rac:: Rac‘,
circuit C, -I-
Operating freq. Very wide Medium Medium Wide Narrow
range (84kHz ~370kHz) (85kHz ~181kHz) (85kHz ~187kHz) (118kHz ~334kHz) (85kHz ~155kHz)
MOSFETSs : MOSFETs : MOSFETs : MOSFETs : MOSFETSs :
Switchine char ZVS turn-on ZVS turn-on ZVS turn-on ZVS turn-on ZVS turn-on
& : Diodes : Diodes : Diodes : Diodes : Diodes :
ZCS turn-off Hard switching off Hard switching off ZCS turn-off ZCS turn-off
No-load voltage .
control Difficulty Easy Easy Easy Easy
Circulating Very small Large Medium Small Medium
current
Soft Difficult Difficult Difficult Difficult Easy
start-up
From (23) and (24), RMS current and peak voltage of reso- TABLE V
. . . . COMPONENT RATINGS AND SELECTED DEVICES
nant capacitor C, can be approximated, respectively, as in the
following:
Components Rating Selected Devices
Switches S1 ~ Sy Vi 380V IXTH62N65X2
IC’r',rms ~ ICV',I,rms (25) ]l,[;ns 8.1A
Diodes D1 ~ Dy Vok 430V DSEI60-06A
VCrﬁpeak ~ VCr,l,peak~ (26) [;i,g 35A
Resonant inductor L, Inductance 73 pH Ferrite core PQ50/50
Lims 114 A
In the application such as EV chargers where the power den- Resonant inductor ;.5 Inductance 56 uH Ferrite core PQ40/40
. .. . oo Tims 57 A
sity is a c.rltlcal requlremen.t, the swltchlng frec!uency of the Resonant capacitor C' Capacitance 12,6 nF
converter is preferred to be high, which leads to high resonance Vi 1363 V
frequency when the resonant converter is employed. This forces rms 57A )
the resonant capacitance to be a low value while having high ransformer7; Turn ratio - 13:13:26  Ferrite core EIC90/55
. i K N Magnetizing inductor L, Inductance 1.02 mH -
current capability. However, a capacitor with low capacitance, Leakage inductor L Inductance 1.91 uH _
in general, has low current capability. Therefore, a lot of capaci- Ljs 1.19 uH
tors may need to be connected in series and/or parallel to satisfy Lis 6.56 pH
low capacitance and high current requirement of the resonant ~ Output capacitor C, Capi“f‘ta"“ 493(‘)‘1i1 C4BTHBX4900ZALJ
pk

capacitor, resulting in increased volume.

Fig. 10 shows voltage and current rating of resonant capacitor
C, according to turn ratio n3/n;. As we can see, as the turn
ratio increases, the current rating of the resonant capacitor de-
creases while increasing its voltage rating. Fig. 11 shows three
connection methods of the notch resonant tank according to the
turn ratio. Use of the tertiary winding is not mandatory, and the
notch resonant tank can be connected directly to the primary
winding or the secondary winding if the tertiary winding is not
chosen to be used. However, the number of capacitors could
significantly be reduced by utilizing the tertiary winding. Table
III shows design of the resonant capacitor with and without the
tertiary winding. Note that volume of the resonant capacitor has
been reduced by 72% by utilizing the tertiary winding.

D. Performance Comparison Between the Conventional
Resonant Conveters and the Proposed Converter

In order to compare the proposed converter to the conven-
tional resonant converters, the conventional resonant converters
has been designed under wide output voltage range (50-430 V),
and the comparison results are summarized in Table I'V.

The SRC has small circulating current at light load in con-
trast with others. However, the switching frequency should be
increased a lot to regulate output voltage at light load, resulting
in very wide operating frequency range. Therefore, An SRC is
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not suitable for wide output voltage range application. The PRC
and LCC resonant converters are able to control output voltage
at light load. However, the rectifier diode is turned OFF with hard
switching, and the operating frequency range is not sufficiently
narrow under wide output voltage range. The LLC resonant
converter is able to achieve not only ZVS turn-ON of primary
switches, but ZCS turn-OFF of the rectifier diodes. However,
the operating frequency range of the LLC resonant converter is
too wide to be used under wide output voltage range. It should
be noted that only the proposed converter has sufficiently nar-
row operating frequency range under wide output voltage range,
thereby leading to reduced loss and cost of the magnetic com-
ponents and auxiliary circuits such as gate driver and micro
controller. The proposed converter achieves ZCS turn-OFF of
the rectifier diodes as well as ZVS turn-ON of primary switches.
Further, the proposed converter has no start-up problem unlike
the other resonant converters since zero voltage gain is achieved
at notch resonant frequency.

III. EXPERIMENTAL RESULT

A 3-kW laboratory prototype of the proposed converter has
been built and tested to verify the proposed concept. The specifi-
cation of the proposed converter is given in Table I. Component
ratings and selected devices of the proposed converter are listed
in Table V.

Figs. 12—14 show experimental waveforms under different
output voltages of 50 V(point A, 160 kHz), 250 V(point B,
89 kHz), and 430 V(point D, 85 kHz), respectively. It is seen
from the experimental results that switch .Sy is turned ON with
ZVS, and diodes D; is turned OFF with ZCS regardless of
voltage and load variation. The oscillations were caused by
resonance between MOSFET’S output capacitance and parasitic
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inductances in PCB pattern. This could be reduced by profes-
sional manufacturing techniques. Fig. 15 shows experimental
waveforms of v,, 71,1 and v, during start-up. Note that there
are no voltage and current stresses in the resonant tank during
start-up. This is because the proposed converter can start from
zero voltage due to the notch resonant tank. Fig. 16 shows volt-
age gain curves obtained from the simulation, experiment, and
calculation. The efficiencies for constant current and constant
voltage modes are shown in Fig. 17(a) and (b), respectively.
The maximum measured efficiency of the proposed converter is
96.8% at 3 kW when output voltage is 430 V. Fig. 18 shows cal-
culated loss distribution of the proposed converter at full load
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when output voltage is 430 V. The efficiency is measured by
YOKOGAWA WT3000.The large portion of the losses comes
from the transformer and switching devices which are 32% and
42% of the total loss, respectively. Fig. 19 shows the photograph
of the proposed prototype.
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IV. CONCLUSION

In this paper, a new parallel loaded resonant converter is
proposed for wide output voltage application such as eco-
friendly vehicles and renewable energies. The proposed con-
verter features narrow operating frequency range, ZVS turn-ON
of switches and ZCS turn-OFF of diodes regardless of voltage
and load variation. In addition, the resonant capacitor with fea-
sible capacitance and current rating can be selected by utiliz-
ing the tertiary winding turn ratio of the transformer, thereby
making the proposed converter more realizable in high power
application. Furthermore, zero voltage gain can be achieved
at notch resonant frequency, which can eliminate voltage and
current stress in the resonant tank during start-up. Experimen-
tal results from a 3-kW prototype are provided to validate the
proposed concept.
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