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ABSTRACT

Quantum parallel resonant converters(QPRC’s), a dual
converter of quantum series resonant converter(QSRC) and
a subset of parallel resonant converters(PRC’s) operating
on zero voltage switching conditions, are modeled. It is
shown that the QPRC can be operated as Cuk converter
with an equivalent capacitor, buck or buck-boost converter
with an additional equivalent capacitor. Modeling of these
converters is verified through analysis and simulation
results of the PRC. It is meant that the QPRC is modeled as
Cuk, buck or buck-boost converter. Dc and ac characteris-
tics of the quantum PRC’s can be given by these models.
Therefore, the QPRC can be designed similar to the QSRC
to be controlled with closed loop feedback, having many
advantages such as low device switching stress, reliable
high frequency operation and low EM], etc.

L INTRODUCTION

It is well known that resonant converters have many
advantages over those of the conventional PWM convert-
ers[1-8]. However, conventional frequency[6] or phase[5]
controlled resonant converters have some severe switching
stresses and switching losses against varying frequency and
phase difference.

Recently, quasi-resonant converter[3] and zero voltage
switched converter[4] have been suggested and actively
studied for optimized switching such as low switching
stress and switching loss. However, modeling of such
resonant converters is complex because of their non-linear
characteristics against load and switching conditions, which
makes it difficult to control the output voltage. Quantum
resonant converters are also suggested for optimized
switching[1,2] and quantum series resonant converter(QS-
RC) is modeled as general dc/dc converter with an equiv-
alent inductance[1].

In this paper, quantum parallel resonant convert-
er(QPRC) which has Cuk, buck or boost converter charac-
teristics is suggested, analyzed and modeled. Output volt-
age of the QPRC can be controlled by discrete duty cycle
similar to those of the case of QSRC. This model is verified
by analytical and simulated comparisons between QPRC’s
and equivalent modeled PWM converters. Using the
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suggested model, it is shown that the output voltage of the
QPRC’s can be controlled by a proper feedback control
scheme similar to the equivalent dc/dc converters. QPRC
can be controlled to have nearly zero device voltage
switching stress and switching loss, reliable high frequency
operation and low EMI with variable output voltage by
proper feedback algorithm, which are the distinctive fea-
tures of the QPRC.

II. SWITCH MODES OF PRC

— Vo(t) +

Fig. 1 Power circuit topology of PRC.

The power circuit topology of the PRC is suggested in
Fig. 1. In this figure, additional switch S5 is added to the
conventional PRC for the quantum Cuk PRC operation.
When the PRC operates on optimal switching conditions,
the switch pairs are turned on/off in synchronization with
the voltage zero crossing points. Switch modes of the PRC
have to be changed for every half resonant period for
optimal switching condition[2]. The PRC with S5 has nine
distinct modes as shown in Fig. 2. The description is as
follows:

(A) Energizing mode : energizing modes are defined
when S1,54 and $2,S3 pairs are turned on/off alternately in
synchronization with voltage zero crossing points of reso-
nant capacitor voltage and S5 may be closed or open. When
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Table II. Transfer function of QPRC

switch operation circuit variables
modes States Vay Vg P, P, P -P,
(A)(@) S5 : ON (A)(b) S5: OFF  (A)(c) S5 : OFF and - -
i,=0 S5:0N, i;,>0 A AR AR
eneragizing mode | SS:OFF, i,>08 |v.| 0 [RAEM V] {v beig,
i, =0 v, | 0 [BAE™
S5:ON, i;,>0 v | (AR AR
e-eneragizing mode| $5:0FF, ij,>0] 0 0 0 0 0
i =0 v, | 0 0
(B)2)S5:ON  (B)(b)S5:OFF  (B)(c) S5 : OFF and SS:ON, ;>0 vl Ve lha | =1y by +ioa)
= regeneration mode [ S5:0FF, §,,>00 —|v.|| O |~]v |-, 0 EIARN
i =0 19, | 0 =1 ve | i
- +_ 1 +
1 ‘E, — 4 _>q |—';| "{ * P, : input power of resonant circuit
T l{ ‘%‘ | T | * P, : oulput power of resonant circuit
transferred to the source and the output inductor current
(C)(2) S5: ON (C)(b) S5: OFF  (C)(c) SS : OFF and freewheels through the rectifier diodes as shown in Fig.

i2=0

Fig. 2 Switch modes of PRC : (A) energizing mode. (B)
de-energizing mode (C) regeneration mode.

S5 is closed, resonant circuit is energized by the input
inductor current i, and delivers it to the output through the
inductor L2 as shown in Fig. 2(A)(a). If S5 is open state,

the resonant circuit is energized by the input inductor
current i,,, however, the output current freewheels through
the rectifier diodes as shown Fig. 2(A)(b). Therefore, this
mode is named as energizing mode. If the output inductor
current reaches zero, the switch mode may be changed
depending on resonant capacitor voltage for resonant half
period. If the capacitor voltage is lower than the output
voltage v,, i;, maintains zero as shown in Fig. 2(A)(c). If the
capacitor voltage is higher than the output voltage, i, starts
to flow as shown in Fig. 2(A)(a) or (b) if S5 is closed.

(B) De-energizing mode : de-energizing modes are
defined when $1,S3 and S$2,54 pairs are turned on/off
alternately in synchronization with zero crossing points of
resonant capacitor voltage. Also in this case S5 can be
closed or open. During S5 is closed, the resonant circuit is
de-energizied by the output inductor current i;, as shown in
Fig. 2(B)(a). When S5 is open, the resonant current is
circulated with constant energy as shown in Fig. 2(A)(b)
and the output inductor current i, freewheels through the
rectifier diodes. If the output inductor current reaches zero,
the switch mode can be changed depending on the resonant
capacitor voltage. If the capacitor voltage is lower than the
output voltage , i;, maintains zero as shown in Fig. 2(B)(c).
If the capacitor voltage becomes higher than the output
voltage, i, starts increasing as shown in Fig. 2(B)(a) or (b)
if S5 is closed.

(C) Regeneration mode : regeneration modes are de-
fined when S2,S3 and S1,S4 pairs are turned on/off
alternately in synchronization with zero crossing points of
the resonant capacitor voltage. Also in this case S5 can be
closed or open. During this mode, voltage and current of
the resonant circuit are out of phase. When S5 is closed, the
resonant circuit energy is transferred to the source and part
of the energy is delivered to the load as shown in Fig.
2(C)(a). When S5 is open, the resonant circuit energy is
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2(C)(b). If the output filter current reaches zero, the switch
mode can be changed depending on the state of the
resonant capacitor voltage for the resonant half period. If
the capacitor voltage is lower than the output voltage , i,
maintains zero as shown in Fig. 2(C)(c). If the capacitor
voltage is higher than the output voltage, i, increases from
zero as shown in Fig. 2(C)(a) or (b) if S5 is closed.

The mode characteristics of the PRC are summarized in
Table 1. From this Table, the output voltage of the PRC can
be controlled by moderate selection of the switch modes.
Mode selection is allowed only at voltage zero crossing
points, thus mode can be changed on every half resonant
period as the QSRC[1,2]. The QPRC with S5 has six
control modes. Thus, there exist many combinations to
control and an optimal control pattern as a function of
output voltage and load can be given. In the next sections,
the switch modes are analyzed and PRC is modeled as
conventional Cuk, buck or buck-boost converter with an
equivalent filter capacitors.

I1I1L. Analysis of the QPRC

i H IV()I+% C{;H %
T 1{ve(t) ) Hz|Ve(t)] T

(a) i >0 case

+
'% Ha|ve(t)| _% ) J[}

(@) i, =0 case

Fig.3 Equivalent circuit of switch modes for PRC.

Equivalent circuits of the PRC switch modes are shown
in Fig. 3. These consist of two parts which are equivalent
input and output circuits. The equivalent input circuits




include input voltage source V, input filter L1 and voltage
v,, and the equivalent output circuits include voltage v,
filter L, C and loads. In these circuits, the voltage v,, aid v,
are depending variables of the switch modes. Fig. 3(b) is
the case when the output inductor current reaches zero. In
these circuits, the voltage v,, is equal to {v()| for the
energizing mode, —|v. ()| for the regeneration mode and
zero for the de-energizing mode, respectively, because of
their switching characteristics as shown in Table I. There-
fore, the voltage v, is rewritten by H,-|v.(t)| and the
voltage v, by H,-|v.(t)| as shown in Fig. 3. In this case,
switching function H, is equal to unity for the energizing
mode, zero for the de-energizing mode and -1 for the
regeneration mode, respectively, and H, is equal to zero at
S5 off and unity at S5 on.

The switch modes of the PRC can be analyzed by low
ripple approximation method{7] because the inductances of
L1 and L2 are usually sufficiently larger than the resonant
inductance L. During the half resonant period T/2, the
|v(t) | is half sinusoidal. If we neglect the high frequency
ripple components, the | v,(?) | can be given as follows:

=) =) =2 13, )

2 k2472

== |v.()|dt kTR2<t<(k+1)T12 (1)
T Jar

where v, (k) and v, (k) are peak and average values of .the
capacitor voltage during the k-th half resonant period,
respectively.

A. Continuous current state of the filter inductor L2

The equivalent circuits correspond to Fig. 3(a). From
this figure, we can neglect the high frequency ripple
components of the i,() if L1 >> L. During the k-th
resonant period, the resonant voltage v.(t) becomes

| v,(t) |= Z, (k) + H,i (k) = Hjiy (k) sin{o, (¢ ~kT/2)} - (2)

where z=+LiC, ijk) is the absolute value of the resonant
current, i,,(k) and i ,(k) are the input or output filter current
during of the k-th resonant period. Thus, absolute value of
the average capacitor voltage v (k) for the k-th resonant
period becomes

v, (k)= % {is (k) + H iy, (k) — Hyip,(k)}. ?3)

From eq. (2), i;¢ +1) becomes
. 1 AR+ . . .
ik+ =7 fm Z{ig (k) + H iy (k) - Hyiy (k) } sin{@, (¢ — kT/2)}dt

=g (k) = i (k) + 2y (k) ~ 2Hy (k) - @)

From eq.(3) and (4),

2Z .
v, (k+1) =T{"’(k +1)+Hi(k+1) ~Hyi ok + 1)}
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2Z
=Voo (k) +—— Hilis,(k) + ik + 1)}

—H{i, (k) +i,(k +1)}. )
If we let
oo Veolk + 1) —v (k)
V()= T - 6)
k) =iy, (k+1) =iy, (1) ™
ip(k) = ik + 1) = i) (8)
then eq. (5) is arranged as follows:

Vo) = {QIIC } {Hyiy, (1) = Hiio0). ©)

By applying KVL to input side of Fig. 3(a), the state
equation becomes

dig,(t)
dt

di (1)
dt

V,=L1 +]v,(0) | H,

=L1

+v,,()H,. (10)

Because L1 >> L, the state equation is obtained by
applying KCL to the output side and KVL of Fig. 3(a) as
follow:

2250, v )1y =0, av

From eq. (9), (10), (11) and (12), the state equations are
obtained as follows:

0 0 Y AU 1/L1
0 0 2 -u2| *Y | o

= v,

x UmPH/C - (@m) H/C 0 0 [V 13
0 1C, 0 —-URC, 0

where

X =Ly i va0 vOT (14)

B. Discontinuous current state of L2

The equivalent circuits during this mode correspond to
Fig. 3(b). In the input side of this figure, we can neglect the
high frequency ripple components of the i, and i, if L1, L2
>> L. During the k-th resonant period, the output filter
current i, is zero and resonant voltage v, becomes

V() [=Z (G, () + Hyiy, (k) sin{o, (s — KT72)} 15)



The absolute value of the average capacitor voltage v, (k)
for the k-th resonant period becomes

vtk) = -Zné {i2(k)+ Hyiy (00} (16)
from eq. (15), i;k +1) becomes

. 1 rn+TR . . . -
Ge+D=7 J:m Z{is (k) + Hi (k) sin{,(t — KT/2)}t — i (k)

= iy (k) + 2H iy (k). an
From eq. (15) and (17), we obtain
vk +1)= v;,,(k)+£:— Ho{iy )+ ik + DY, 18)
Eq. (6), (7) and (18) can be rearranged as
V(1) = { )’ IC YH iy (). (19)

The state equations at the output side of Fig. 3(b) are given
as

iL1H=0 (20)
dv,(t) v,(t)

=C=a R @n
iLic

(a) resonant capacitor input current due to i,

e

(b) resonant capacitor input current due to i,

Ve

(c) resonant capacitor voltage
Vel

t
m n-m m n-m r

|<——>|-———>’<-—>}<——>

duty ratio = m/n

(c) rectified voltage of resonant capacitor

Fig. 4 Waveforms of Quantum Cuk PRC.
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From eq. (10), (19),(20) and (21), we obtain the state
equations as follows:

0 0 -HJLL 0 LY
) 0 0 o 0 Tlol,
X=lompge 0 0 0 o " @
0 0 0 -1RC, 0

QPRC can be operated similar to the conventional Cuk
characteristics and conventional buck/boost characteristics
with an additional filter. These are discussed in next
section.

IV. QUANTUM CUK PRC

Coe—l— Ra> Vos(t)

(a) conventional Cuk converter

ics
A

et

B2

(b) energy transfer capacitor current iz,

I =t

(c) energy transfer capacitor voltage ves

Fig. 5 Conventional Cuk converter and Waveforms of this.

(a) switch mode comparison in active state

T

..
AA
AAA

(b) switch mode comparison in passive state

Fig. 6 Switching state comparisons of the quantum Cuk PRC
with conventional Cuk converter.



Switching patterns and equivalent capacitor voltage
1v.(1)] of the quantum Cuk PRC are similar to the switching
pattern and capacitor voltage v of the conventional Cuk
converter as shown in Fig. 4 and 5. Fig. 6 shows switching
state comparisons of the QPRC with conventional Cuk
converter. As shown in Fig. 6, the output voltage of the
quantum Cuk PRC can be controlled by selection of two
switching states. Equivalent state of Cuk PRC when S5 is

on correspond to Fig. 3(a) with #,=0 and H,=1 while that
of S5 off correspond to H,=1 and H,=0. Since the filter
inductors L1 and L2 are much larger than the resonant
inductor L, the general state equations eq. (13) can be
approximated as follows :

0 0 —-HI/L1 0 1/L1

. 0 0 L2 -uL2| * | o

X=| myric ~@myEc 0 0 0 V,(23)
0 1c, 0 —1RC, 0

where the new switching function H is defined as follows :

(1) active mode (H,=0 and H,=1): H=0and H=1,
(2) passive mode (H,=1and H,=0): H=1and H=0.

_ The equations shown for the quantum Cuk PRC are
similar to those of the conventional Cuk converter. The
equivalent Cuk PRC operates as a conventional Cuk dc/dc
converter with an equivalent inductance L, having the duty
ratio quantized by the resonant half period for PWM
operation as shown in Fig. 4. The equivalent circuit
parameters of the quantum Cuk PRC are as follows:

G =(§ch Q4-a)
Ly, =L1 (24-b)
Ly,=L, @4-c)
Ceo=Co (24-d)
Ry =R (4-e)

V. OTHER QUANTUM PARALLEL RESONANT
CONVERTERS

A. Quantum buck PRC with an additional filter.

Quantum PRC operation with buck characteristics is
proposed as shown in Fig. 7. In this case, S1, S4 and S2, S3
pairs are always turned on/off alternately and the output
voltage is controlled by the additional switch S5. Therefore
H, is always unity and H, is zero at S5 off state and #, is
unity at S5 on. All of the switches operate in synchroniza-

tion with the voltage zero crossing points. High frequency
ripple components of the output side rectified voltage can
also be neglected because of the larger filter inductors.

By applying similar method as the quantum Cuk PRC,
we know that this converter operates as buck converter
with an additional filter as shown in Fig. 7. The equivalent
circuit parameters of the quantum buck PRC are as follows:
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(a) buck converter

P T

Ad
wy

(b) switch mode comparison in active state

:

i

Fig. 7 Switching state comparisons of the quantum buck PRC
with conventional buck converter with an input filter.

(c) switch mode comparison in passive state

Cs =(§ch @5-a)
Ly =L1 (25-b)
Ly,=L, @5-c)
Ceo=Co @5-d)
Ry=R @5-¢)

As mentioned above, the quantum PRC can be modeled
as conventional buck converter with an equivalent capaci-
tor Cy

B. Quantum Boost PRC with an additional filter.

The QPRC operation with boost characteristics is
proposed as shown in Fig. 8. The modeling procedure is
similar to those of shown above. In the quantum boost PRC
operation, H, is always unity and H, is unity or zero
depending on the SI - S4 switching conditions. The
equivalent circuit parameters are as follows:

Cy =(§)zc @6-a)
Ly =L1 (26-b)
Ly,=1L, (26-¢)
Co=Co (26-d)



Ry=R (26-e)
don D+ SN
L "1
V“_‘l' $4 Cs T Coa]» Re > Voe(1)
(a) boost converter

(b) switch mode comparison in active state
B\ I I\
» ()
s 14l
‘ LTI

(c) switch mode comparison in passive state

AA
Yy

Fig. 8 Switching state comparisons of the quantum boost PRC
with conventional boost converter with an output filter.

From eq. (26) and Fig. 8, we know that the quantum
boost PRC with an additional equivalent output filter
capacitor C,

C. QPRC with general switching pattern

There are other varieties to control the output voltage of
the QPRC by proper selection of the switching functions (
H, and H, ). New operation of the QPRC is also possible
using the equivalent circuit and the state variables given in

Fig. 3 and eq. (13).

Table I. Mode Characteristics of PRC

VI. TRANSFER FUNCTION CHARACTERISTICS

From eq. (13), state equations of the QPRC are rear-
ranged as follows:

X(@t) =AH,HYX()+BV, @7
where
0 0 —~HJL1 ] 1L1
As 0 0 H/L2 -VL2 B g 28)
= @myHC - (@myH)C 0 0
0 c, 0 - 1RC, 0

QFRCs Transfer function
G (S) dc transfer function G,
uantum Cuk PRC 1-D, D,
q GAS)=— af D, . G,=
S+ B,S*+B,S?+ByS + (1 - D,) (1-D,)
quantum buck PRC 6iS) oDyy d, =Dy,
M -S‘+B,S’+B.S’+B,S+u
tum boost PRC aD 1
quantum S G'(S)=“‘——:D*7 G'=_
S+ B,S’+BeS?+ B,S + D2y Do

_Qmr 1 B,= 1 @mD?
TLiL2cc,” V' RGP Lac,” L
6. @2 {(1~D,}-D?} g= ] +(2/rt)’D.‘u
A L2CC.R *HTLec,T T e
b= @rr-Diy) p= L, @n)

ST TTL2cC,R TR LAC, T 12
[ ))
=-@mp .
B.=-@m ek

® D.=min, Dgy=min, Dgy=min.

where m(72) is active period and n(772) is total period of active and passive modes.
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By applying state space averaging methods[9], A(H,.H,)

is changed by A(f1,,H,) as follows:

o 0 -Hjpr O 1LY
0 0 HyL2 -1L2 = 0
A= °17.C 0 0 10 129
@myH/C - (2m)YH
o e, 0 -1RC, 0
dc transfer function Gv
203V
153 n=20
103 z
1 i n=10
5y n=5/41
0
0 2 4 & 8101214161820[m]
(a) quantum Cuk PRC
dc transfer function Gv
Gv
1.0
08 ]
4 n=5 /nd10 n=20
06 A
04 ’}
02 4
|
0.0 ;
0 2 4 & 8 1o12141s1azo[m]
(b) quantum buck PRC
dc transfer function Gv
20.
157
10 ]
5
. ]
0 2 4 6 & 10 12 14 16 18 2™

(c) quantum boost PRC

Fig. 9 Dc transfer function Gv of QPRC’s.
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Fig. 10 Simulation results of dynamic response : comparisons of quantum Cuk PRC with the modeled
Cuk converter for absolute changing of load resistance from 40Q to 30, respectively.



where
H, is average value of the M, and 77, is average

value of the H,.

From eq. (27), (28), and (29), the transfer function
G,(S) of the output voltage to input voltage is

OLLA
6.6)= LiL2cC, 0
L [ ooml, [dm-m| O
S+re, H\t2c,  L2c [° T Leccr | tLiLace,

From eq. (30), the transfer function G/(S) and dc
transfer function Gv(S=0) of the quantum Cuk, buck and
boost PRC can be obtained as Table II.

The dc transfer functions Gv are obtained as shown in
Fig. 9. In these figures, the dc transfer functions correspond
to those of equivalent Cuk, buck and boost converter except
quantized levels caused by the quantized duty(myn). If
lower quantization level of the output voltage is desired, the
number of n should be increased, however, the resonant
current ripple generally increases for increasing n. There-
fore, the optimal control pattern[8] for these converter
needs some compromise between minimum ripple and
minimum output voltage step.

VIIL. SIMULATION RESULTS

For the dynamic comparison of the simulation result of
quantum Cuk PRC and conventional Cuk converter with
equivalent modelcd parameters of QPRC, the quantum
PRC are designed with z+L/C)=+a00Q at 250KHz resonant
frequency controlled with SOKHz modulation frequency.
Thus, the number n representing the total modulation
period as an integer multiple of half resonant period is ten.
For comparison of simulation results, the conventional Cuk
converter is equivalently operated at SOKHz. The actual
parameter values of the quantum Cuk and the correspond-
ing equivalent values to the conventional Cuk converter are
as follows:

Ve =100 Vp =100
C =0.1pF Cos = (W2Y'C =024TUF
L=4uH
Ly =Ly, =1.5mH Ly =Ly,=15mH  :internal resistor
(02Q)
Co =1pF Cop = 1WF

Fig. 10 shows the dynamic comparisons of the simula-
tion results for the quantum Cuk PRC and conventional
Cuk converter where the parameters of the quantum Cuk
PRC and the conventional Cuk converter are set to be
equivalently equal. In this case simulated duty ratio of the
quantum Cuk PRC is 6/10 and that of the modeled Cuk
converter is 0.6 and these are simulated for abrupt change
of load resistance from 40 Q to 30Q. These figures represent
that all variables ( iy, iz, 1V ] and v, ) of quantum Cuk
PRC are good coincided with those of equivalent variables

71

Ciy» s | Vea | and vos ) Of the conventional Cuk convert-

ers. .
From these simulation comparisons, we know that the

quantum Cuk PRC can be effectively modeled to conven-
tional Cuk converter.

VIII. CONCLUSIONS

QPRC operating on zero voltage switching conditions
have been modeled as conventional Cuk, buck and boost
converter which having an additional filter. Modeling have
been verified by analytical methods and simulation results.
From these modeling, it is shown that that parallel resonant
circuit of the resonant converter is modeled as equivalent
capacitance of the conventional converter. Dc and ac
transfer functions of the QPRC have been derived by this
analytical results and these are analogous to those of the
conventional PWM converter except quantized characteris-
tics due to quantized duty ratio. Therefore, the output
voltage of the QPRC’s can be controlled by proper feed-

back algorithm as those of conventional equivalent convert-

€r8s.
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