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Abstract—This paper proposes a design method oénd experimental results. The maximuffia@ency of the
resonant converters applying computation algorithm aesigned converter is 95.8% with 400 kHz operation and
bifurcation values. As a design example, the phas&0 W output power.
controlled resonant dc-dc converter with the class-D Zero-

Voltage Switching (ZVS) inverter and the class-E rectifie2. Summary of Design Algorithm
is designed. By drawing the ZVS region on the parameter ] ) ] ] ]
space, it is possible to obtain the proper component valuesThe computation algorithm for bifurcation-value deriva-
for satisfying the ZVS condition at any phase shiftstions has special computation techniques, which provides
The validity of the design method was confirmed fronrigorous bifurcation values with low computation cost
the gquantitative agreements with PSpice-simulation an@gardless of the system complexity. In this paper,
experimental results. c?mpugation algorithm in [4] is basis for the proposed
algorithm.

1. Introduction 2.1. System Description

Resonant converters are widely used as power- . : ; :
electronics circuits for RF power supply [1], wireless Let us consider a dynamical system described Bgdi

power transfer system [2] and so on. One of the desig‘l;‘{m"’lI equations:

motivations of the resonant converters and inverters is d
an achievement of the soft switching conditions such as ax_ f(t, x, A) (1)
Zero-Voltage Switching (ZVS) condition. dt T

The phase control [3] is a major control strategy to ]
achieve the soft switching in the wide control-parametewheret € R, x € R", andA € R™ denote time,
region. By changing the phase shift between two inverters;dimensional state, and-dimensional system parameter,
the amplitude of the sinusoidal current can be adjusted amespectively. In this paper, for sake of simplicity,
output-power control is achieved. It is, however, not simple
to design the phase-controlled converter for achieving ZVS f:RxR"'xR" —» R" 2
at any phase shifts. This is because the ZVS condition is tx ) — ftx) @
sensitive to load variations. Therefore, it is important to
comprehend the switching states in wide parameter regi@gperiodic function irt with periodtr :
for determining proper system parameters.

By the way, switching converters are regarded as typical f(t+tr,x, 2) = f(t, x, A). 3)
nonlinear systems with periodic external forces. Therefore, T T

the power-electronics research field is very familiar WitRpye 3150 assume that (1) has a solutidt) = ¢(t, Xo, )
nonlinear-system analysis research field. In the nonlineggfined on-co < t < co with every initial conditionxg €
research field, there is the special computation algorithign 5 everyl € R™: x(0) = ¢(0, Xo, 4) = Xo.

for obtaining bifurcation values [4]. The bifurcation-value
derivation problem narrows down to the derivation of o, . .
the system parameters, which satisfy the bifurcation aréi2. Poincae Mapping and Steady-State Conditions

steady-state conditions simultaneously. On the other hand,By the periodic hypothesis (3), it is natural to define a

most of power-electronics-circuit characteristics such gse 2 ; Nintn i .
switching conditions and output power are defined in tﬁg diffeomorphisnil’ from state spacl” into itself

steady state. Namely, it is possible to derive system

parameters of the power-electronics circuits for satisfying

the assigned design conditions with high accuracy and

low computation cost when the computation algorithm of . . L . .

bifurcation values is applied to the circuit designs. The mappingdr is often called the Poincarmapping and is
This paper presents a design method of resonaHged for investigating qualitative properties of (1).

converter applying computation algorithm of bifurcation If & solutionx(t) = ¢(t, po. 4) is periodic with periodr,

values. As a design example, the phase-controlled resond pointp, € R" is a fixed point ofT :

dc-dc converter with the class-D ZVS inverter and the

class-E rectifier is designed. By drawing the ZVS region on T(po,A) = po. (5)

the parameter space, it is possible to obtain the proper com-

ponent values for satisfying the ZVS condition at any phasé py = X, (5) corresponds to the boundary conditions for

shifts. The validity of the design method was confirmedhe steady state. The initial valugg for the steady state

from the quantitative agreements with PSpice-simulatiooan be determined uniquely by solving (5) with= Xo.

T:R" - R )
Xo = T(Xo,4) = ¢(tr, Xo, ).
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Inverter 2

2.3. Power-Electronics Circuit Design Conditions Inverter |

Power electronics circuits such as switching converters S% Jcm Cs2 S’ZE
can be expressed byft#rential equations with periodic : ] ! vsnt :
external forces as given in (1). Additionally, most of design . Drai L%'\_C{“rl it in C‘iéﬂﬁ Dr22
restrictions of the switching converters are evaluated in the Sul o Ton 1| ez gl S
steady state. Because it is necessary to consider multiple 4B L, : ‘
conditions for the circuit designs, we have ot I !

G1(Xo, ) - '
Ga(Xo, 1)
G(xo, ) = . =0. (6)
GN(Xo, /l)
When (5) and (6) are solved simultaneously by using (@

Newton’s method, it can be obtaineg for guaranteeing
the steady-state conditions andor achieving the design |
conditions simultaneously. Mf \ii
dk
= s r'sp

2.4. Boundary-Curve Tracking

The visualization of system characteristics in two-
dimensional parameter spach (1) is considered. When (b)
characteristics are investigated all the sampling points of
parameter space, high computation cost is necessary figure 1: Phase-controlled resonant dc-dc converter with
the characteristic comprehensions. The characteristitise class-D ZVS inverter and the class-E rectifier. (a)
can be visualized with low computation cost by drawingCircuit topology. (b) Equivalent switching device model.
the boundary curves, which is our proposal for the
computation-cost problem. A{, Ay) expresses thédth
parameter set for satisfying the assigned conditions and

subscriptiorl means the number of iteration. It is assumed|ass-E rectifier. The amplitude ofcan be controlled by
that the first parameter sefl.6, A20) for satisfying the the phase shift between the invertétswhich means that
assigned conditions can be obtained. For boundary curige output power can be adjusted by changing the phase
derivations, one of the parameters is slightly changed, e.ghift. A maximum and minimum rectifier input currents
A11 = A0+ Els Wheresﬂm IS a Sampllng interval on the are y|e|ded ap = 0 and¢ =, respective|y.
parameter space fat,,. The other parameter, namely
A1 can be determined from the parameter-derivatiog » (|a3ss-E Rectifier
algorithm. By changing the system parameter slightly,
Newton’s method is converged with a few iterations. The class-E rectifier consists of diody diode-shunt
It is necessary to know the direction and the slope fotapacitanc€p, low-pass filtelL; —C¢, and load resistance
following the boundary curve. The direction and slope caR as shown in Figure 1. In the class-E rectifier, the
be obtained approximately from difff(larencehof thk? iﬁpué c(ljjrrerit ar;]d thﬁ output current
_ _ _ lo flows through the diodeD or the shunt capacitance
(Aay> Aiy) = [(Au = Agq-1)) /&0y, (A2 = A2q-1))/€2,]. (7) Cp alternatively. During the diode is infibstate, the

By using (7), the parameter for obtaining fhel th solution current flows through the shunt capacitance. The diode

; voltage is transformed into a DC voltage through the

IS re/lnewe(i 35 1 it A A L — C¢ low-pass filter. In the diode-on duration, the

{ Ly Z A1 + (= 1)39’1@11')‘% !f A > e (8) diode voltagep is approximately zero, which leads to the
20+1) = A2+ (=1)8gNQz s, If Mgy > Agy. ZVS at turn-df instant. At the turn-i transition of the

. . . diode, diode voltage and the slope of it are zero, which
When the above computations are iterated agdinsle 5re called class-E ZV2DS conditions. Because of the
boundary curve can be followed automatically in theass-E Zv&DS conditions, the class-E rectifier can also
parameter space. achieve high power-conversiotffieiency. It is noted that
3. Design Example the class-E rectifier always achieves the class-E/Z0S
conditions regardless of the circuit parameters, which is
3.1. Phase-Controlled Class-D Inverter different from the class-D ZVS inverter. ,
The phase-controlled resonant converter as shown in
The phase-controlled class-D inverter is composed d¢fig. 1 can achieve a high power-conversidiicéency when
two identical class-D inverters, which are connected ithe phase-controlled inverter satisfies the ZVS condition.
parallel. Each inverter consists of input voltage soufge Therefore, it is quite important to ensure that the phase-
two MOSFETSs as switching devices;; and Syj, shunt controlled inverter achieves the ZVS at any phase shifts.
capacitance<s;j and Cspj, and series-resonant circuit - -
LH- - Cij, Wcr;%re the subs%ripjtis a Iaﬁel of the inverters. 30-13- Circuit Description
The top and bottom switches at each inverter turns on an i i i
off alternatively with the switch on-duty rati®, where m(')l'g;infg llowing assumptions are given for converter
D < 0.5 for generating the dead time. The ac currgnt '
is generated by the series-resonant filtgr — C;;. The 1) All the switching devices, which are MOSFETS,
rectifier input current, wherei = i1 + iy, Is fed into the MOSFET anti-parallel diodes, and rectifier diode
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work as ideal switching devices; namely zero switchThe normalized resistances of the bottom switches of the

ing time and infinite &-resistance are assumed. inverter are given by
2) The switch-on resistance of MOSFETS, anti-parallel -
diodes, and rectifier diode are considered, which are —, if Dyj is in on-state
expressed ass, rsp, andrp, respectively. Re R
3) The shunt capacitances include MOSFET drain-to- I g oo, if Dyj is in off-state and & Vs1j <1
source capacitances. The nonlinearity of the MOS- r Vi
FET parasitic capacitances are ignored. Additionally, ﬂ, otherwise.
the shunt capacitances at top and bottom switches are R

identical, namel i = Csyj. . . . (10
: ! . )Cs.l’ s2] Similarly, the normalized resistance of the rectifier diode is
4) The equivalent series resistances (ESRs) of all com-

ponents are considered. However, they af@cant o Vb Vih
small not to &ect the waveforms. Ro R for v, < v
5) The switchesS;; andSy; turn on atd = 0 andd = R= Vo Vin (11)
n, respectively, with duty ratid. Additionally, the 0 for v > VA
| |

class-D inverters 1 and 2 are driven with phase ghift

6) The component values of the inverter 1 are thguherew is the threshold voltage of the rectifier diode.
identical to those of the inverter 2. When we definex is X = [Xi, X2, -+, %] = [Rir/Vi,

For the circuit-equation formulations, the normalizedr2/V1: Veri/Vis Vera/ Vi Vs1 /i Vsa/Vi, Vo Vi, R /i,

parameters are defined as follows. Vi/Vi 1T € R®andA = [Q, Ain, Are, Bin, Bre, H, D, R Is/R,
_ . rso/R ro/R 1, /R 1, /R Vi, ¢ 17 € R, it is seen that
a) w = 2nf : The angular operating frequency. the circuit equations in (9) corresponds to (1). The voltage
b) win = 2xf, = 1/(VLC;) : The resonant angular and current waveformg can be obtained by applying the
frequency of the inverter. Runge-Kutta method to (9).
c) An = (fin/f) = win/w : The ratio of resonant

frequency of the inverter to operating frequency. 3.4. Drawing the ZVS Region

d) Bin = ?S{qcr = (Cs1 + Cs2)/ Crf 3 T.hehratio of the  kor drawing the ZVS region, it is necessary to express
sum of shunt capacitances of switches to resonage poundary condition of switching states between ZVS

capacitance of the inverter. and non-ZVS. In this paper, the switching states of the
e) ws = 2nfy = 1/(4/LiCt) : The cut-df angular bottom switches are considered because of symmetric
frequency of the low-pass filter. operations between the top and bottom switches.

Because the waveforms in the steady state are periodic

f) Ae = (fr/f) = w/w: The ratio of cut-& frequency orbit with 2z, the steady-state condition corresponding to

of the low-pass filter to operating frequency.

g) Bre = Cp/Ct : The ratio of the shunt capacitance of(s) 1S
ﬁggtirfeig:lfler diode to low-pass filter capacitance of the @21, %0, ) = %o =0 € R°. (12)

h) H = L;/L¢ : The ratio of resonant inductance of theThe houndary condition between ZVS and non-ZVS means
inverter to IOW-paSS filter inductance of the rectifier. that the Switch-vo|tage waveform reaches zero from posi-
i) Q = (wL)/R: The parameter like loaded quality tive to negative direction at switch turn-on instant. Namely,

factor of the inverter. we have
From the above assumptions and normalized parameters, dys(2r .
the circuit equations are ¢s(2r) = 0 and ‘pz(e ) < Ofortheinverterl (13)
i@uh%ﬁulﬁ_@_ﬁLEﬂ and
Vv, Q\vi. Vi Vv, R V
dVe, hj we(2r+¢) =0 andM < 0 for the inverter 2(14)
TRV vy o
do v, A V| _
dvs;,  AQ[[ R\ R R Vs, Rirj By solving (12)-(14) successively with the curve track-
dd Vi ~ Bin [\Rszj/ \Rs1j Rszj/Vi V ing algorithm, it is possible to draw the boundary curve

. . . (9) between the ZVS and non-ZVS regions on the parameter
dvo _ AeQ[Rlin+in) R vo_Rir space. When a parameter set satisfies all of two conditions,
do v, - BreH[ V, “Ro ViV, the ZVS can be achieved at both the inverters 1 and 2.

dRif H (VD vi T Rif) 3.5. Computation Results

Vv, Q

Vi Vi RV The component values according to the concrete design
dv 2 Ri. v specifications can be obtained by using the normalized pa-
ave _ AQ (_f _ _f) j=1 and 2 rameters. In this design example, the design specifications
do v, H\vi v/’ are given as: the operating frequenty= 400 kHz, the
load resistanc® = 50 Q, and the maximum output power
where Rs;/R, Rs2/R, and Rp/R are the normalized Pomax= 50 W. The output power is controlled from 50 W
resistances of the bottom switch of the inverter 1, thab O by varying the phase shift. FromR = 50 Q and
of the inverter 2, and the rectifier diode, respectivelyQ = 3, the resonant inductante = 59.7 uH was obtained.
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Figure 3: Waveforms of numerical calculations (dashed
line) ,PSpice simulations (dotted line) and circuit experi-
ments (solid line) forp = 72°. Vertical : D11, Dr12:10
V/div, Vs11, Vs12:100 V/div, ir1, ir2:1 A/div, i:2 A/div,
Vp:200 V/div, v¢:50 V/div and Horizontal : 400 ridiv in
PSpice simulations and circuit experiments.
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Figure 2: Boundary of ZVS or non-ZVS region for fixed

phase shifts and ZVS region at any phase shiftdgrmnd Mmeasurements fop = 72. The ZVS region is the
Bi, space. narrowest atp = 72°. It was confirmed from Fig. 3

that both inverters 1 and 2 achieved the ZVSgat=
72. Namely, the phase-controlled resonant converter with
class-D ZVS inverter could be designed successfully. This
Jgsult showed the validity of the ZVS-region map as shown
In Fig. 2. Additionally, the numerical waveforms agreed
with the experimental and PSpice simulation waveforms
quantitatively, which showed the validity of circuit-model
formulations and the steady-state waveform derivations.

Table 1: Component Values and Characteristics of Pha
Controlled Resonant dc-dc Converter.

| Calculated| Measured| Difference

Cn 9.96 nF 10.0 nF 0.53 %

Cr2 9.96 nF 100 nF 0.53% i

Csi | 684pF | 6/3pF | 0.17% 4. Conclusion

Cs2 684 pF 670 pF '0'21;%’ This paper has been proposed design method of resonant

Co .14 nF .14 nk 0.00 % converters applying computation algorithm of bifurcation
Lt 300uH 303uH 1.00 % values. As a design example, the phase-controlled resonant
Cs 5.28 uF 5.28uF 0.00 % dc-dc converter with the class-D ZVS inverter and the
Po 500 W 498 W -0.004 % class-E rectifier is designed. It is possible forth designed
n 95.8% 91.9% 390% converter to achieve the ZVS condition at any phase shifts.

The validity of the design method was confirmed from
the quantitative agreements with PSpice-simulation and
experimental results.

Also, H = 0.2, A = 0.0, B, = 0.001, rp/R = 0.05,

Die = 0.5, rs/R = rsp/R = 0.05 are given. Because of
H = 0.2, the inductance of low-pass filter wag =30QuH. )
The inductors ofL,1, L,», andL; were made posterior to [1] C. Ji, P. Zanchetta, F. Carastro, and J. Clare, “Repet-

the component value derivations, and ESRs of inductances itive control for high-performance resonant pulsed
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