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ISRAEL

Abstract. A novel topology, Current-Fed Multi-
Resonant DC-DC Converter (CF-MRC) was studied
theoretically and experimentally. The main features
of the proposed converter are an inherent
protection against a short circuit at the output, a
high voltage gain and zero voltage switching over
a iarge range of output voitage. These
characteristics make it a viable choice for the
implementation of a high voltage capacitor
charger.

I. INTRODUC110N

Rapid charging of a capacitor to a high voltage [1,2] is a
challenging task from several aspects. The charger must not
only be immune to a shorted output but also to maintain an
acceptable operating conditions while the output voltage
swings over a wide range. This requirement and the general
trend toward higher switching frequencies warrants a search
for resonant topologies that are inherently protected against
short circuit at the output while maintaining Zero Voltage
Switching (ZVS) or Zero Current Switching (ZCS) over the
expected output voltage swing. The objective of the present
study was to explore the characteristics of a novel current fed
converter which maintains ZVS under shorted output and no
load conditions.

Fig. I. Basic topology of the proposed Current-Fed Multi-
Resonant Converter (CF-MRC).

The basic operation of the CF-MRC is described by
considering a simplified equivalent circuit in which the
secondary is reflected to dIe primary (Fig.2). The replacement
of dIe input inductor ~Lin) by a current source is justified by
the fact that in the proposed CF-MRC 4Lin»Lr.
Consequently, during one switching cycle, the AC
component through Lin is low and dIe input feed can be
considered to be a DC current source. Assuming an initial
stage in which dIe toggle switch S (which represent the
action of dIe two transistors) has just entered dIe Q2 position
(Fig. 2), the input current source will charge the primary
resonant circuit (Lr, Cl) and dIe voltage across dIe parallel
tank (VDS 1 = V C I) will rise in a semi-sinusoidal manner

(Fig. 3). This mode is recognized as dIe quasi-resonant period
[3] which lasts for A degrees (referred to dIe switching
frequency fs). At dIe end of dlis period, dIe voltage across dIe
Ql becomes negative and dIe anti-parallel diode Dl clamps it
to zero. In this boost mode, bodl dIe arms of dIe push-pull
stage conduct and hence dIe voltage across Cl is zero (Fig 3).
At half way of dIe switching frequency period, Q2 is turned
off and Ql is turn on. This revens the situations and the
invener stage enters dIe quasi resonant mode of dIe second
half cycle.

II. TOPOLOGY AND BASIC W A VEFORMS

The proposed Current-Fed Multi-Resonant Converter (CF-
MRC) (Fig. I) comprises a high-frequency current fed push-
pull inverter stage, a coupling current transformer (TV and an
output rectifier section which is followed by a capacitive
filter (Co). The coupling transformer (TV includes a split
primary to ensure a balanced loading of the push-pull stage.
The inverter is driven by a symmetrical square wave of a
frequency fs which is lower dIan dIe basic resonant frequency
formed by CI and Lr (Fig. I). A second capacitor C2 is
placed at the secondary to facilitate a conduction path when
the rectifier section is blocked. As will be shown below, the
secondary resonance, formed by Lr and dIe reflected C2 is of
prime importance in the operation of the CF-MRC. The
controlled switches of the inverter are transistors (QI) and
(QV to which external high speed anti-parallel diodes are
connected (Dl, DV to ~rmit bidirectional conduction.
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The voltage generated across CI feeds the series resonance
network which includes Lr and the reflected C2 (Fig. 2). The
periodic drive develops a quasi-sinusoidal voltage across C2
and when the amplitude of this voltage reaches the output
voltage Yo (Figs. 1-3) the bridge rectifier will conduct (Fig.
3) and energy will be transferred to the load side. It is thus
evident that the operation of the CF-MRC can include four
possible modes (Fig.3):
I. A quasi resonant interval while the output rectifiers

conducting.
2. A quasi resonant interval and nonconducting output

rectifiers.
3. A boost interval and a nonconducting output rectifiers.
4. A boost interval with a conducting output rectifiers.

ill. ANAL YSIS
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A. Basic assumptions.
A steady state analysis was carried out under the following

assumptions:
1. The converter's elements (switches, transformer,

inductors, capacitors) are ideal.

2. The input inductor is large (Lin » 1) which justifies

the replacement of Lin by current source in the
equivalent circuits used in the analysis (Fig. 2).

3. The output capacitor Co is much larger than capacitor
C2 and the reflected capacitance of Cl.

4. The voltage VCl across the capacitor Cl during the quasi
resonant period ~o-~2 (Fig. 3) has a sinusoidal
waveform and its frequency is higher than the switching
frequency fs [3].

5. During the interval ~1- ~3, when the rectifier bridge is not

conducting, the inductor current iL has a sinusoidal
waveform with switching frequency fs (Fig. 1-3):

iL = ~ = ILmSin (~)= f2. ~ (1)
n n dt

~ = 2nfst = rost (2)

where n is the transformer's turns ratio and ~ is
normalized time in radians with zero value at ~I (Fig.3)
and ILm is the peak current of the resonant inductor.
This assumption hinges on the fact that the
LrC2 network acts as a bandpass filter, attenuating all
harmonics higher than the switching frequency fs.

6. The inductor current iL decreases linearly during the

conducting interval 9 = ~3 -~5 ( 9 < n -( ~ +a(l» )

(see Fig. 3 for definition of <X(1».

B. Analytical methodology.
The above assumptions were applied to derive analytical

expression for all critical parameters of the proposed
converter. Details of the derivation are given in APPENDIX
I. Here we summarize the analytical approach and the final
analytical results.

Fig. 3. Basic wavefonns of the proposed CF-MRC. Generated by
HSPICE (Meta Software Inc, Campbel, CA) simulation.
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Finally, the necessary conditions to ensure ZVS at short
circuit are summarized in the graph of Fig. 6. These
relationships are based on (30) and (19) of APPENDICES I
& II. The normalized graph can conveniently be used to check
wether a given nominal design will maintain ZVS under
shorted output conditions.

As a first step, the conduction angle (e, Fig. 3) is derived
by calculating the average current of the rectifiers (Irecav) as a

function of Yo and then equating (Irecav Ro) to Yo. The

resulting basic expression which links the rectifier conducting
angle (e, Fig. 3) to other parameters of the CF-MRC is
equation 3 of APPENDIX I.

In the second step of the analysis (see APPENDIX I), the
input voltage (Yin), the output voltage (Yo) and the quasi-
resonant period (A) are linked to derive the voltage transfer
ratio (-YY ~ ). This is accomplished by relying on assumptions

In
(5) and (6). To this end, the first harmonics of Cl voltage
(YCI), C2 voltage (YCV and the resonant inductor current
(IL) were extracted. The harmonics analysis is based on the
actual shapes of these three parameters (Fig. 3). Once derived,
the fundamental harmonics are treated in a phasor form to
derive the critical angles between the (first harmonics)
voltages across Cl, C2 and Lr (Fig. A.l). This procedure
yielded expression (9) of APPENDIX I.

Finally, the relationship which links A to other parameters
of the converter is derived by applying the constraint that, in
steady state, the average voltage across Lin (Fig. 1) is zero.
The resulting expression is equation (19) of APPENDIX I.

The analytical result were then used to explore the voltage
and current stresses of the active devices over nominal
operating condition and as well as in a shorted output and no
load situations. Details are given in APPENDIX II.
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Fig. 4. Normalized relationship of e (equation 3 ).
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c. Overview of analytical results.
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To help further explorations of the proposed CF-MRC and
as a tool for their design, we describe graphically some key
characteristics of the converter (see APPENDICES I & II for
definition of parameters). A fundamental parameter of the CF-
MRC is the conduction period (8, Fig. 3) which is presented
in Fig. 4 in normalized form (degrees, referred to the
switching frequency). A large (8) will reduce the current
stresses of the transistors and of the rectifier diodes (equations
26 & 27 of APPENDIX II). However, a large (8) will
decrease the voltage transfer ratio and will therefore require a
transformer ( T2, Fig 1) with a larger turns ratio (n). It is
therefore recommended that (8) be chosen in the range (6()0 -

700) which seems to be a reasonable compromise between
the conflicting constraints.

Another important parameter is the ratio of the no load

output voltage to the nominal output voltage ( ~ VNOL ad)

oLood
given in Fig. 5. Also shown in this figure is the ratio of the
quasi-resonant periods (I..). The latter is linked to the voltage
stress of the transistors. The smaller the (I..) the larger the
voltage stress on the transistors and anti-parallel diodes
(equations 8, APPENDIX I). These graphs suggest that a

reasonable range for the ratio (~ ) is (1.25 -1.4 ).
ffir2
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Fig. 5. Change in the quasi-resonant angle I.. and the output

voltage (V 0) at no load conditions as a function of the

frequency ratio (~ ) and the conduction angle (0), both

at nominal load.
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IV. EXPERIMENT AL
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Fig. 6. The critical frequency ratio ( !!!L ) (below which the

0>r2 Cr

CF-MRC will loose ZVS at short circuit) as a function
of

Experiments were carried out with a number ofCF-MRCs
having different circuit parameters and with power levels up
to l50W. The experimental waveforms (Fig. 7) were found to
be in excellent agreement with the expected ones and with the
SPICE simulated waveform (Fig. 3) except for the parasitic
oscillation of the rectifier current irec (Fig. 7b). The
discrepancy is a result of the fact that the simulation circuit
did not include parasitic components (leakage inductances,
ESR of the capacitors etc.). The smooth experimental
waveforms of Fig. 7 clearly demonstrate the ZVS nature of
the converter.

The measured values of the key parameters of the CF-
MRC were also found to be in good agreement with the
values calculated from the formulas derived in this study (Fig.
8, 9). The experimental results undoubtedly validate the
equations presented here as an engineering design tool.
The efficiency of the experimental CF-MRC were measured

to be about 85% for a power level of 150Watt
(A) and (6).
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Fig. 8. Output voltage (Vo) as a function of the load resistance
(Ro) as measured and calculated for a CF-MRC of the

following parameters: Lin= 70 ~H, Lr= 18.2 ~H, CI =

20.7nF, C2=34.8 nF, Co= l00~F, n=l, Vin=30 V.
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v. CONCLUSIONS

Notwithstanding the fact that in the present analysis and
exp~riments we describe a push-pull configuration, the
proposed CF-MRC can of course be implemented in a full
bridge topology [4]. Also, the full bridge rectifier can be
replaced by a center tap full wave configuration. The push-
pull topology has several advantages including fewer
transistors and a simpler gate drive. The proposed split-
primary current transformer proved to maintain a balanced
operation of the push-pull stage.

Fig 7

(b)
Measured waveforms of experimental CF-MRC. Vertical
axis: (a) Upper trace: VDS, 10V/div ; Lower trace iC2,

O.3Ndiv; (b) Upper trace: irec , O.14A/div; Lower trace:

VC2, 65V/div. Horizontal scale: 500 nS/div. See Figs.
1-3 for notations. Data for: Vin = 5V, L;n= 70~H,

Lr=16.2~H, Cl= 8.2nF, C2 = O.8nF, Co= 100~F ,

Ro=5.4 ill, fs=391.75 kHz and n=4.
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APPENDIX I

Derivation of Basic Analytical Relationships

We begin the analysis at the interval "1-"3 (Fig. 3) when
the output rectifiers are not conducting. We fIrst solve for the
rectifiers current and link it to the ouq>ut voltage (Vo) and the
output resistor <Ro) to obtain:

-The analysis given in APPENDICES I & II suggest that
the fundamental independent parameters of the CF-MRC are:

the switching frequency (ros). the frequency ratio (~). the
ror2

conduction angel (9) and the quasi-resonant period (A). These
are therefore to be selected first when designing a practical
CF-MRC. A suggested design guideline is given in
APPENDIX III.

The inherent short circuit and open circuit protection of the
CF-MRC while maintaining ZVS throughout the dynamic
range make it a viable choice in a number of applications.
One such possible use is as a high voltage capacitor charger.

(3)

where:

1
00r2= ~ (4)

Zo2 = n~ (5)

The nonnalized relationship of equation (3) is depicted in

Fig.4.
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Fig. 9. Measured and calculated quasi resonant angle (A) as a
function of the load resistance. CF-MRC parameters as in
Fig. 8.
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(9)

4 n COS(~) COS(C:X(l»
~-Vin - ( ~ )2 ( 2keLCos('1'(lV ) ( ~ ')2 -kec COS(;(l»1 -1t 1+ Cos(e) \ ror2 ) .

(9)
where:

'1'(1) = Tan-

(11)

-I J ...h~keL =-\' ar..(1) + bL(l)

;(1) = Tan-1 [ac2(1) ] + ~
bc2(1) 2

-I ,,~- h2---kec =-\' Bc2(1) + bC2(l)

ac2(1) = ~ [ ~( (1 -Cos(e))Sin(e) -(7t -e -~Sin(2e)) ) -Sin(e)

2
bc2(1) = -(1 -Cos(e)

7t

(18)

Under no load conditions (Ro = 00): e = 0, (X(1) = '1'(1) ~(1) = 0, keL = kec = 1
and equations (9) and (19) are reduced to:

( A\ ~ 4 n Cos 2)

Vin
(~J- 1

~ [( ~ ']2 -1

n2C2 ror2)

-

-A.[ (I)2 -1 ]

~
JbUI)

~ Sin(e) COS(~)
Tan(O{I» = 2

]1 -( ~) [ ~ ( ~ ) -kecCoS(;(I» ]
The analytical relationship that links the quasi resonant angle A
to other parameters of the CF-MRC was found to be:0- -
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APPENDIX II

Voltage and Current Stresses

A. Voltage stress
The maximum voltage on the transistors and anti-parallel

diodes is (VClm) (Fig. 3) and can therefore be estimated
from equation (8).

The peak voltage on the rectifier diodes (VDRm) and on
capacitor C2 (V C2m) is:

YDRm = YC2m = Yo (22)

APPENDIX III
Design Guidelines

The following procedure is suggested for practical CF-
MRC design for a given input voltage (Vin). output voltage
(Vo) and output power (P). Note that most of the equations
are non explicit with respect to the parameter of interest.
Consequently. the proposed design procedure to follow calls
for numerical solutions of the relevant equations.

I. Find the load resistance

y2
o

R--0- p

2. Select the conduction angle 9 and the quasi resonant
angle A..

B. Current stresses
The upper limit of the resonant inductor (Lv peak current

is found to be:

I = 2nVorosC2 (23)
Lm 1+ cos(e)

From this result and (3):
1tILm = nIC2m = 2nIoOSiD(9) (24)

The peak current of the transistors persists at the boost
period:

3. Select the nominal switching frequency fs. depending
on the type of active devices and magnetics material
available. Switching frequencies up to 1 MHz are
practical with common Power MOSFET transistors
and readily available magnetic materials.

~ VONoLoad4. Select > 1 to ensure reasonable V
ror2 OLoad

(Fig. 5) and to insure ZVS at short circuit (Fig. 6).
5. Calculate keL. kec. '1'(1). ~(1) and a(l) using (10)-

(18).

6. Evaluate rosC2Ro by equation (3) or (Fig. 4) and
calculate C2.

7. Calculate the transformer ratio n using equation (9).

8. Calculate CI applying equation (19)

21tfs9. Calculate CI>r2 = ~.

10. Calculate the inductance of Lr applying equation (4).
11. Calculate the angle A. for the no load condition by

equation (21).
12. Calculate the output voltage Vo in no load condition

using the equation (20).
13. Calculate the voltage stress on the transistors and

anti-parallel diodes for the no load condition, applying
the equation (8) .

Iin L\IinIQm = ILm+ 2 + 2 (25)

if Lin = 00 then L\Iin = 0. For this case:

-( 1t ~ )IQm = I,\ 2nes;;j(ij) + 2V in (26)

The maximum current of the anti-parallel diodes (lDm) is
equal to ILm.

The maximum rectifier diodes current is found from (23)
and (3 ):

-2V00>sC2 .-~?!.- EIDRm -I +cos(e) Sm(e) -Ro e -2Ioe (27)

A CF-MRC which operates at ZVS at nominal load,
might loose its ZVS characteristic at short circuit condition.
This will happen if:

~AShortCir = 1t > 1t (28)
O>rl

Hence, to maintain ZVS at shorted output

~ > I (29)
ros

This relationship can explored by examining (19) to
extract the parameters domain that will ensure ZVS under
shorted output conditions. The result of this investigation is
summarized in Fig. 6 of main text. The curves define the

boundary of ~ defined as ( !E:s- ) .To ensure ZVS over
0>r2 0>r2 Jcr

the full range of output voltage the frequency ratio of the

nominal operating point ~ must be chosen so that
0>r2

;;.; ?: l;;.; lr (30)

14. Calculate the angle A for the short circuit case from:

AShortCir = ~ = 21t2fs~ For ZVS at short

o>r2

circuit, AShortCir < 1t.
15. Calculate the transistors' and diodes' peak currents by

equations (26) and (27). If the calculated voltage and
current stresses are excessive, the design steps need to

be, iterated by incrementing ~, e, A and repeating
o>r2

the calculation.


