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Abstract -The applicability of a Current-Fed Push-
Pull Parallel-Resonance Converter to Power Factor
Conditioning was Investigated theoretically and
experimentally. The experimental switching
frequency was In the range JOOkHz-860kHz. The
basic features of soft switching, Inherent high
Power Factor and simple control make the proposed
approach a viable design alternative for power

Input stages.

network (Co, RL) through the rectifiers (DRl, DR2). The
stage is driven by a switching frequency (fs) which is lower
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Fig. I. Power stage of the proposed Resonant PowerFactoJ
Conditioner (RPFC).

The exi~ting and pending power quality standards and the
subsequent search for input power stages with high Power
Factor (PF), motivate researchers to explore alternate
approaches to solve the problem of Power Factor
Conditioning (PFC). The classical method of the PWM
Boost converter [I] is characterized by hard switching and is
therefore limited to low switching frequencies. This
limitation can be alleviated by converting the hard switching
of the PWM Boost converter to a soft switching scheme. For
example, in the topology proposed in [2], an auxiliary
network is used to reduce the rate of voltage changes of the
switches. The possibility of applying a voltage fed resonant
converters was investigated in [3].

In this study we explored the applicability a modified
Current-Fed Push-Pull Parallel-Resonant Inverter [4-6] in
PFC applications. The main advantage of this topology vis-
a-vis PFC is the inherent current smoothing of the input
inductor, sinusoidal shapes waveforms and the possibility to
apply a symmetrical, referred to ground, switch drivers [7].
The study was concerned with the two facets of the problem:
to explore the primordial PF of the system when the control
is constant within the power line cycle and to derive the
expression for the control profile needed to maintain a near
perfect PF.

II. THE PROPOSED TOPOLOGY

Examination of the basic waveforms of the RPFC (Fig. 2&

3) reveals four modes (M 1-4) for each half period (f) of the

switching frequency (fs). Each of the four modes can be
represented by an equivalent circuit in which only the relevant
elements '4fe included (Fig. 4) and the input inductor is
replaced by a current source (Iin). This latter simplification is
justified by the fact that in the proposed implementation of

-Lrthe RPFC, Lin » 4 .It should also be noted that in the

equivalents circuits (Fig. 4) for each half switching period
(Ts), the input feed is reflected from the center to the end of
the resonant inductor (Lr) by applying its auto-transfonner

relationship which translates Iin to ~ .

Among the four modes (FigS. 2 & 3) we recognize two;
quasi-resonant periods (Ml,3) in which the voltage across the
tank is controlled by a high Q resonant network. This helps

to provide a relatively low ~ across the relevant switch when

turned from 'on' to 'off (at the beginning of MI) .When the
voltage across the tank reaches the output voltage the power
stage enters the clamp period (M2) in which the output
rectifiers are conducting and energy is transferred to the

The proposed power stage of the Resonant Power Factor
Conditioner (RPFC) comprises (Fig. 1) an input inductor
(Lin), a push-pull stage driven by two switches (Ql , Q2 and
associated anti-parallel diodes Dl, D2) and a resonant network
(Lr, Cv. Energy is transferred from input to the output
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output. The constant voltage across the tank causes a linear
increase in the current of Lr (Figs. 2&3) and when this

Iincurrent reaches 2 ' the power stage enters the second

resonant mode (M3). This mode lasts until the voltage across
the tank passes the zero voltage level and the relevant anti-
parallel diode (Fig. I) conducts. At this point, the power
stage enters the boost period (Fig. 3, M4) in which the tank
is shorted by a switch and the anti-parallel diode of the second
arm.
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Simplified equivalent circuits for the four operational
modes (Ml-4) of the proposed RPFC. See Figs. 1&2
for notations.

It is of interest to note that the overall concept of
operation of the proposed RPFC is akin to that of the
classical PWM Boost topology. In fact, the clamp (MV and
the boost (M4) modes of the RPFC are identical to the Dof(
and 'Don' of the Boost converter except for the fact that the
operation of the RPFC is driven by a push pull stage with
two rectifiers. However, whereas the classical approach is
characterized by hard switching, the proposed RPFC exhibits
soft switching of all critical components. The MOSFET:
switches turn 'on' is under ZVS due to the fact that the anti-
parallel diodes are already conducting when the transistors are
turned on. Also, the fact that the voltage rise is sinusoidal
during M I (Figs. 2&3) helps maintain ZVS condition at turn
'off. The output rectifiers (DR, Fig. I) operate under ZVS at
turn 'on' and both ZVS and Zero Current Switching (ZCS)
during turn 'off. The latter is due to the fact that the rectifiers'

Fig.3.
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Fig. 2. Basic wavefonns and operational modes of the proposed
RPFC. Horizontal axis is nonna1ized angles (e) referred
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current reach zero at the transition between M2 and M3 (Fig.

4).

III. APPLICATION AS A POWER FACTOR
COND mONER

The proposed scheme for applying the resonant power stage
under discussion as a RPFC, hinges on the fact (to be shown
below) that the input current to this stage is a function of the
switching frequency. Consequently, Power Factor
Conditioning can be achieved by incorporating a Voltage
Controlled Oscillator (VCO) in a feedback loop (Fig. 5) to
force the line current to be sinusoidal. In this proposed
configuration, the output capacitor (Co, Fig. 5) is used as the
energy storing element. Cin is a small by-pass capacitor,

used to provide a return path to the inductor's switching
frequency current

1
where:

-rLr
20=-\' ~ ' fo=

2 7t .[L;c;

and fs -switching frequency.

When this power stage is applied as a RPFC, the output
voltage is constant but the rectified input voltage (vr) varies

sinusoidally (Figs. 5,6):

vr«1» = Vm ISin«1»1 (2)

where cI> is the line phase angle in Radians and Vm is the

peak amplitude of the line voltage.
Energy transfer will occur only when the input to output .

transfer ratio M is high enough to pennit conduction of the
output rectifiers. At the beginning and at the end of each half
cycle, when the input voltage is of a very low value, the
RPFC exhibits a gap in the input current.

MagnitudeThe two error amplifiers (E/Al and E/A2, Fig. 5) are used to
control the average output voltage to Vref (E/Al) and to force
the input current to follow the desired sinusoidal shape
(E/A2). To fulfill these tasks, E/Al should have a low pass
response whereas the bandwidth of E/A2 should extend
beyond the line frequency.
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Fig. 6. Rectified Power Line voltage (vr) and rectified Line
current (iV for a constant switching frequency (fs) as a.
function of normalized time in Radians «I».

At the boundary of the energy transfer, defmed as ('I') (Fig.
6), the input to putput voltage transfer ratio M can be
calculated from (I) by applying the boundary condition :

Basic analytical expression of the proposed power stage
were derived under the following assumptions:
a. Ideal elements and devices: switches, diodes, rectifiers,

capacitors, and inductors.

b. A large input inductor Lin » ~ (Fig.l) which justifies

the replacement of Lin by current sources in the
equivalent circuits of Fig. 4.

c. Lossless operation (Pin= Pouu.
d. A constant output voltage: Vout = Constant (infinitely

large Co).
e. The frequency bandwidth of the power stage is much

higher than the line frequency.
Ir('1') = 0 (3)
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(9)
v sin'V

m
(4)

The Power Line phase angle at which input-to-output
conduction commences and can be calculated from the above
equation as: The effective Power Line cu:iTent is calculated applying (8)

and the definition of the nns value (see appendix II) yielding:

~nnns= ..
Vout

7t Vm

Sin(",) = (5)

Vm (ro
J= Z-;;-l ~ " 27t «7t -2'1')(2 -cos2'1')-3sin2'1') )

(10)
Applying eq. (2),(8) and the definition of the average power

it may be further shpwn (see appendix Ill) that :

y2
m
(f o ,

Pay = --\7t -2", -sin2", )

Zo fs ,

fs

fo

Under the above assumptions. we may state that the
conduction region is symmetrical and located in the 'II < <I> <
(7t-'ll) range (Fig. 6). As it will be shown later, the gap angle
('II) is the only parameter responsible of the power factor
degradation of the proposed RPFC. Relationship (5) implies
that better PF could be achieved lowering the switching

frequency.
Generally, the transfer ratio of the RPFC depends on the

phase <I>. Using (2) and (4) the voltage transfer ratio in the
entire conduction region 'II < <I> < (7t-'ll) may be calculated
as:

v out

vin(cjI)

and since for 100% efficient system Pav ,= Pin= Pout, this is
also the output power of an ideal RPFC. Note that the output
power could be regulated by varying the switching frequency.
Expressions (10) and (11) can then be used to derive the
Power Factor (PF) of the proposed RPFC when driven by a
constant switching frequency (fs):

Pav

sin\1/
M«1» = (6)=7t

PF= =

y. t

firms 1nrrns
Zo

using (4) equation {7)-can be transformed to the form:

21tVm fo

fs

--1- 1t -2\!/ -sin2\!/
-~ ,,{1t -2'V)(2 -cos2'V)-3sin2'V

rSin(c
~«P) =~

'I' < «I> < (7t-'1') (8)
which implies that for a constant switching frequency (fs),
the Power Line input current ir«<1», for each half cycle,
follows a sinusoidal waveform for the Power Line phase
angle «I> in the range", < «I> < (7t-'1'). This expected behavior
is depicted in Fig. 6 in which the normalized input current
(Iinn) is given for different normalized power levels (Pn.,

equation 13).

fo

fs

Furthermore, equating (6) to (I) we get the analytical
expression for rectified input current during each half Power
Line cycle:

-Sin('!')] ; This result.is presented in a nonnalized fonn in Fig. 10. The
defmition of the nonnalized Power (Pn), switching frequency
(fn) and output voltage (Von) are as follows:
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Fig.10. Power Factor (PF) as a function of nonnalized power
(Pn) defined by equation (11), (12), (13).

Nonnalized input current (Iin n) as a
function of nonnalized power (Pn).

V. RESULTS

The parameters of the experimental RPFC were as follows:
Lin = 39~H; Lr = 5.8 ~H; Cr = 5.9nF; fo= 860 kHz.

Experimental waveforms confirm the basic assumptions
(Fig. 2) used to derive the analytical expressions of this
study. Overall, the agreement between the experimental
results, under fixed switching frequencies, and the analytical
was found to be good (Fig. 11) considering the approximate
nature of the analysis.

When operated with a fixed switching frequency (fs) the
input current tracked the input voltage (Fig. 12) for line
angles greater than ('1'), as predicted by equation (8). In a
closed loop configuration, the current tracking was excellent
(Fig. 13) and the resulting PF was measured to be: 0.996.

Delay angle ~ as a function of normalized power (Pn)
defined by equation (11), (13).

Fig.ll, Theoretical (solid line) and measured (broken lines)
relationship between the normalized output voltage

(Von) and normalized power (Pn).
Fig.9.
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Vr [V] if [Amp] APPENDIX I
DERIV A TION OF THE DC-DC mANSFER FUNCTION
It is convenient to start the analysis by examining Mode 3

since the initial condition are clearly defined ( Fig. 2):

lin
13=2; V3=Vout

By solving the differential equation for the transition we
find for Mode 3 (Fig. 4):

vc(e) = Vout cose (Al.l)

lin l 2V out
)iL(e) = 2 1+~ Sine (Al.2)

om

Fig.12. Measured Rectified Power Line voltage (vv and current

(ir) for the experimental RPFC when operated with a

constant switching frequency fs = 500kHz; Vout =

55V; Vm = 22V; PF=O.965.

Fig.13. Measered input voltage and current for the
experimental RPFC when operated in closed loop.
PF=O.996.

VI. DISCUSSION AND CONCLUSIONS

7te3 = 2 (Al.3)

where e = 27t fot .

The contribution to the average tank voltage during the M3

mode (Vav3 ) is:

1 fsVav3 = -Vout -
f (Al.4)7t o

During the M4 period, the resonant tank is shorted and

clamped to ground till the end of the half fs cycle (see

Fig.2). During the short period:

lin 2Vout
14=- 1+-

2 Zolin

V4 = 0 (Al.6)

Hence, the average tank voltage during the M4 interval

(Vav4) is zero:

Vav4 = 0. (Al.7)

Switching action of the push-pull stage starts the MI mode

of the next half cycle. The initial conditions of the M 1 mode

are the final conditions of the M4 mode, however, to be

consistent with the voltage and current notations, they
should be taken with opposite signs as:
11 = -14; V 1 = -V 4 = 0 (Al.8)

Solution of the equivalent circuit of the M 1 mode interval

(Fig. 3) can be expressed as:

-Vout J .vc(e) = Zolin 1+~ me (Al.9)
om

lin vc(e)
iL(e) = T -z Ctge (Al.10)

o

The angle e 1 (Fig. 2) is defined by the following equation:

Sinel = 1 (Al.ll)

1 + ~oIin
v

The inherent features of the proposed RPFC makes it a
viable alternative for input power stage
design. Although push-pull configuration is considered here,
a full bridge implementation [8,9] is possible.

The fact that relatively high PF values can be obtained
with a fixed switching frequency can simplify the design by
eliminating the need for a multiplier (Fig. 5). In such a
reduced configuration, only the slow feedback path from
output to the VCO is retained (via E/Al).

The experimental RPFC was operated at the frequency
range of 300 kHz -850kHz, but higher switching frequencies,
reaching possibly IMHz, seem practical with off the shelf
components.

.Out
and is a function of the loading.
The average tank voltage during the M I mode is:

I fs ( I I
Vav1 = 7t Vout ~ \ S"i";}"e} -ctge 1) (A 1.12)

During M2 mode the resonant tank voltage is clamped to

the output (Fig.4). That is:
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vc(e) = Vout (Al.13)

During this interval the inductor current (iL(e» varies

linearly:

(A2..3)
applying (4) equation (10) is obtained.

APPENDIX III
POWER CALCULA naN

1 fsVav2 = -Vout -
f Ctgel (Al.16)

1[ o

Balancing the Volt-Seconds across the input inductor Lin

(Fig. 1) we demand that, at the steady state, the input voltage
be equal the voltage at the central tap of the auto-transfonner:

1 1
Vin = 2Vav = 2 (Vavl+ Vav2 + Vav3 +Vav4) (Al.17)

Substitution of the Vav(i) by the expressions given above

and eq. Al.ll we derive the DC-DC transfer ratio of the
converter to be:

Again, due to the symmetry of the positive and negative
half-cycles, it is sufficient to calculate the power from the
positive half cycle.

Following the definition of the average power eq. (2), (7)
and applying the fact that the input current is zero outside the
'V < <I> < (1[-'V) we get:)1[ f o l-cos2

-1 ( ~ -sincpsin'V )d<1> (A3.1)
Zo I fs

which yields (11).

p ay = -=-
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