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A Modified Asymmetrical Pulse-Width-Modulated
Resonant DC/DC Converter Topology
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Abstract—A modified asymmetrical pulse-width-modulated
resonant dc/dc converter employing an auxiliary circuit will be
proposed in this paper. The auxiliary circuit consists of a network
of two capacitors and an inductor. The aim of this network
is to produce zero-voltage-switching (ZVS) over a wide input
voltage range, while reducing the voltage stress on the resonant
component. A detailed analysis and performance characteristics
are presented. Experimental results for a 5 V, 35 W converter
show an efficiency of 83% at a constant operating frequency of
500 kHz. Using metal oxide semiconductor field effect transistors
(MOSFETs) as synchronous rectifiers can further reduce power

losses and improve the efficiency to be greater than 90%.

Index Terms—Auxiliary circuit, capacitor, dc/dc converter, in-
ductor, MOSFET, pulse-width-modulated.

NOMENCLATURE
Vin Input dc voltage.
D Effective duty cycle for S;.
Qo Quality factor of the resonant tank.
Wo Switching frequency in rad/s.
fo Switching frequency in Hz.
fr Resonant frequency in Hz.
w Ratio between switching and resonant frequency.
R, Equivalent output resistance as seen by resonant
tank.
Np/Ng,nr, Transformer turns ratio.
I oz Peak of the fundamental resonant current.
Vso Drain-source voltage of \S5.
0, Phase angle due to asymmetrical duty cycle.
Ty Resonant current.
On Phase angle due to resonant tank.
Zin Input impedance of resonant tank.
V592 qe AC component of vgs5.
VLa Voltage across auxiliary inductor.
1 La Auxiliary inductor current.
by, Phase angle of ip.
Ira pk Peak of the auxiliary current.
s Total current through S; and S5.
M Voltage conversion ratio.
K Ratio between auxiliary and resonant inductors.
I Current at the turn-off of Ss.
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Current at the turn-off of S;.

UL Voltage across resonant inductor.

1. INTRODUCTION

N ORDER TO meet the requirements of point-of-use power

supplies in telecommunication and computer systems, many
constant frequency resonant converter topologies have been re-
ported in the literature [1]-[5].

The goal of these topologies is to try and achieve high power
density, high efficiency, low switching losses while operating
at a constant frequency. In examining these topologies, their
switching losses are low and they can be operated at high fre-
quencies. Also, they offer high power density at medium to high
power levels. However, their component count is high resulting
in lower power densities at low to medium power levels.

The asymmetrical pulse-width-modulated (APWM) resonant
dc/dc converter topology [6], [7] has been presented and it of-
fers near-zero switching losses while operating at constant and
very high frequencies. Its component count is low, making oper-
ation at low to medium power levels feasible. The input voltage
range over which ZVS is achieved is narrow, and the efficiency
of the converter decreases as the input voltage is increased. Also,
the resonant inductor incurs higher losses as the operating fre-
quency is increased. This paper presents a modified APWM res-
onant dc/dc topology ([8, Fig. 1]) that can overcome the draw-
backs described above.

Section II will give the description and operating principle
of this modified topology. Section III will present the mode of
operation during each of the four intervals of one cycle and
key waveforms of the circuit. Section IV covers the steady-state
analysis. Section V presents the performance curves that aid in
the design of the network. Section VI gives the experimental re-
sults of a 35 W, 500 kHz prototype and Section VII provides a
comparison of the original topology and the improved one.

II. MoDIFIED APWM RESONANT DC/DC
CONVERTER TOPOLOGY

Fig. 1 shows an APWM resonant dc/dc converter topology
employing the additional network. This circuit can be broken
into functional blocks: the auxiliary circuit (Cha,Coq,La), @
chopper (S, S2), a series resonant tank (L, Cs ), a power trans-
former (7 ), Synchronous rectifier (SR, SR») and the output
filter. The auxiliary circuit has the following functions:

i) inductor L, provides compensating current to achieve
ZVS at higher input voltage;
ii) capacitors C, and Cy, split the dc input voltage.

0885-8993/04$20.00 © 2004 IEEE
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Fig. 1. Modified APWM series resonant dc/dc converter topology.
III. OPERATING PRINCIPLE -8
This circuit consists of two switches, .57 and S5 which are con- -
trolled by two compensating gating signals, gs1 and gg2, respec- gm‘ t
tively. The gating signal of S; has a duty cycle of D and that of S,
is1 — D. When S is on, the power from the source is transferred _ ” .r:
to the load and the output of the chopper sees a positive voltage e & ) =

of V;,, from the source. When S5 turns on, the source is separated
from the rest of the power circuit and the output of the chopper
sees the voltage across Sy which is zero volts. The energy from
the resonant components now freewheels through S5 and supplies
powertotheload. By varying D we can control the output voltage.
Thisrequires afeedback network, whichincreases D if the output
voltage becomes too low and vice versa.

The operation of this circuit can be seen in four intervals.
Fig. 2 shows the key waveforms during each of these intervals.
For each interval, the operation of the converter is described as
follows.

Interval I Prior to this interval S; was on, and at the begin-
ning of this interval, S is switched off. The negative cur-
rent flowing through the resonant branch and the positive
current through the auxiliary inductor force the charging
of Cs and the discharging of C';. Once C; has fully dis-
charged and C has fully charged, the current forces the
conduction of diode D . The voltage across S7 is now set at
0 volts, and the voltage across Sy equals V;,,. Meanwhile,
the voltage across L, changes from (+V3) to (—=V7). V3
and V5 are the voltages across C,; and C 9, respectively,
whose values are dependent on the duty cycle D and are
given in Section IV. The current through L, during this in-
terval reaches its peak value and starts to decrease.
Interval II: At the beginning of this interval, gating signal
gs1 is applied to the gate of Sy to switch it on. The cur-
rent previously flowing through D1 now flows through S;.
The switch thus turns on under zero voltage, and the output
voltage of the chopper equals V;,,. Power flows from the
input dc source to the resonant circuit and to the output
load. The voltage across L, during this interval remains
constant at (—V7), and the current through L, keeps de-
creasing linearly.

Interval III: At the beginning of this interval, switch S is
turned off. The positive current flowing through the reso-
nant branch and the negative current through the auxiliary
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Fig. 2. Key operating waveforms of the circuit diagram in Fig. 1.

inductor force the discharging of Cs and the charging of
C1.0Once Cs has fully discharged and C has fully charged,
the current forces the conduction of diode D-. The voltage
across So is now set at 0 volts, and the voltage across
S1 equals V;,. Meanwhile, the voltage across L, changes
from (—V7) to (+V3), and the current through L, reaches
its negative peak value and starts to increase.

Interval IV: At the beginning of this interval, gating signal
gs2 is applied to the gate of Sy to switch it on. The cur-
rent previously flowing through D, now flows through
Ss. The switch thus turns on under zero voltage, and the
output voltage of the chopper is clamped to zero. The en-
ergy stored in the resonant components now flows through
So to supply power to the output load. The voltage across
L, during this interval remains constant at (+V52), and the
current through L, keeps increasing linearly.
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IV. STEADY-STATE ANALYSIS OF THE CONVERTER

This section will present the steady-state analysis of the cir-
cuit in Fig. 1. In doing the analysis, the following assumptions
are made.

1) The semiconductor switches and diodes are ideal.

2) The effect of capacitors across the switches is negligible.

3) An ac equivalent resistance at the primary of transformer

represents the output rectification stage.

4) The delay time between the two switches is neglected.

5) The diode rectifier incurs zero losses.

The minimum input voltage, Vj, min (volts), the equivalent
ac resistance R, (£2), and the resonant frequency w, (r/s) of
the series resonant components are chosen as the base values.
The following equations have been developed from the original
circuit [7], but are still valid for this topology

wy,Lg
Qo = R.. (D
w="2 )
Wy
8
R =N Ry 3)
1
fr “4)

" o L.C.

where w, is the operating frequency, Ry, is the load resistance,
N is the turns ratio of the transformer, and L, and C, are reso-
nant inductance and capacitance, respectively.

In order to simplify the analysis, the circuit can be broken
down into its functional blocks. Equation (3) shows how the
output load is seen as an ac equivalent resistance by the resonant
tank. An equivalent model of the output stage is shown in Fig. 3.

The next stage is the resonant tank network. The voltage at
the input of the resonant tank is equal to the voltage, vs2, across
the switch Ss. This can be represented in terms of Fourier series
in one switching cycle, T as [7]

Vs, (t) = VinD

V2V;
> V1 —cos2nm D -si ot + b 5
+ 2 oy cos2nm D - sin(nwot + 0,)|  (5)
where
sin 2nw D
0, =tan™t | —— . 6
an [1 — cos 27’L7I'D:| ©)
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Fig. 4. Per unit equivalent fundamental model of the series resonant tank.

The per unit resonant current is derived from the ac compo-
nent of vs2, Vs2_ac

i) = 30—t

n nm |Zzn| Vvin,min

-V1—cos2nwD

-sin (nwot 4+ 0n — ¢n)  (7)
where
1\2
2l =\/1+Q3 (- ) ®)
nw
¢ = tan™? [QO (nw — i)} : ©
nw

From (7), the peak value of the fundamental resonant current,
I, max can be given as

V2V - /1 = cos(2wD)

1+ Q3w = 3)

w

(10)

Ir_max =
- I/’L'n,min .

The equivalent model of the fundamental of the resonant tank
network is shown in Fig. 4.

The next stage to be considered is the switch and the com-
pensating network. The switch currents are functions of both
the resonant and auxiliary currents. The auxiliary inductor gen-
erates the auxiliary current. To solve for this current, the wave-
forms of the voltage across and current through the auxiliary
inductor are redrawn in Fig. 5. Assume for simplicity that the
dead time between gating signals gs; and ggs is zero in the fol-
lowing derivation.

Firstly, the voltages across the auxiliary capacitors C,; and
Ca2, V1 and Vs, respectively, have to be derived. Since Cy; and
C,2 split the dc input voltage (V1 + V5 = V;,,), and in Fig. 5, the
time integral of the inductor voltage over one switching period
must be zero (V1 DT = (1 — D)TV5) in the steady state, V;
and V5 can be obtained as

Vi=(1-D)V,
Vo = DVjy,.

Y
12)

To derive the expressions of vr, and iz, a new axis system
(y',t') is built in Fig. 5 so that the function of vr, is an even
function and can be expressed by the Fourier series as

oo
Via = Qg + Z .y, cos(nw,t’)

n=1

(13)
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Fig. 5. Voltage and current waveforms of the auxiliary inductor.

where a¢g = 0, and

2Vin
nm

sin[nr(1—-D)] n=1,2,3,.... (14)

Gp =
Thus, 721, can be obtained as

2Vin =1 . 1.
iLg = L. 2 - sin [n7w(1 — D)] <n—wo sin(nwyt’) + C) .
(15)

Considering the initial condition ir,(¢' = 0) = 0, the con-
stant C is equal to zero. The peak value of iy, occurs at ¢’ =
(1 — D)T,/2 and equals

1 (1-D)Ts /2 D(1 — D)V,
ILa_pk = L_/ V2dt = ¥
a Jo

2foLa (1

Replacing t' by ' = t — T5(1 + D)/2 in (13) and (15), the
expressions of vy, and iy, in the original axis system (y, t) are
found as

oo

> %sm [n7(1 — D)]

n=1
X cos [nwet — n(1 + D)]
. 2Vin g~ 1
iLa = rwoly 2 3 sin [nm(1 — D)]
X sin [nw,t — nmw(1+ D)].

_ 2Vin
n s

VULa

a7

(18)

Introducing a variable K which relates Ls to L, as K =
L,/ Ls, current i1, and its peak value can be normalized to their
per unit expressions as

: 2V; 1
"La_pu = T K Vi nz::l 3 sin [nm(1 — D)]
x sin [nwet — nw(1 + D)] (19)
wD(1—-D) V;,
ILa_pk_Pu = KELJ ; Q ) v - (20)

The per unit current through the switch is then the subtraction
of the auxiliary current given by (19) from the resonant current

iLa() i(1)
) io(t)
V @ "‘L"
@ (L
i 1D
T VisD

Fig. 6. Equivalent model of the switch network including the compensating
network.

When Sj is ON, vo=V;,, \f[“:-VI
When S, is ON, v,=0, "u,:Vz

given by (7) during its conduction time. Fig. 6 illustrates an
equivalent circuit for the switch network.

Now that each stage has been analyzed, the whole converter
can be seen in its entirety. The voltage conversion ratio, M, is
the ratio between the output and the input voltages. It is given
by

1 — cos(27D)

1+Q3 (- 5)°

Vo _ 2V2N-R,

M=
Vin w2

21

V. PERFORMANCE CURVES OF THE CONVERTER

This section presents the performance characteristics of the
converter. The analysis that was developed in the last two sec-
tions will be used in deriving the performance equations and
curves. In the following derivation, with the selection of K = 1,
the auxiliary inductor and the resonant inductor can have the
same value, thus lowering production costs.

Turn-off current Is of Switch Ss: In order to achieve ZVS for
S1, the current at the turn-off of Ss, as given by (22), must be
negative. Fig. 7 shows I, as a function of D with the various
values for (), and w with K = 1

Vi V2
I, = i V1-— 2nm D
? Vvln,an n nm |ZLTL| cos st
. 7D(1— D)
On — pn) — ———— 22
Xsin (B — o) = "o |- (2

Turn-off current Iy of Switch Sy: In order to achieve ZVS
for Sy, the current at the turn-off of S; given by (23) must be
positive. Fig. 8 shows I; as a function of D with the various
values for (), and w with K = 1

Vi V2

I = V1= cos2naD
2 V;n,min n ’I’L7T|Zin| cos T
D(1-D
xgn@an+ﬂn—¢ny+fE%;le (23)

Figs. 7 and 8 show that with the selection of (), between 1.5
to 2.5, and w between 1.1 to 1.3,ZVS is achieved in the complete
range of duty cycle control. Thus with the aid of the auxiliary
circuit, the modified topology has ZVS over wider input voltage
range compared with the original topology [7].

However, it is evident from the previous graphs that the values
of ), and w chosen affect the amount of current passing through
the switches, and furthermore, increase the conduction losses of
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Fig. 8. Current through S, at turn-off, I, as a function of D for K = 1.

the switches. To determine these losses, per unit fundamental
switching current in Fig. 6 is calculated by (24). Harmonics are
ignored because they have less contribution to the losses and
produce prolix calculation

_ V2V, [/1—=cos2rxD
B W‘/in,min IZzn|

V2
wKQ,

iswl(t) - sin (wot + 01 — ¢1)

+ sin(w D) sin(w,t —wD)| (24)

where |Z;,|, 61, and ¢, are given by (6), (8), and (9), respec-
tively, when n = 1.

The RMS value of 7, is given by (25) and plotted in Fig. 9
as a function of duty cycle for various values of ), and w with
K=1

1 —cos2wD
| Zin|”

Vin

Wl/in,min

2 sin2(7rD)

WKQ.? (25)

iswl (t) =
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Fig. 10. Per unit RMS value of the fundamental resonant current and auxiliary
current with variation of input voltage (P, = 1 pu, @, = 1.5 andw = 1.1).

Fig. 9 shows that higher values of w and @, result in lower
current circulation in the switch. However, in general, higher
values of w and @, result in more power losses in the resonant
tank (maximum power transfer without auxiliary circuit occurs
at w = 1), and more voltage stress on the resonant component,
which is proportional to @),. Therefore, some trade-off must be
made during the specific design. It is found that the selection of
Q, = 1.5and w = 1.1 is good for the input voltage range of
2:1.

For constant output power P, = 1 pu, @, = 1.5andw = 1.1,
the RMS value of the fundamental resonant current and auxil-
iary current are shown in Fig. 10 for a varying input voltage
range of 2:1. This figure shows that the auxiliary current will
cause increased RMS current through the switches (approxi-
mately 15% higher than the circuit of Fig. 1 without the aux-
iliary circuit). This causes about 30% higher conduction losses
in both the primary switches. With the advent of low on-re-
sistance MOSFET switches, the conduction losses of the pri-
mary switches are significantly lower than the switching losses,
particularly at very high operating frequencies. After making
trade-offs in selecting various circuit parameters for the wider
input voltage range, the experimental results, as given in Fig. 14,
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Fig. 11. Waveforms at turn-on of switch S;: Top trace: gate signal (5 V/div,
0.5 ps/div), Bottom trace: drain-to-source voltage (20 V/div, 0.5 ps/div).
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Fig. 12. Waveforms at turn-on of switch S»: Top trace: gate signal (5 V/div,
0.5 ps/div), Bottom trace: drain-to-source voltage (20 V/div, 0.5 us/div).

show that the modified APWM resonant converter has near con-
stant and higher efficiency as a function of input voltage than the
circuit without the auxiliary network given in [7].

VI. EXPERIMENTAL RESULTS

To verify this modified topology, a 35 W converter with dual
5 V outputs was constructed. The input voltage is 80 V and the
switching frequency is 500 kHz. In the resonant circuit, the fol-
lowing values were used: the resonant capacitor was 22 nF, the
resonant inductor was 6.5 pH and the transformer turn ratio was
2.5 to 1. The value of the auxiliary inductor used was 6 pH,
therefore K was close to 1. The capacitors in the auxiliary cir-
cuit (C1q4, Caq) were chosen as 2.2 uF.

The main goal of the modified topology is to achieve ZVS for
higher input voltages. Figs. 11 and 12 show the effect of ZVS
at the turn-on of switches S; and Ss. In both figures, the dotted
vertical line shows that the drain-to-source voltage reaches zero
before the gate signal is applied.

VII. COMPARISON BETWEEN ORIGINAL APWM CONVERTER
AND MODIFIED TOPOLOGY

The mode of operation described in Section III is similar to
the operation of the original APWM resonant dc/dc converter,
yet at higher voltages ZVS is lost while this new topology main-
tains it. Notice that for S5 to achieve ZVS, the resonant current
(which is also the current that flows through the switches) at

the turn-off of S5 must have enough negative current in order
to discharge C to zero volts for ZVS to occur. This condition
cannot be satisfied at higher input voltage in the original APWM
converter. For example, at V;,, = 80 volts, Fig. 13 shows the
switching waveforms of the original circuit ([7, Fig. 1]) and the
modified topology. It can be seen that ZVS is lost for S; in
the original circuit because the resonant branch doesn’t supply
enough negative current to discharge C;. With the addition of
the auxiliary branch in the modified circuit, however, it sup-
plies the additional current to the switch to discharge C; and
achieve ZVS. The current through this auxiliary branch acts as
a compensation for the resonant current when the input voltage
increases whereas earlier the original APWM was limited to a
narrow range of input voltage.

Fig. 14 shows the efficiency, n, of the modified topology and
the original one in relation with the input voltage using the same
experimental set-up in Section VI (with the diode rectifier). It
is easily seen that overall the modified topology has a higher
efficiency than the original design, but this is more evident at
higher voltages. The efficiency of the original design begins to
fall when the input voltage is higher than 55 V. This is due to
the loss of ZVS at higher input voltages as explained earlier.
The efficiency of the modified topology however is consistent at
83% throughout the whole input voltage range with a variation
of about 1% due to the fact that ZVS is maintained. Furthermore,
the use of synchronous rectifiers in the circuit results in overall
efficiency greater than 90% at 500kHz switching frequency.

It has just been described how the auxiliary inductor of the
modified circuit acts as a compensation for the resonant branch.
That means, in the modified circuit, smaller (), can be selected
to maintain ZVS over a wide input voltage range, while reducing
the voltage stress on the resonant component. For example, the
curves of voltage, vy,s(t) across the resonant inductor are shown
in Fig. 15 with ), = 1.5, in the original circuit and @, = 2.5
in the modified circuit. As it can be seen from Fig. 15, the in-
ductor voltage of the original circuit is higher and will have no-
tably higher frequency harmonics and thus higher core losses
compared to the modified topology with ), = 1.5. The signifi-
cant reduction in core losses of the modified topology will make
the resonant inductor much easier to manufacture. However, as
explained in Section V, the minimum value of @), should be lim-
ited to minimize the circulating current in the switch.

Like the original circuit, the modified converter can also be
operated at near no-load. As the auxiliary circuit provides ZVS
for both the switches independent of the load current, the con-
verter can be operated with very small duty cycle or go into the
hiccup mode to achieve the no-load operation. Unlike, the orig-
inal circuit, there is no need to design the output transformer
with some air gap to obtain lower value of the magnetizing in-
ductor to achieve ZVS at no-load. This helps in simplifying the
design and manufacturing of the transformer in the modified
topology.

VIII. CONCLUSION

This paper has presented a modified design of the APWM
resonant dc/dc converter topology. Its operating principle and
steady-state analysis have been described in detail. It has been
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(20 V/div) of S . (c) Modified circuit: Gating signal and drain-source voltage (20 V/div) of S;.
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Fig. 15. Voltage across resonant inductor for (), = 2.5 (original circuit) and

@, = 1.5 (modified circuit).

proved with the aid of performance curves and experimental re-
sults that the modified topology achieves ZVS over a wider input

voltage range than the original design. The converter also main-
tains near constant efficiency from low-to-high input voltage.
The use of synchronous rectifiers in the circuit results in overall
efficiency greater than 90% at 500 kHz switching frequency.
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