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Efficient Resonant Power Conversion

STANIMIR S. VALTCHEV anp J. BEN KLAASSENS

Abstract—Power MOSFET’s are still not powerful enough for thyris-
tors, but for some applications, their features (such as the controllable
turn-off capability) could present an advantage. The major losses in
MOS devices are ohmic losses due to the on resistance of the device. The
mode of operation and the precise region of improved efficiency are
described for series-resonant power converters employing MOS transis-
tors. This paper considers switching frequencies that are higher than the
resonant frequency of the LC circuit only. The derived equations are
generalized. Plots are used to discuss the selection of the switching
frequency to maximize the efficiency.

1. INTRODUCTION

ESONANT conversion networks such as induction heat-

ing appliances of low and medium power levels are
implemented by power transistors. During experiments with
resonant loads, variation in the efficiency of energy transfer
is observed, depending on the frequency of excitation with
respect to the resonant frequency of the load. Because of the
significant variation in the resonant frequency of the load in
these technological processes and the ease of operation at
different frequencies with power transistors (including MOS-
FET’s), the appropriate frequency range for an efficient
performance is suggested.

Numerous papers have been written on the subject of
operating radio transmitters more efficiently by out-tuning
from the resonant frequency of the output LC tank connected
to the antenna. This mode of operation was considered by
Natchev for power converters for inductive heating [1]. Of
course, those solutions were implemented by electronic vac-
uum tubes because thyratrons and other latchable devices
could not operate at frequencies higher than or even close to
the resonant frequency of the process. It has been mentioned
in more recent publications [2]-[6] that resonant loads oper-
ating at frequencies higher than the resonant frequency will
make the operation both more efficient and safer. The expla-
nation has its roots in the physics of modern semiconductor
devices but how much the switching frequency should be
increased or the reason why was not understood.

The objective is to present the analysis of the series-reso-
nant converter, especially those operating above resonant
frequency using power FET switches. The results are used to
analyze the current form factor and its effect on the efficiency
both experimentally and theoretically. The selection of fre-
quencies lower than the resonant frequency is also taken into
account.
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Fig. 1. Schematic diagram of the transistorized resonant converter.

II. PrINCIPLES OF OPERATION

A simplified schematic of the power circuit of the resonant
converter is shown in Fig. 1. Its mode of operation consists
of the alternate closing of the semiconductor switches Q1 and
Q2 and the associated antiparallel diodes D1 and D2. The
load is in series with the series-resonant circuit. An alternat-
ing resonant current i/, is generated in the series-resonant
circuit with passive components L, and C,. The average
value of the load current 7, is related to this resonant current
by I, = |i,| o

The circuit may be operated at pulse frequencies above or
below resonant frequency f, of the resonant circuit, as
discussed in [6]. A main advantage of operating above a
resonant frequency for the converter is that there are no
diode or FET switching losses. The turn-on losses in the FET
switch are negligible because its inverse diode carries cur-
rent, and the voltage over the switch is zero before the FET
goes into conduction. There are also no switching stresses
applied to the diode. The diode can be of medium speed.
However, to achieve those advantages, the semiconductor
switch must turn off current and is therefore subjected to
turn-off switching losses. Lossless snubbers can easily be
applied to the FET devices.

Operation below the resonant frequency results in turn-on
switching losses and diode switching losses. High-speed
diodes are necessary. Another disadvantage will be the de-
sign of the input and output filters, which must be laid out for
the minimum switching frequency. FET turn-off occurs in a
lossless way when operating below resonant frequency, but
the turn on is started with a short-circuit connection through
the diode of the opposite switch.

Therefore, operation of the resonant converter above reso-
nance seems to be the proper choice for many power supplies
operating at high frequencies. This paper analyzes the con-
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duction losses of the switches in a series-resonant series-
loaded converter operating below and above resonant fre-
quency.

III. EFFICIENCY

To indicate the difference in efficiency 7 between the
operation at specific values for the pulse frequency, the
ohmic losses that are rooted in the resistive elements of the
end-stage are presented as P,.. The end stage may be
composed of power switching devices, rectifiers, magnetic
and capacitive components, and wiring. The resistor R
represents the total ohmic losses in the converter network.
The power P, is supplied to the output with a voltage U, and
a current I,. The reciprocal of the efficiency 7 is expressed
by

= (Pa+Ploss)/Po (1)

where
Piogs = Lo Rios @
P, = U,I, = (I,R,)1, (3)
where I, is the rms value of the resonant current i,

flowing through the resonant network. Since the average
value of the output current I, is identical to the average
value of the rectified resonant current |i,| (see Fig. 1), i.e.

1 (7 .
I,=— |i,| dt (4)
Tp 0
expression (1) is rewritten as
2, R, !
-1 rms 0ss oss 2
7 =1+ — =1+ 0; (5)
Il R, R,

which gives a useful relation between the efficiency # and the
shape of the resonant current expressed by the current form
factor

(6)

which may deviate depending on the mode of operation.
Approaching the square wave shape with the minimal value
for the current form factor p; equal to one is not possible in a
series-resonant circuit. It is advisable to operate with continu-
ous waveforms and to minimize the resistances of the circuit
including switches and rectifiers. The dynamic losses that
occur during the switching process will be briefly discussed
later. To minimize the on-resistance R g, of the power
FET switches, continuous waveforms are advantageous be-
cause the resistance R g, increases along with increasing
drain current [9].

P = Irms/Io

IV. Current ForM FACTOR

The relations between the current form factor p;, the
average output current I, the pulse repetition frequency f,,,
etc. are well defined in [7] in regard to pulse repetition
frequencies lower than the resonant frequency. For higher
frequencies, the analysis of the internal waveforms of the
resonant converter has to be performed.

Fig. 2 shows the generated waveforms for the resonant
current i, and the resonant capacitor voltage u.,, where the
pulse length x4 = ¥, + ¥, is equal to the half period of the
switching frequency f,. The voltage U, is the excitation
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Fig. 2. Characteristic waveforms.

voltage energizing the LC circuit. This voltage is considered
to be constant throughout every particular time interval of the
resonant current pulse.
The initial conditions are
i(0)=0
uc,(0) # 0.

(7)
®)

For the cyclic-stable mode of operation, a boundary value
problem is denoted as

ir(xo) = ir(o) =0 (9)
uc,(xo) = —uc,(0) #0. (10)

The process of switching is repeated with an alternating
polarity for every switching half period.

Introduce normalized voltages and currents (superscript
N):

ugr(x) = uCr(t)/E:

Uflc = Urc/E;

Z,i7(x) = Z,i (t)/E,
=w,l

normalized capacitor voltage
normalized excitation voltage
normalized current

normalized time

where

w, =27f,=1/y/L.C,
z,= VL,/C,

The state equation of the resonant circuit is written as

e B e B b

resonant frequency

characteristic impedance.
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The general solution of this equation is
() = U~ (U2~ (0)] cos()

+ Z,iM(0)sin(x) (12)
ul(0)] sin(x) + Z,iY(0) cos(x).

(13)

Z,iM(x) = [U: -

A. Time Interval [0, x, ]

A resonant current pulse is composed of two sinusoidal
current segments with individual time length ¥, = x, and
¥, = Xo — Xy, as shown in Fig. 2. The first segment of the
resonant current pulse is initiated at the time x =0 by
applying an excitation voltage U, ., to the resonant network.
When transistor Q1 or Q2 is turned on (see Figs. 1 and 2),
the excitation voltage UL, is a combination of the voltages
of the source and load. For a positive resonant current pulse,
the excitation voltage is written as

U, =1-¢>0 (14)
where ¢ is the normalized output voltage defined as the

conversion ratio ¢ = U, /E,. This segment is described by
the general solution (12) and (13)

ug(x) = Uty — [Ulf‘(l,‘l - ug,(0) ]cos(x) (15)
Z,ip(x) = [Ufe, ~ ug,(0)] sin(x). (16)

The end point x = x, of the first segment of the resonant
waveforms is expressed by

ué’,(xk) = UI%‘] - [Ul%l
Z,iM(x,) = [U -

B. Time Interval [x,, x,]

u¢,(0)] cos(x,) (17)
“Cr(o)] sin(x,). (18)

The second segment of the resonant current pulse is
initiated at the time x = x, by applying the excitation volt-
age U, to the resonant network. This corresponds to
switching off transistor Q1 or Q2 (see Figs. 1 and 2). The
current is now supported by the antiparallel diode against the
voltages E; and U, resulting in an excitation voltage

UN,=~-1-g<0. (19)
This segment is also described by the general solution (12)
and (13).

C. Cyclic-Stable Condition

Taking into account that the conversion process is in the
steady state, we can calculate the second part of the half
period, applying the boundary values of (9) and (10).

From the expressions (9), (10), (12), (13), (17), and (18),
we can assemble the values of the resonant current and
resonant capacitor voltage in equations, representing the end
values for the time interval [ x,, x,]

ug,(xo) = [ rer — Ul
+ {ULCI - ug(0)} cos(xk)] cos(xo — Xy)
+[ UG, — uf,(0)] sin(x,) sin(x, — x;)

(20)

ULCZ
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Z,il(x,) = [Uﬁ:z -
“sin(xg — %) + [Ufey -

Ult: + {ULAél - ug,(O)}cos(xk)]

uCr(O)]
- sin( x, ) cos(xp — x;) = 0.

(21)

In the switching circuit of Fig. 1, the excitation voltages
U/¢, and UJ¢, are different in order to transfer energy and
to stabilize the internal waveforms. In addition, U/, #
u2 (0) and UL, # —ul,(0); otherwise, we would not ob-
tain any oscillation at all.

To obtain expressions for the length of each time interval
¥, = x; and ¥, = Xy — X, we can transform (20) and (21)

into
cos(xp - x,) = Ule, — Uley + [Ulfa uCr(O)] cos(x)
k ugr(o) + ULCZ
(22)
uN (0) — UN.,] sin(x
sin(xo _ xk) _ [ Cr( ) LCl] sm( k) (23)

uCr(o) + Ui,

The initial values of the waveforms for the second segment
are easily derived from (22) and (23) with (10), (17), and
(18):

ug(x,) = U, - [ LC2 “gr(xo)] cos( X, — X;)
(24)
Z,if(x,) = [Ulf\éz - ”gr(xo)] sin(x, — x,). (25)

Equations (24) and (25) describing the second segment are
similar to (17) and (18), which describe the first resonant
segment for steady-state conditions.

We can generalize (24) and (25) for the second part of the
half period of switching in a way similar to (15) and (16) as

ug,(x) = U, - [Ufé‘z - “gr(xo)] cos(x — x;) (26)
Z,tfv(x) = [ULch VCr(xo)] sin(x - Xo).  (27)

For both time intervals [0, x,] and [x,, x,], the resonant
current and the resonant capacitor voltage are sinusoidal
waveforms, as shown in Fig. 2. Both time intervals are
linked at the time x = x,.

Since the expressions are normalized, we can apply them
to the analysis of the operation at frequencies lower and
higher than the resonant frequency for step-down (g > 0) or
step-up (g < 0) converters and for transistors as well as for
thyristors. We can now calculate all the necessary values for
the current form factor p; to evaluate its effect on the
efficiency.

D. Energy Balance

For the cyclic-stable mode of operation, the energy deliv-
ered to the LC tank is equal to the energy withdrawn from it
because no energy is consumed inside the LC circuit:

Wic=
0
Substituting the expressions for the resonant current (16) and
(27) for each part of the half period into (28) for Z, # 0, we

Xk X0
Upcyd, dx + f Uycpi, dx =0. (28)
Xk
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can transform (28) into
ULt Ul = u(0)][1 - cos(x,)]
= UM, [UPe, + ul(0)][1 — cos(x, — x0)] . (29)

Comparing u,(x;) to both (24) and (17) gives a third
equation, which, combined with (29), is solved for the
angles

cos(x;)

[Uler - ULt ][4 (0) - Ufe]
cos(xy — X;)
_ UV~ w3 0] - Ul 0) + Ua]

[ULAél - Ul?’cz][“gr(o) + Ulfva]
If we substitute
_ Ufe, + ug,(0)
LUl - ud(0)

(32)

Ufc; — ug,(0)

0, = ——=—+ (33)
2T Ul + ul(0)
the expressions (30) and (31) become more compact

ULA,CI - GIUI?,C?

cos(x;) = (34)
U - Ul

U, — 0,UY.

cos(xg — x) = 121 (35)

N N
ULC2 - ULCI

These equations summarize all possible modes of operation
and can be applied at switching frequencies both lower and
higher than the resonant frequency. The equations can also be
applied for a resonant converter operating with a reversed
power flow, assuming there are controlled rectifiers con-
nected to the load.

The analysis is now applied to the operation at frequencies
higher than the resonant frequency because for lower fre-
quencies, the expressions are identical to those in [7].

The resonant capacitor voltage u., reaches an extreme at
moments x = 0 and x = x, when its first derivative (i.e.,
the resonant current) crosses zero. For the cyclically stable
mode of operation, ., ... is equal either to —u,.(0) or
uc,(xy). The variation of the voltage over the resonant
capacitor 2u ., ., is hence the average value of the resonant
current Z, i, over the half period [0, x,]; therefore

Zr1¢?,= 2ugrmax/x0' (36)
If we introduce a more compact notation of phase angles ¥,
and y, of the time intervals of the resonant current as shown
in Fig. 2 (in the practical case of 27 f, > w,)
1 - g = que max

¥, = Xx; = arccos
1— g+ ul

) (37
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Fig. 3. Normalized output characteristic for a constant value of the current

form factor p;.

1+ g+ qul, o

¥, = (xo — x;) = arccos
2 1 +q+ugrmax

) . (38)

The rms value of the continuous resonant current is calcu-
lated from

(Z,2555)" = {(Zwe) [ 91 — 3 sin(291)]

(2, [¥s - dsin(29,)]}/(22)  (39)

where Z,i},,, and Z,i),,, are the normalized amplitudes
(virtual amplitude when the amplitude is not visible in the
time interval ¥, or ¥,) of the resonant current segments, as

in (16) and (27), with practical values in our case
Zr'}vmu = [UIEVCI - ugr(o)] =l-qg+ ugrmax (40)

Zrlymax = [Ul%2 - ugr(o)] =-1-¢g- ugrmax' (41)

V. COMPUTER ANALYSIS

The value of the current form factor p; is obtained by
dividing the rms current I, (39) by the average current I’
(36). Computer calculations were used to produce the nor-
malized output characteristics as the relation between the
conversation ratio ¢ and the average value of the normalized
output current Z, I, as shown in Fig. 3.

It was established theoretically that the current form factor
p; is less than 2/~+/3 = 1.155, which is better than some
modes of continuous current at frequencies lower than the
resonant frequency [7].

Fig. 3 shows that the optimal area of operation for this
class of converters should be for higher values of the conver-
sion ratios g. For g = 0.5, the current form factor could be
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Fig. 4. Conversation ratio ¢ as a function of frequency ratio F = f, /f,,
for a constant value of the current form factor p;.

N

better than the one of the p; = 7 /2+/2 = 1.1107). The re-
gion of an effective operation is expanded especially at higher
currents (close to but higher than the resonant frequency).

To understand how the switching frequency f, influences
the current form factor, the relation between the conversion
ratio g and the relative frequency F = f,/f,., is shown in
Fig. 4 for F > 1 as well as for a constant value of the current
form factor p;. The current form factor shows limited varia-
tions for a constant switching frequency that is greater than
the resonant frequency.

We can say that up F = 2 (and especially with ¢ tending
to higher values), the efficiency is better than at resonance. It
can be shown that it is not possible to reach ¢ = 1 (U,, =
Uy 3> which implies no oscillations at all), as is indicated in
both Figs. 3 and 4.

To conclude, it could be said that looking at Fig. 4 for
every value of the conversion ratio g, a particular frequency
could be found with a minimal current form factor (thus
maximal efficiency). This selected frequency may lead to
efficiencies that are even better than those at the resonant
frequency if the output voltage is at least greater than half the
supply voltage (g > 0.5).

VI. EXPERIMENTAL WORK

An electronic circuit shown in Fig. 5 was designed and
constructed to ensure a phase shift between the rear slope of
the resonant current at the zero-crossing point and the rear
slope of the control gate-drive pulse. In practice, the control
of the output voltage for a dc-dc converter is realized with
pulse frequency modulation.

Experiments were carried out on a 1-kW half-bridge con-
verter in combination with a full-bridge rectifier, as was
already shown in Fig. 1. The rectifier bridge is connected to
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the load, which consists of a resistor in parallel with a filter
capacitor. The converter applies power MOSFET’s, which
are capable of current turn-off as required for switching
frequencies higher than the resonant frequency. The losses of
these devices entirely depends on the on resistance.

Parallel loading of the resonant capacitor was also experi-
mentally verified, but the efficiency of this mode of operation
is subject to different considerations with respect to the
indicated idealizations and has been investigated in Steiger-
wald’s work [6].

In Fig. 6, the efficiency for a different series loading is
plotted as a function of the switching frequency. The shaded
area indicates the resonant frequency of the LC circuit. In
this figure, a shift of the maximum efficiency is clearly
observable for different loading. This shift, and the occur-
rence of a maximum efficiency at frequencies higher than the
resonant frequency, demonstrates the importance of the ohmic
conduction losses to the total efficiency. This corresponds
with the results of the analysis of the areas of efficient energy
conversion with series-resonant converters. If there were no
losses other than dynamic losses, the efficiency would de-
crease along with the frequency.

In order to understand the entire process including the
switching phenomena, the shape of the characteristic current
and voltage waveforms were recorded and analyzed in the
experimental converter. In Figs. 7 and 8, the resonant cur-
rent i, and the current through the switches are shown for a
switching frequency that is both lower and higher than the
resonant frequency.

It is well known that because of the recovery time of the
freewheeling diodes, a short circuit is introduced at the
moment a transistor is turned ‘‘on’’ for frequencies lower
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Fig. 7. Wave for switching frequency lower than the resonant fre-
quency (timescale: 5 u/div. Upper trace: current through the switch i,
(30 A/div); lower trace: resonant current i, (25 A/div).

Fig. 8. Waveforms for a switching frequency higher than the resonant
frequency (timescale: 5 ps/div). Upper trace: current through the switch
is, (30 A/div); lower trace: resonant current i, (25 A/div).

than the resonant frequency, as can be seen from Fig. 7. The
input capacitance of the power MOSFET’s (including the
Miller effect) slows down and delays the rise of the gate
voltage. Since the on resistance R ;4 of a power MOSFET
is strongly dependent on the gate voltage, the losses increase
{81, 9.

For operation above the resonant frequency, this problem
is eliminated since the switches are turned on at zero current,
as is shown in Fig. 8 (the transistor is allowed to conduct
while its antiparallel diode is still conducting). The slow
rising of the gate voltage will not influence the efficiency at
higher conversion frequencies.

For frequencies that are lower than the resonant frequency,
a large leap of dissipation is caused when the transistor is
turned on and for higher frequencies when the transistor is
turned off.

Switching at higher frequencies has the advantage that for
the continuous mode of operation, the transistor is switched
‘‘on’”” when zero or almost zero voltage is applied to it. This
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makes it possible to apply nondissipative snubbers to reduce
the turn-off losses, as is well known from [2]. The experi-
ments with capacitive snubbers revealed a decrease of the
losses, which were measured directly at the switching transis-
tor by approximately 2 to 4%.

VII. CoNCLUSIONS

The dc analysis of the series-resonant converter is pre-
sented operating above resonant frequency, which is used to
analyze the current form factor and its effect on the efficiency
both experimentally and theoretically. Plots are used to dis-
cuss the selection of the switching frequency in order to
maximize the efficiency.

The derived expressions are generalized and can be applied
to calculations in any of the switching modes for a series-res-
onant circuit. For switching frequencies higher than the
resonant frequency, an area of more efficient operation is
indicated, which will aid in the design of this class of
converters and power supplies. It is pointed out that (espe-
cially for the power MOSFET’s where the ohmic losses
dominate) it is more attractive to select switching frequencies
that are higher than the resonant frequency because of the
possibility of nondissipative snubbers. Slowing down the rise
of the gate voltage and, hence, the slow decrease of ‘‘on’
resistance during turn on is also not a drawback to high-
frequency switching. Because of this safer operation, the
standard intrinsic diode of the power MOSFET could be used
at high frequencies instead of the more expensive FREDFET.
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