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ABSTRACT

Quantum converters, a subset of resonapt converters:
operating with optimal conditions are modeled. It is shown
that series resonant coaverter(SRC) can be modeled as:
buck/boost converter with an equivalent inductor and parallel
resonant converter{PRC) can be modeled as Cuk converter.
with an equivalent capacitor. Also new resonant circuits with
boost, buck-boost and Cuk converter characteristics are pro-!
posed. From these models, the quantum converters can be
designed to be controlled with closed loop feedback, having
many advantages such as low device switching stress, reliable
high frequency operation and low EMI

I INTRODUCTION

PWM dc/de converters are being replaced by resonant
converters throughout the industry and acrospace applications
because the filters and isolation transformers can be minized
in size and weight{1-4]. In order to control the output vol-
tage, frequency domain control scheme - and phase doma..
control schcmclz] have been used, however, the device
switching stresses become severe when the switching frequency
deviates from the resonant frequency or the phase differcnce
of the switches increases. Integral cyele mode control of SRC
is reduces the switching stress and controls the output vol-
tage[1]. In this method, discrete number of pulses(half
cycles) of resonant frequency should be properly sclected
repeatedly by a proper fecdback algorithm to control the
output voltage.

In order to apply suitable feedback algorithm for
closed Joop controt of output voltage, converter dynamics or

converter modeling is very important. So far, state space

modcling of gencral buck/boost switching power converters
are well known. However, rcsonant converter modeling are
complicated in general because of their nonlinear characteris-
tics against load and switching frequency. Recently the modcl
of the rcsonant converters has been studiced{4), however, that
kind of modcling is too complex to apply in the real situa-
tion.

In this paper, quantum converter which includes all
kinds of rcsonant converters whose duty cycles are controlled
with always integer multiple of resonant half period is
modeled. It is named because the duty cycle i controlled
discretely rather than continuously. It is shown that quan-
tum SRC has buck/boost converter characteristics and quan-
tum PRC has Cuk converter characteristics. A new quantum
SRC with boost and buck-boost converter characteristics are
also proposed, modeled and simulated.  Quantum coaverters
can be controlled to have nearly zero device switching loss,
reliable bhigh frequency operation and low EMI with variable

output voltage by proper fecdback algorithm, which are the
distinctive featurcs of the quantum converters.

II. MODELING OF THE QUANTUM CONVERTERS

A. Quantum Buck SRC

The power circuit topology of the SRC is shown in
Fig. 1. When the SRC operates on optimal switching mode,

" that is, on/off of the switch pairs always occur in synchroni-

zation with the current zcro crossing points, the output vol-
tage can be controlfed by the duty ratio of the powering
mode and the free resonant mode as shown in Fig. 2, resuit-
ing in quantum buck SRC.

The switch modes of SRC can be approximately
analyzed by low ripple approximation method{3] because the
output filter capacitor € i sufficiently larger than the
resonant capacitor C. In SRC, the output voltage v, and

the filter input current i (¢)| arc meaningful values. During
the half resonant period T/2, the filter input current
waveform is half sinusoidal as shown in Fig. 2. Because
C,>>C in practical, the morc important state variables are
v, (k) and i, (k):

2
@) = Ly, @) = =1i,®)

where ¢ (k) is a peak resonant current, i, (k) is average
rcsonan{' current and v, ((IN i, (k) arc output voltage and
filter input current during the k-th resonant balf period,
respectively.,

a. Powering mode :

Powering mode is defincd whea $1,54 and $2,83 pairs
are turncd on/off altermatcly in order to deliver power from
source to load. During the k-th resonant period, resonant
current i, (1) becormes

3 * s
L) = v (k)+V, —v, (k)sin(w,1) 1)
where, v:(&) is the absolute valuc of tank capacitor voltage
at the k-th switching instant and V, is the source voltage.
Thus, the filter input average current of the k-th
resonant period i (k) becomes

2 v+~ (k)

ip (k) = = p 2}
where, Z =y 'L/C.
From eq. (1), v:(k +1) and v, (k+1) become
vo(k+1) = vo(k)=2v, (k)+2V, 3)
vy (k+1) = Bu (k)+(1-8-8" ) (k)+8V, (4)
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where, 8=2(C/C, ) and 5" =(—)Q5.

From ¢q(2).(3),(4) and on the condition that 1>> 8°, the
Jisercte stnte vasiables are

xk+) = ¢t -—T x(k) + A v,
we nZ
E—sz 1-5" o) )
where, x(k) = [ i (k) v, (&) T7.
If we let
x(1) = M and  x(t) = x(k)

T2

where x(e) = [ v, (1) v (1) 7, then eq. (5) can be
approximatcly rewritten as follows:

2

. 2 2_1_. + (i) l— 14

x(t)= ¢0 —-(;-) L x(r) -1 s
1 o |
Co RC,

b. Free resonant mode :

Free resomant mode i defined when D2,54 and 14,52
pairs arc turncd onfoff alternatdly.  In this mode, the
resonant circuit voltage v, is cqual to zero as shown in Fig.
2(a). ‘Therefore, all of the conditions are cqual to those of
the powering mode oxcept that V, is replaced by 0. From
cq.(6), the state equation is given as follows:

2 4
= [0 )]0
1 1 ™
c, RC,

From c¢q. (6),(7) and Fig. 3, we know that the SRC
model is the same as the buck converter model. The
cquivalent circuit parameters of the SRC arc obtained as fol-
lows :

L, = (%)ZL (8-a)
c, =C, (8-b)
R, = R (8-)

Eq. (8) means that quantum buck SRC opcrates as a buck
dc/de converter with an inductor Ly having the duty ratio
quantized by the resonant half period T72 for PWM opera-
tion.

B. Quantum Boost SRC

The switching of SRC with boost characteristics is
newly proposed as shown in Fig. 4 by adding an additional
switch §5. When 51,54 and S2,S3 pairs are turned on/off
alternately in synchronization with the resonant current zero
crossing points, the output voltage can be controlled by the
bi-direction switch S5. This modcling proccdures are similar
to those of the quantum buck converter. The equivalent cir-
cuit paramecters of the quantum boost converter are as fol-
lows :

Ly = (%)IL (9-a)
Cos = C, (9-b)
Ry = R (9-¢)

From cq. (9) and Fig. 4, we know that quantum boost con-
verter operates as a boost de/de converter with an cquivalent
inductor L,.

C. Quantum Buck-Boost SRC

The switching of SRC with
buok-boost eharactorbitks & proposed as shown in Big, 5.
‘The muxieling procedures arc similar to those of the quantum
buck converter, ‘The cquivalent circuit paramecters are as fol-
lows :

L, = (%)21, (10-a)
¢, =C, (10-b)
R, =R (10-¢)

From cq. (10) and Fig. 5, we know that the quantum buck-
boost converter operates as a buck-boost de/de  converter
with an cquivalent inductor L,.

D. Quantum Cuk PRC

Typical power topology of the PRC with Cuk con-
verter characteristics is shown in Fig. 6. When the PRC
operates at optimal  switching conditions, switch pairs are
always turacd on/off alternatively in synchronization with the
voltage zero crossing points. The quantum Cuk converter is
also modeted. The cquivalent circuit parameters are as fol-
lows:

Ly =1, (11-n)
Ly = 1., (11-b)

w
Cop = (-;)zco (11-¢)
Ry = R (11-d)

From eq. (11) and Fig. 6, we know that quantum Cuk con-
verter opcrates as a Cuk dc/de converter with an cquivalent
capacitor C .

1. CHARACTERISTICS OF THE QUANITUM
CONVERTERS
A. The Quantum Operation of the Resonant Converter

The output voltage of the SRC can be controlled by
proper sclection of the threc switch modes and the cach
mode should be changed at the resonant current Zero Cross-
ing points. Thus, the mode sclection intervals arc discrete and
the minimum period of this intcrval is the resomant half
period T/2.

Fig. 7 shows the resonant circuit voltage v, ‘and the
resonant current i, of the quantum buck converter for the
gencral control pattern. We can control the output voltage
by varying this control pattern. When the duty ratio of the
control pattern is given by the powcring mode m(T/2) of the
total period n(172), the dc transfer functions (G, =V /V,)
are shown in Fig. 8(a). By applying the similar mcthod for
the other quantum converters, the de transfer functions are
obtained as shown in Fig. 8(b), (c) and (d). The output vol-
tage levels are quantized by V /n and the number of quan-
tized levels are n. Thus, in order to reduce the quantization
level of the output voltage, the number of # should be
increased, however, the resonant current  ripple gencrally
incrcases for increasing n. Thercfore, the optimal control pat-
tern for this converter nceds some compromisc between
minimum ripplc and minimum output voltage step. The out-
put voltage ripple also depends on the control pattern period
n(772).

Fig. 9 shows the simulated comparision of quantum
buck converter and modeled buck converter for varying 8(
2C/Co ) = 0.1,0.01 and 0.001, The output voltage of quan-
tum buck converter v {r) is ncarly coincided with that of
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modeled buck convreter vop(r) except ripple components of
v (1). These ripple component decrcase as § decrease. The
filter input current i {1) somc high frcquency ripple com-
ponents, however, average current arc also coincided with
modeled buck current ip (i) shown in Fig. 9.

The maodeling results of the quuntum converters sug-
gested in this paper show that these models are simple ad
exact if C_>>QC and the output voltage levels are quan-
tized by the control pattern, The resonant circuit of the
quantum SRC is modeled by replacing an equivalent inductor
to the conventional buck/boost dc/de converter and the
resonant circuit of the quantum PRC is modeled by replacing
an cquivalent capacitor to the Cuk dc/dc converter.

Hence, the control becomes casy if suggested modeling
is used because the PWM de/de converter control algorithm
can be applicd to these quantum converters.  Switching
operations of the quantum converiers arc always synchronized
to the resonant current zero crossing points of SRC or the
resonant voltage zero crossing points of PRC. Therefore, the
device switching stress and switching loss are considerably low
and the resonant converter can operate wp to a high fre-
quency. Thus, the magnetic filters and isolation transformers
can be minimized in size and weight.

IV. CONCLUSION

‘The quantum converters are modeled and the modeling
results are discussed. The quantum converter operates at
opgimal device operating conditions, that is, low device
switching stress and fixed resonant frequency to the resonant
tank circuit. The output voltage is controlled by proper sclec-
tion of the switch modes. The SRC and PRC resonant cir-
cuits are modeled as general de/de switching power converters
with an cquivalent inductor or capacitor. The maodeling is
simple and exact if €, >>0C. New quantum converters with
boost and buck-boost characteristics are also suggested and |
modeled. From these models, the output voltage of the
quantum converfers can be controlled by proper feedback
algorithm, resulting in many advantage such as low switching
loss, rcliable high frequency operation, low EMI, etc.
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Fig. 2 Quantum buck converter waveforms (a) resonant cir-
cuit voltage v (b} resonant current i, (¢) ﬁ}tcr input current
[i,] and cquivalent filter input current i (¢) where, p.m
represents  the  powering  mode  and  f.mrepresents free
resonant mode.
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(a% switching of the SRC shown in Fig. 1 {b) modeled boost
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Fig. 5 Switching of SRC with buck-boost converter charac-
teristics (a) switching of the SRC shown in Fig. 1 (b)
modeled buck-boost converter
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Fig. 6 PRC with Cuk converter characteristics (a) quantum
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verters
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Fig. 7 Wavcforms of the quantum buck converter for gen-
cral control pattern, where pom represents the powering
mode, f.m represemts the free resopant mode and r.am
represents the regencration mode,
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