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Adjusting the frequency of an autonomous
push-pull converter for wireless power
transfer through a voltage-controlled
variable capacitor structure

JIANLONG TIAN' AND PATRICK HU~

This paper proposes a Voltage-controlled Variable Capacitor Structure (VVCS) to adjust the frequency of an autonomous
push-pull converter. Unlike traditional switch mode capacitors or inductors where active switches are used, the equivalent
capacitance of the VVCS varies with the on/off periods of a diode controlled by a DC voltage. The frequency of the autono-
mous push-pull converter can be controlled by this DC voltage when the VVCS is used as a variable resonant capacitor. As no
active switching is involved in the VVCS, the circuit operates more smoothly than its switch mode counterpart so as to provide
a simple way to adjust the operating frequency of the autonomous push-pull converter for high frequency and low electro
magnetic interference operations. Mathematical model is developed for the relationship between the equivalent capacitance
of the VVCS and the DC control voltage, and is verified by experimental results at more than 9oo kHz with an approximately

12 W inductive power transfer system.
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. INTRODUCTION

Wireless power transfer technology has been developing
quickly and found many applications in areas such as moist
harsh environments, charging the batteries of electric vehicles
[1, 2], portable electronic devices [3, 4], and implanted elec-
tronic devices [5, 6], etc. Among a number of choices to trans-
fer power wirelessly, inductive power transfer (IPT) is the
most developed one so far. As there is usually a relatively
large gap between the primary and secondary coils of an
IPT system, its power transfer ability and efficiency are
greatly limited compared with traditional tightly-coupled
transformers and electric motors. To solve this problem,
three major techniques are usually adopted, i.e. increasing
the frequency of the system, improving the coupling degree
between the primary and secondary coils, and taking advan-
tage of the principles of resonance.

To maintain resonant operation for an IPT system and
realize soft-switching, one method is to adjust the zero
voltage switching (ZVS) frequency of the system dynamically
to match the gate driving frequency. Traditionally, this is rea-
lized through switching mode capacitors [7-13] or inductors
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[14-22]. However, there are a few disadvantages with the con-
ventional methods, such as complexity in circuit structure and
control strategy, high electro magnetic interference (EMI), the
frequency not being able to be adjusted smoothly, etc. A
Balanced-voltage-controlled Variable Capacitor Structure
has been proposed in the conference paper [23], but more
detailed theoretical analysis and experimental results are
necessary.

This paper proposes a Voltage-controlled Variable
Capacitor Structure (VVCS) to adjust the ZVS frequency of
an autonomous push-pull converter though a DC voltage.
The DC voltage controls the conduction period of a diode
in the VVCS. The equivalent capacitance of the VVCS
changes with the variation of the conduction period of the
diode. The basic operating principle of the method is
explained in Section II of this paper. Section III presents the-
oretical modeling of the circuit. The experimental results are
provided in Section IV. Finally Section V draws the
conclusions.

I. THE PROPOSED METHOD AND
BASIC OPERATING PRINCIPLE

Figure 1 shows the proposed VVCS applied to the resonant
tank of an autonomous push-pull converter that has been
introduced in section 7.3 of [24]. As can be seen, the
common fixed value resonant capacitor in the resonant tank
of the autonomous push-pull converter is replaced by the
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VVCS as shown in the dashed block consisting of C,,, C4y» D
and R.. The equivalent capacitance C, of the VVCS can be
changed by the control voltage V.. The higher V, is, the
larger the equivalent capacitance C,, and the lower the ZVS
frequency f,, of the converter.

The reason that the equivalent capacitance C, can be con-
trolled by the voltage V., is that V. influences the conduction
period T,,, of the diode D,. The higher V. is, the longer T,,,
is, because the higher V., is, the larger the voltage on the
anode of the diode D.. When the diode conducts, C,, is
shorted so that the equivalent capacitance of the VVCS is
Cay» while when the diode is off, the equivalent capacitance
of the VVCS is C,;, and Cy, in series. As the capacitance of
Ca is larger than that of C,, and Cg, in series, the longer
the diode conducts, the larger the equivalent capacitance of
the VVCS is.

. THEORETICAL MIODELING

The goal of the theoretical analysis is to find the relationship
between the equivalent capacitance C, of the VVCS and the
control voltage V.. For this purpose, the circuit in Fig. 1 is sim-
plified as the ones shown in Fig. 2, which include only C,,
Caw Do R, and V, of the original circuit and is driven period-
ically with positive and negative half cycle sinusoidal waves v,
in turn as being the same case as in the original circuit.

Figure 3 shows the typical waveforms of v,, v, the current
ip and ig, flowing through the diode D,, and the resistor R,,
respectively, in steady state. The period when i, is not zero
represents the conduction period T,,, of the diode D.. It can
be seen from Fig. 3 that the diode turns on when the voltage
across it (v,) is zero and turns off when both the voltage
across it (v,;) and the current flowing through it (ip) drops
to zero. So the switching condition of the passive diode is
very good, which helps to keep EMI low. This is achieved at
the expense of higher power loss at the control resistor R..
As can be seen from Fig. 3(d), a continuous current ig_
flows through the resistor R.. The value of iz, depends upon
the values of R, and the control voltage V.. Smaller R, and
larger V. lead to higher ig.. So within the control range,
larger R, and smaller V, are preferred.

The major task of the theoretical analysis part is to derive
the relationship between C, and V,, which is carried out in
three steps. Firstly, the relationship between T, and V. is
derived. Secondly, the relationship between C, and T, is
found out. Finally, the relationship between C, and V. is

calculated based on the above two relationships. To find out
the relationship between T, and V,, two exact moments,
i.e. the moment the diode starts to conduct- “t,,” and the
moment the diode stops to conduct- “f,5” need to be deter-
mined first. After that, T, can be calculated with (1):

Teon = taﬁ’ — ton- (1)

A. Determination of the moment the diode
stops to conduct

Figure 4 shows the equivalent circuit of Fig. 2(b) when the
diode is conducting. C,, and D, are removed because an
ideal conducting diode amounts to a short-circuit.

The diode is regarded as stopping to conduct when the
current flowing through it (ip) drops to zero, where i, is gov-
erned by (2):

de+VC )
dt R’ 2

ip = Cay
Substitute v, = Asinwt and ip = o into (2), the moment
the diode stops to conduct ¢, can be derived as:

Ve
arccos\ —————
wARCpyy

to}ff = © s (3)

where A, is the magnitude of the voltage of the resonant tank
of the autonomous push-pull converter, which is roughly 7
times the voltage of the DC voltage source Vpc [24, 25].

According to simulation and the theoretical analysis result
as shown in (3), the value of wt. varies between 7/2 and 7
when the value of V, varies between o and wAR.Cg,,.

B. Determination of the moment the diode
starts to conduct

Figure 5 shows the equivalent circuit when the diode is not
conducting, regarded as open so as to be removed from the
circuit.
The voltage at the anode of the diode v, is governed by (4):
dvy 1 _ wAR.Cyycoswt + V.
Rc(cup + Caw)

(4)

- + -V
dt " R(Cyp+ Caw) "

Fig. 1. The proposed VVCS applied to the autonomous push-pull converter.
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Fig. 2. The simplified circuit for theoretical analysis of the VVCS.

The solution of (4) is:
vy = wk, sinwt + kk,coswt + V. + Ke ™™, (5)
Where

— 1 e — wACy,
Rc(Cup + Caw) . (Cup + de)(w2 + kz) ’

The constant K in (5) can be determined by the initial con-
dition, i.e. the value of v;, at the moment of ¢, (refer to Fig. 3).
The moment ¢, can be expressed by (6):

27T
t, = ojf_;~ (6)

Substitute (3), (6) and v, = o into (5), the constant K can be
derived as:

 _ —Ok/T R A Kok, — V.

. arccos(—k,) — 27

, (7)

e w

Ve

here k, = ———.
where k, AR.Co.

It can be seen from Fig. 3 that the diode starts to conduct
when v, becomes zero. Substituting v, = o into (5) gives:

wk, - sinwt + kk, - coswt + V, + Ke ¥ = o. (8)
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Fig. 3. Typical wave forms of the circuit: V4, Vap ip, and ig_.
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Fig. 4. The equivalent circuit when the diode is conducting.
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Fig. 5. The equivalent circuit when the diode is not conducting.

The exponential component Ke * in (8) relates to the tran-
sient response of the circuit, which does not change much
during a short time period of one or half a cycle of v,
which is usually much smaller than the time constant 7 of
the circuit determined by the product of the capacitor and
resistor R.(C,, + Ca,). Consequently, Ke X can be set
roughly at a constant value Ke *, where t. can be simply
zero. However, the closer t, is to the moment the diode
starts to conduct t,,, the smaller the error it causes.

From (8), the moment the diode starts to conduct can be
derived as (9):

V. + Ke

k

arcsin| — —————| — arctan—

woin( ) -l
w

(9)

tOYl

The value of wt,, varies between o and /2, which is in
consistent with what has been observed from a wide range
of simulation studies.
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C. The relationship between T, and V,

Substitute (3) and (9) into (1), the conduction period T,,, of
the diode can be derived as:

( Ve ) + arcsi <Vc + Kekt‘)
arccos| ———— arcsin| ————
wAsRchw kl v w? + k>
k .
—+ arctan —
[0}

TCU” ~
(10)

When the circuit quality factor Q is high, the angular fre-
quency w in (10) can be simplified as the undamped natural
oscillation frequency as expressed by (11):

1

w=2 = . 11
= Jc )
Substitute (11) into (10) gives (12),
V.- /LC
Toon = v/LC,p - | arccos| - ——"
AsRchw
, V, + Ke ™k
— arcsin (— m) + arctan(k, /LCoﬁc))
"V LCop
(12)

where C,, and C,y represent the capacitance of the circuit
when the diode is on and off, respectively, as expressed by

(13) and (14):

Con = Caw» (13)
Cu de
Coff = 22—,
off Cup + Can (14)

D. The relationship between C, and V,

To find the relationship between C, and V., the relationship
between C, and T.,, needs to be found first, which can then
be combined with (12) to get the relationship between C,
and V.. Derivation of the relationship between C, and
Teon is based on a LC parallel resonance circuit. The fre-
quency of such a circuit is governed by (11). From (11),
the equivalent capacitance of the circuit can be derived as:

1 T

Ce :m: (15)

4mL’

where T represents the period of one cycle, i.e. the reciprocal
of the frequency “f”. Suppose that the inductance of the par-
allel LC resonance circuit is fixed while the capacitance of
the parallel LC resonance circuit switches between two dis-
tinct values C,,, and C, periodically and their duration are
ton and t.g respectively. According to (15), the equivalent

capacitance C, of the circuit is:

_ (ton + toff)z

C,
¢ 4mL

(16)

Actually t,, equals T,,,,, and t,zcan be derived based on the
principle that the wave forms when the capacitance is C,,, and
Cop respectively, need to go continuously into each other.
Finally the relationship between C, and T,,,, is derived as (17):

C 2
(2’7T Lcuff + <1 4/ 0ff> . Tcon)
Cun
C, = .

4m*L

(17)

Substituting (12) into (17) gives the relationship between C,
and V., as expressed by (18):

VC"_\/C cVL on
C, = |:,/C,,ﬁ: + 027017 (arccos (— u)
v

AsRchw

¢ K _ktc >} .
— arcsin (— V+e> + arctan(k,/LCof)
k

1
N
LCof +
Equation (18) can be simplified as (19):

Y Con RV Cu ’
C = |:\/ Cujf + Tﬂ “Trad | » (19)

(18)

where:
T,.q = arccos Ve LCon
rad = AsRchw
) V. + Ke ke
—aresin| — ——————
ky [——+K
! LCof +

+ arctan(k,/LCyp). (20)
Actually, T,,; is the diode conduction period T, in
radians. Theoretically, T,,; changes from o to 2. When
Traq 18 0, (19) becomes:
Ce = Cop. (21)
It means that when the diode conduction period is o, the
equivalent capacitance is C,; which coincides exactly with
the real circuit situation. While when T,,; is 27 (meaning
that the diode always conducts so as to be equivalent to a
short-circuit), (19) becomes:
C. = Cop- (22)
Again, this is in agreement with the basic concept and prac-
tical circuit situation.

It can be seen from (21) and (22) that theoretically the
equivalent capacitance of the VVCS changes between C,,
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and C,g which correspond to Cy,, and the capacitance of C,,,
and Cg, in series, respectively, as can be seen from (13) and
(14). So the variation range of the equivalent capacitance of
the VVCS is determined by the values of the two capacitors
C,p and Cg,. When the value of Cg, is fixed, a smaller C,,
results in a larger the variation range of the VVCS. When
the values of C,, and Cg, are fixed, a smaller value of R,
leads to larger adjustable range of the VVCS with the same
variation range of the control voltage V..

E. The relationship between f,,, and V,

Substituting (18) into (11) gives the relationship between f,,,
and V, as expressed by (23). Figure 8 in Section IV shows
the theoretical relationship between the ZVS frequency f,,
and the control voltage V. got from (23) using parameters
as shown in Table 1 of Section IV together with the
experimental results, from which it can be seen that the
theoretical and experimental results agree with each other
quite well.

1
fzvs:

Con—+/C V/LCyy
2m/L- (, / Cof +MTW (arccos (—ACSTC;N)

, V. + Ke
—arcsin (—17> + arctan(k, /LCgff))> .
k, [—+k
LCof
(23)

V. EXPERIMENTAL RESULTS

Figure 6 shows the experimental setup, which includes the
push-pull converter and the VVCS (refer to Fig. 1), the
primary and secondary side coils Lp and Lg, and the parallel
tuning, full-bridge regulation pick-up circuit. Table 1 shows
the components and parameters of the primary and secondary
side circuits, where C; is the parallel tuning capacitor of the
pick-up circuit, D5, ~ D;, the regulation diodes, Cy the filter
capacitor, and Rj,,, the load resistance.

Figure 7 shows the experimental and theoretical relation-
ships between the operating frequency of the converter and
the control voltage V. together under two different situations,
i.e. when there is (R;,,g = 100 {2) and there is no load, from
which it can be seen that the theoretical and experimental
results agree with each other quite well. It shows that the oper-
ating frequency is negatively related to the control voltage V.
because the higher V., is, the larger the equivalent capacitance
of the VVCS as explained in Sections II and III.

Table 1. Parameters and components of the primary and secondary side

circuits.
VDC (V) Lu Lz (mH) Cv C2 (nF) Dp D2 sv sz
12 1 4.5 BYV26C IRFP240
Cup (I'IF) de (HF) Dc Lp (/.LH) k
1 20 C3Do2060F 8.5 0.7
Ls (uH)  Cs (nF) Ds, ~ Ds, Cr(uF)  Ripaq ()
8.3 4 PMEG10020AELRX 10 100

The Pick-up Circuit

Lp&Ls

The Loads

Fig. 6. The experimental setup.
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Fig. 7. Experimental and theoretical relationships between the frequency of
the converter and the control voltage.
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Fig. 8. Experimental relationships of the output voltage V,,, and power P,
against the control voltage V..

Figure 8 shows the experimental relationships of the output
voltage V,,,, and power P, against the control voltage V, when
the load resistance Ry, is 100 (). As the circuit is designed to
resonant when the control voltage is zero, the output voltage
decreases with the increase of the control voltage because the
higher the control voltage is, the larger the equivalent capaci-
tance of the VVCS and therefore the lower the frequency of
the converter becomes, so that the operating frequency deviates
from the resonant frequency further.

Figure. 9 shows the relationship between the load resist-
ance Rj,y and the output power P,,, when the control
voltage V. is zero, from which it can be seen that the output
power changes with the change of the load resistance, and
reaches the maximum power of about 12 W when the load
resistance is 100 {).

Figure 10 shows the experimental waveforms of v,, v,;, the
current ip, and ig_ flowing through the diode D, and the resis-
tor R,, respectively, from which it can be seen that a short
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Fig. 9. Experimental relationship between the output power P,,, and the load
resistance R4

AN KEYSIGHT

Fig. 10. Experimental waveforms of v,, v, and the current ip and ig_ flowing
through D, and R..

period transition from on to off of the diode D, causes negli-
gible distortion in its voltage (v,;) because of the favorable
switching conditions of the diode.

V. CONCLUSIONS

This paper proposes a new method to adjust the ZVS fre-
quency of an autonomous push—pull converter by replacing
the common fixed value resonant capacitor in the resonant
tank with a VVCS. The equivalent capacitance of the VVCS
can be adjusted simply with a DC voltage, which influences
the ZVS frequency, and therefore the output voltage and
power of the IPT system. As a passive diode instead of an
active switch is used to control the conduction time of a cap-
acitor in the VVCS, the equivalent capacitance of the VVCS
can be adjusted more smoothly with less EMI than traditional
switch mode capacitors. Mathematical models for the rela-
tionship between the equivalent capacitance of the VVCS
and the frequency of the converter against the control
voltage is developed, and practical experiments are carried
out to prove their validity.
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