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Abstract

This paper proposes a method to stabilize the output voltage of the secondary side of an Inductive Power Transfer (IPT)
system through tuning/detuning via a serial tuned DC Voltage-controlled Variable Capacitor (DVVC). The equivalent
capacitance of the DVVC changes with the conduction period of a diode in the DVVC controlled by DC voltage. The output
voltage of an IPT system can be made constant when this DVVC is used as a variable resonant capacitor combined with a PI

controller generating DC control voltage according to the fluctuations of the output voltage. Since a passive diode instead of an
active switch is used in the DVVC, there are no active switch driving problems such as a separate voltage source or gate drivers,

which makes the DVVC especially advantageous when used at the secondary side of an IPT system. Moreover, since the
equivalent capacitance of the DVVC can be controlled smoothly with a DC voltage and the passive diode generates less EMI
than active switches, the DVVC has the potential to be used at much higher frequencies than traditional switch mode capacitors.
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I. INTRODUCTION

The output voltage of a wireless power transfer (WPT)
system can be made constant by either primary or secondary
side control [1], [2]. Since a separate communication channel
is normally needed for primary side control [3]-[10], it is
more straightforward to directly regulate the output voltage at
the secondary side [11]-[18]. In [11]-[13], an active switch is
used to short the secondary side circuit to regulate the power
flow and to stabilize the output voltage. Such methods
involve active switching, which usually happens when the
current of the circuit is large, which generates large switching
noise and power losses, and causes ripples at the output. An
alternative method is to operate a power transistor in the
linear region to form a variable resistor in series with a tuning
capacitor [14]-[16]. This has the advantages of smooth power
regulation and low EMI. However, the regulation of its
equivalent capacitance relies solely on changing the
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resistance of the power transistor in its linear region.
Therefore, this type of method is not suitable for a wide range
of regulation due to the high power losses associated.

This paper proposes a method to directly stabilize the
output voltage at the secondary side through a DC
Voltage-controlled Variable Capacitor (DVVC), which
combines the features of both linear and switching mode
operation by controlling the conduction period of a diode
(passive switch) through a transistor (works in the linear
mode). The equivalent capacitance of the DVVC changes
with variations of the conduction period of the diode. The
on-off state transition of the diode happens naturally with
voltage and current oscillations of the circuit when they drop
to zero, which makes the switching condition of the DVVC
much better than that of traditional switch mode capacitors.
Another advantage of the DVVC is its simple structure.
Because no active switches are used, so no gate drivers and a
high, up to 20V, separate voltage source are needed, which
makes the DVVC especially advantageous when used at the
secondary side of an IPT system.

This paper is organized as follows. The basic operating
principle of the DVVC is explained in section II. Section III
presents the theoretical modelling and analysis. Simulation
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Fig. 1. The proposed pick-up output voltage stabilization method
through the DVVC and a PI controller.

results are provided in section IV. Section V presents some
practical experimental results. Finally conclusions are drawn
in section VI.

II. THE PROPOSED METHOD AND BASIC
OPERATING PRINCIPLE

Fig. 1 shows the proposed DC Voltage-controlled Variable
Capacitor (DVVC) applied in the secondary side of an IPT
system combined with a PI Controller.

The DVVC includes Cyp, Caw, D¢, Qc and Ry, as shown in the
dashed circuit block numbered (D in Fig. 1. The PI Controller
is shown in the dashed circuit block numbered (2 in Fig. 1. It
includes C,, Rp, Rk, Ry, Ry and U,. The dashed circuit block
numbered @ in Fig. 1 shows the circuitry (centered on an
adjustable precision shunt regulator TL431) to generate the
reference voltage V¢ for the PI Controller. To concentrate on
studying the performance and characteristics of the DVVC at
the secondary side, the primary side simply uses a power
amplifier v; to generate a sinusoidal current at a fixed
frequency to drive the primary coil L,. The secondary side of
the system is a serial tuned half-bridge rectification pick-up
where the common fixed value tuning capacitor is replaced by
the DVVC. The capacitance of this DVVC is Cy, when the
diode D, is on, and C, and Cgy, in series when the diode D, is
off, because when D, is on, the capacitor Cg, and transistor Q.
are short-circuited by the conducting diode, and when D; is off,
it can be regarded as open so that C,, and Cg, become in series.
Since the capacitance of C,, is larger than the capacitance of
C,p and Cy, in series, the longer the diode conducts, the larger
the average equivalent capacitance of the DVVC becomes,
which changes between C,, and the value of Cy, and Cgy, in
series according to the conduction period T, of the diode D.

The conduction period T, of the diode D, can be controlled
by the voltage V through its influence on the base and collector
currents iy and i of the transistor Q.. The collector current i, of

Q. in turn affects the voltage across the diode D,. The higher V.
is, the larger i, and i, become. The larger i. is, the lower the
voltage across the diode D, becomes because i; plays a role to
pull the voltage on the cathode of the diode down to the ground.
A lower voltage across the diode D, leads to a longer
conduction period T, of the diode and a larger equivalent
capacitance of the DVVC. Therefore, the voltage V. controls
the equivalent capacitance of the DVVC by affecting the
conduction period T, of the diode through its influence on iy,
i. and the voltage across the diode D.. The higher V., is, the
longer the diode conducts and the larger the average equivalent
capacitance of the DVVC becomes.

In Fig. 1, the output voltage of the secondary side of the IPT
system changes with variations of the tuning capacitance, and
there is a value for the tuning capacitance (Cynay) at which the
output voltage reaches its maximum. The relationship between
the tuning capacitance and the output voltage is monotonic if
the tuning capacitance changes between 0 and C,, or between
Cumax and oo. Since the application of a PI controller to stabilize
the output voltage by adjusting the equivalent capacitance of
the DVVC requires that there is a monotonic relationship
between the equivalent capacitance of the DVVC and the
output voltage, the equivalent capacitance of the DVVC should
be designed to vary within a range that is either higher or lower
than Cynax. In this paper, the tuning capacitance is designed to
change between C,na and co by making the smallest value of
the equivalent capacitance of the DVVC C,,, i.e. Cyp and Cy, in
series, as expressed by (1), is larger than C,n so that the
pickup circuit is always over tuned when the control voltage V.
is not zero.

Cmin = % (])
up dw

The value of the tuned capacitance C,nq at which the output
voltage reaches its maximum is very complex for the
half-bridge regulation pick-up circuit. It cannot be simply
determined by the value of the inductor and capacitor of the
resonant tank. Therefore, it is usually determined through
experimentation.

Since the higher V. is, the larger the equivalent capacitance
of the DVVC becomes, when Cyin,> Cynax, @ higher V. leads to a
lower output voltage, which can be seen in the simulation and
experimental results as shown in Fig. 8 (section IV) and Fig. 12
(section V), respectively.

The function of the PI Controller is to automatically generate
the controlling voltage V. according to the fluctuation of the
output voltage V,; to make Vy,; constant. As can be seen in Fig.
1, the feedback signal from the output voltage V, is input into
the “non-inverting” terminal of the op-amp U, of the PI
Controller. As a result, the higher the output voltage V, is, the
higher the controlling voltage V. (the output of the PI
Controller) becomes. This makes the equivalent capacitance of
the DVVC larger. Therefore, it further deviates from the tuned
capacitance Cyna so that the output voltage V., becomes



572 Journal of Power Electronics, Vol. 17, No. 2, March 2017

smaller. When the output voltage V,; gets lower than the set
value, the process reverses. In short, it is a negative feedback
loop for controlling the output voltage V,; by the
tuning/detuning effect of the DVVC.

Fig. 1 shows that the output voltage V,, can be used directly
as the source of the op-amp U, of the PI Controller, which
simplifies the whole circuitry and is especially advantageous at
the secondary side of an IPT system. The two resistors R1 and
R2 are voltage dividers of the output voltage V, for generating
the feedback signal V. for the op-amp U,. Their values can be
designed to make V. roughly equal to the reference voltage V.
according to the set value of the output voltage Vo The
reference voltage Vi is generated by an adjustable precision
shunt regulator TL431 in this paper. The output voltage Vg
can be adjusted finely by tuning the output voltage of the
TLA431 through the variable resistor R4 after the values of R1
and R2 are fixed.

III. THEORETICAL MODELING AND ANALYSIS

As previously explained, the reason the voltage V. can
control the average equivalent capacitance of the DVVC is that
V. influences the conduction period T., of the diode D..
Therefore, the relationship between T, and V, is the basis of
the theoretical analysis. To find the relationship between T,
and V,, the circuit is modelled like those shown in Fig. 2 (a)
and (b) representing the two situations when the diode is on
and off, respectively, where Vg represents the voltage induced
in the secondary side coil L. The original rectification circuit,
the filter capacitor C;, and the DC load Rpyg are simplified
together as an AC load Ry.

Fig. 3 shows typical waveforms of Vg, is, Vcay and ip. (the
current flowing through the diode D), from which it can be
seen that the current i is zero at the moments “t,” when the
diode stops conducting, and that the voltage Vcqy is zero at both
of the moments “t,,” and “t,y” when the diode D, starts and
stops conducting. This means that zero voltage switching
(ZVS) is achieved when the diode turns on and both ZVS and
zero current switching (ZCS) are achieved when the diode
turns off.

To determine 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 conducting “t”, need to be
determined first. Then, T, can be calculated with (2):

Teon = tors — ton (2

The moment “ty” can be found with the circuit when the
diode is on, as shown in Fig. 2 (a), where Cy,, D, and Q. are
removed because an ideal conducting diode is equivalent to a
short-circuit. The moment the diode stops conducting “ty” is
regarded as when the current flowing through the diode at the
moment-is drops to zero. Suppose that the voltage source Vg is
expressed by (3) (refer to Fig. 3 (a)).

Vgs = Vi coswt 3)

()

Fig. 2. The simplified equivalent circuit when the diode is on (a)
and off (b), respectively.
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Fig. 3. The typical wave forms of Vg, is, Vcqw and ipe.
The differential equation governing s is:
d?i di,
LsCyp T RacCup o tis= —CypVpwsinwt “)

When R, > 2 ’CL—S, the full solution of (4) can be
up

expressed by (5) (refer to Fig. 3 (b)).
i, = Aje"t + A,e™t + Acoswt + Bsinwt %)
where:
_Rac | (@)2 ¢
2L 2L LsCyp
VmRac Cupzwz
2 2
(1= LsCypw?)” + (RyeCrpw)
Vi Cup@(LsCpw? — 1)
2 2
(1 - LsCupw?)” + (R Copw)
and Al and A2 are integral constants which need to be
determined by the initial conditions.

It can be seen from the typical waveforms shown in Fig. 3 (b)
that i is zero at the moment “tor”, which can be expressed by
(6), which governs the moment “t,¢” when the diode turns off:

Aje"toff + Aje™'orf 4+ Acoswt,sp + Bsinwtyer =0 (6)

The moment “t,,” can be found with the circuit when the

diode is off, as shown in Fig. 2 (b), where the diode D, is
removed because it amounts to an open-circuit when it is off,

T2 =
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and the transistor Q. is modelled as a constant current source i;
controlled by the voltage V. with the relationship:

) ) Ve
=Bty =fo ™
b
The moment the diode starts to conduct “t,,” is regarded as

when the voltage across the diode Vg, drops to zero. To
determine Vcgy, igy needs to be found first, which is governed

by (8):

dzidw Rac didw + 1 ,
ez "Ly dt ' LCupaw
i Vw ®)
— c _ m . t
Ly L. sinw
When R, > 2 L the full solution of (8) is:
updw
igw = Bie™'t + Bye™'t + A'coswt + B'sinwt
C, 9
B ), ©)
Rb Cup + de

where:
C — Cup de
updw Cup + de

ror o _Rac (Rac)z_L
12 2L, — [\2L LsCupaw

2,2
VmRac Cupdw w

2 2
(1 - LsCupdwwz) + (RacCupdww)
o Vmcupdw(“)(Lscu.pdw(’-’2 - 1)
= 2 2
(1 - LsCupdwa) + (Raccupdww)
and Bl and B2 are integral constants which need to be
determined by the initial conditions.

The relationship between “ig,” and “Vcg,” is governed by
(10):

!

1
Veaw = _Hf i + K (10)
w

Substituting (9) into (10) and calculating the indefinite
integral of idw leads to (11) where K is the integral constant
which needs to be determined by the initial conditions. A
waveform of “V¢g,” is shown in Fig. 3 (c¢), from which it can
be seen that Vg, is zero at the moment “ton” when the diode
starts to conduct, which is expressed by (12), which governs
the moment “t,,” when the diode starts to conduct.

1 Bl ’ Bz ’ A
Veaw = — 75— | —e t+—e2 " + —sinwt
Caw \11 Ty )

B’ Cu, BV, 11

__CostLBC.t) an
w Ry(Cyp + Cay)
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Con (7”1' e + iy e + o Sinwt,,

B’ C,BV.

——COS(Dtan +L‘BC (12)
w Ry(Cyp + Cay)
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Fig. 4. The theoretical and simulation relationship between T
and the control voltage V. with the same AC load of 100Q.

It can be seen from (6) and (12) that there are no analytical
solutions for “t,,” and “tyf”. As a result, numerical solutions
(for example using Matlab) are needed. With both “t,,” and
“toff” available, T,, can be calculated with (2).

The theoretical and simulated relationship between T, and
the control voltage V. are shown in Fig. 4, from which it can
be seen that they agree with each other quite well. There are
small errors that are caused by multi-factors such as the
idealization of the components of the circuit in the theoretical
analysis, especially the current gain of the transistor. The
differences in the actual gain and other parameters of the
transistor between the theoretical assumptions and simulation
can result in errors. In addition, another cause of errors
between the theoretical and simulation results is related to the
amplitude of Vg, which is assumed to be constant in the
theoretical analysis. However, it actually varies in component
level simulations and practical circuit experimentation
because of the change of the equivalent capacitance of the
DVVC with the control voltage V..

It should be noted that only the overdamping situation,

Ls

when R, >2 | and R,. > 2 Ls , is discussed in this
G Cupdw

up

paper, and that the same method can be used for analyzing
under and critical damping conditions.

IV. SIMULATION STUDY

The components and parameters of the circuit used in the
simulation are the same as those used in the practical
experiments as shown in Table 1 of the next section. To
reveal the principle that the higher the control voltage V; is,
the higher the collector current i, becomes, and that the
higher i. is, the lower the voltage across the diode Vcgy
becomes and the longer the diode conducts; Fig. 5 shows the
simulated waveforms of i, Vcgy and ip. (the current flowing
through the diode D.) when the control voltage V. is 5V (Fig.
5 (a), (b) and (c)) and 20V (Fig. 5 (d), (e) and (f)),
respectively.

It can be seen from Fig. 5 that the amplitude of i, when V,
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Fig. 5. Typical waveforms i, Vcgy and ip. when the control
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voltage V. is set at 5V and 20V, respectively.
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Fig. 6. Typical waveforms Vg, When the diode and transistor are
removed from the circuit.

is 20V is higher than that when V; is 5V, the amplitude of
Veaw When V¢ is 20V is lower than that when V. is 5V, and the
conduction period T, when V. is 20V is longer than that
when V; is 5V.

Fig. 6 (a) shows the voltage Vcq, When the diode D, the
transistor Q. and the base resistor Ry, are removed from the
circuit and there are only the two capacitors C, and Cy, left.
Fig. 6 (b) shows the voltage Vcqy, When Vegyg, shown in Fig. 6
(a), is moved downwards along the Y-axis. It can be seen
from Fig. 6 (a) and (b) that after it is moved downwards, or in
other words, when the voltage is lowered, the length of the
negative parts of the voltage (referring to Fig. 3 (c), the
negative parts will be zero if a diode is present and the length
of this part represents the conduction period T, of the diode)
along the X-axis becomes longer (Tcono” > Teono). This shows
why when the amplitude of the voltage across the diode D is
lowered, its conduction period becomes longer. In summary,
the control voltage V. makes the conduction period of the
diode D, longer by making the voltage across the diode
lower.

Since the conduction period T, of the diode D, plays a
central role and is the fundamental reason why the control
voltage V. can change the equivalent capacitance of the
DVVC and the output voltage, Fig. 7 shows the simulated
relationship between T, and V; under different values of the
base resistor Ry,

Tcon vs. Ve
1000 -
- 800
< 600 -
S
O 4 .
e 400 el RH=3.9k
200 RO=0.2ZK
0 | e RD=18K
0 5 10 15 20 25 30

Ve (V)

Fig. 7. The simulated relationships between Ty, and V. under
different values of Ry,

Vout vs. Vc

Vout (V)

0 5 10 15 20 25 30

Ve (V)

Fig. 8. The simulated relationship between V,, and V. under
different values of Ry,

It can be seen from Fig. 7 that T, is proportionate to V,
and that at the same value of V., the smaller Ry, is, the larger
the corresponding T, becomes, which means the influence
of V; on the conduction period of the diode is stronger. This
is because the smaller Ry, is, the larger the base and collector
current iy and i; of the transistor Q; become. A higher i, pulls
the level of the voltage across the diode lower so that the
diode conducts longer. Actually, both V, and R, influence the
diode conduction period T, through their impact on the base
and collector currents i, and i.

Fig. 8 shows the simulated relationships between the
output voltage V,; and the control voltage V. under different
values of the base resistor Ry. It can be seen from this figure
that a higher V. leads to a lower V,, which is in consistent
with the analysis in section II and the simulation result shown
in Fig. 5, from which it can be seen that a higher V. leads to a
longer T¢,n. As explained in section II, a longer T, leads to a
larger equivalent capacitance of the DVVC which makes the
pick-up circuit detuned more seriously. As a result, the output
voltage becomes lower.

Fig. 9 shows simulated waveforms of the output voltage
Vout and the control voltage V, when a simple PI controller is
added to generate V. according to the fluctuations of the
output voltage V, caused by variations of the load resistance,
which are controlled to change periodically between 50Q
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Fig. 9. The simulated waveforms of Vy, V. and the switching
signal Vg, with which the load resistance Rjpq is changed
periodically between 50Q and 100Q.

R e =

Y
\

When Ve s 1.2V

When Ve is 4.8V

A
26.1V —‘(
'

o ’
Fig. 10. The simulated open loop step response of the circuit as
shown in Fig. 1.

and 100Q with a switch. Fig. 9 (a), (b) and (c) show the
output voltage Vo, control voltage V; and switching signal
Vg, respectively. From these figures it can be seen that at the
switching moments, the control voltage V. responds
immediately to keep the output voltage constant at the
designed value of 24V. The output voltage V,, has only small
fluctuations when the load resistance is changed suddenly.
The Ziegler-Nichols tuning method [19], [20] is used to
determine the initial parameters for the PI controller. The step
response of the system (V. as the input changing from 4.8V to
1.2V, and V. as the output) is obtained by a simulation, as
shown in Fig. 10, and then the parameters of the PI controller
are calculated as K,=6.726 and Ti=6.46e-5 through empirical
formulas [21], [22]. The transfer function of the PI controller
of the Ziegler-Nichols method is in the form of:
1
T (13)
The transfer function of the PI controller, in Fig. 1 of this
paper, is in the form of:

H(s) = K,(1+

Hy(s) = Kpn(1+ ST ) (14)

where:
_Ri(R, +Ry)

P17 (Ry + RRy, (4

Pick-up Circuit Loads

o TS

PI Controller

Fig. 11. The experimental setup.

TABLEI

Components AND Paramiters of the Circuit Used in the
Simulation AND Experiments

Frequency Ly Ls (uH) Cuwp Cow D, Dy,
of vy (kHz) | (uH) (nF) (nF) D,
240 24 10 100 100 | BYV26C
Amplitude k Qc Rb Cf Rload (Q)
of vi (V) (kQ) (uF)
15 0.66 | KSE13003 18 10 100
C, (nF) Rp Rk (kQ) Ua R, R, (kQ)
(k) (k)
0.33 200 3 LM358 | 20 180
Ty = (R, + R )G, (16)
Equating (13) and (14) gives:
K,y =K, (17)
Ta=T, (18)

Based on the Ziegler-Nichols method, the PI controller is
fine-tuned for better performance. The practical values of K,
and Tj; are chosen as 6.76 and 6.7e-5, respectively. The final
practical circuit parameters of the PI controller in relation to
(15) and (16) are shown in Table 1 of Section V.

V. EXPERIMENTAL RESULTS

Fig. 11 shows the experimental setup including the power
amplifier Vs, the primary and secondary side coils L, & L, the
pick-up circuit, the loads and the PI controller.

Table 1 show the components and parameters of the circuit
used in the simulations and experiments.

An open-loop experiment with the control voltage V.
generated by a voltage source is carried out to determine the
relationship between the output voltage Vy, and V. under
different values of the base resistor Ry,. The results are shown
in Fig. 12. They agree quite well with the simulation results
shown in Fig. 8 with errors of about +4.6% to +0.07% for
different values of R, and V..

It can be seen from Fig. 12 that the output voltage changes
greatly (about 12 volts, roughly from 21V to 33V) with
variations of the control voltage V.. Another feature that can
be seen from Fig. 12 is that the smaller Ry is, the sharper the
output voltage changes with a change of the control voltage
V.. This is because the smaller R, is, the more influence the
control voltage V; has on the collector current i, the voltage
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at different values.

0 100v/ B 100v/ & 1360¢ 20008 Stop pat @300V

Avgil ) 2417V | RMS(1): 2417V | Avgi2): B.90V | RMS{2}: 11.75V |
- Mode ] « Coupling ‘ MNoise Rej ‘ HF Reject +) Holdoff ‘ External ]
MNormal DC m ] 120ns ~i-

Fig. 13. The transient waveforms of Vg (top) and V. (bottom)
when the load changes suddenly from 50 to 100€2.

across the diode D, and the conduction period T, of the
diode. Ry, should be designed to be small enough to make V,
have sufficient control over the output voltage so that the
adjustable range of the output voltage is large enough. Within
the adjustable range of the output voltage, a larger R, makes
the system more stable.

A separate experiment with the PI controller added is
carried out to test the closed-loop performance of the
proposed method. The output voltage V,, is designed to be
24V and it is directly used as the voltage source of the PI
controller in the experiment. Fig. 13 shows transient
experimental waveforms of the output voltage Vy, (yellow
near the top) and the control voltage V. (green near the
bottom) when the load is changed suddenly from about 50Q2
to 100Q2. From this, it can be seen that the control voltage can
respond immediately to keep the output voltage constant
when load changes occur. The amount of power transferred
varies between 11.52W ~ 5.76W with the load resistance
changing between 50Q and 100Q and the output voltage kept
consistent at 24V. In addition to changes in the load, the
output voltage can also be kept stabilized between 23.5 V and
24.5 V with the coupling coefficient K between L, and L
changing between 0.57 and 0.66 in the experiment. The

Tcon vs. Vc
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Fig. 14. The experimental relationships between T, and V.
under different values of Ry,
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Fig.15. The experimental waveforms of i, Vcgy and ipe.

power transfer efficiency changes between 86% and 75%
according to the value of the control voltage V.. The higher V.
is, the lower the efficiency because a higher V. leads to a
larger i; and ip,, which result in a larger power dissipation by
the transistor and diode. The power transfer efficiency is
calculated as a ratio of the output power (Voutz/Rbad) to the
input power (Vip*l,), where Vi, and |, represent the
effective value of the voltage and current of the primary coil
L,, respectively.

Fig. 14 shows the experimental relationship between T,
and V. under different values of the base resistor Ry, which
agrees relatively well with the simulation results shown in
Fig. 7 in terms of the variation trend of T, with V.. However,
it can be seen that the variation scopes of T, with V, are
smaller in the experimental results shown in Fig. 14 (roughly
between 200ns~830ns) than those of the simulation results
shown in Fig. 7 (roughly between Ons~1090ns). This is
probably caused by differences between the parameters of the
components in the simulation and in the practical experiments.
In particular, the power dissipations of the components in the
practical experiments may be larger than those in the
simulations.

Fig. 15 shows steady state experimental waveforms of the
collector current i, the voltage across the diode Vcgy and the
current of the diode ip, when the control voltage V. is 5V and



Secondary Side Output Voltage Stabilization of an IPT System by Tuning/Detuning through a ...

the base resistor is 18k, which agrees relatively well with the
simulation results shown in Fig. 5 in terms of the shape of the
waveforms and the variation scope. Similarly, differences
between the component parameters of the simulation and the
practical circuit experimentation can cause errors between the
simulation and practical experimentation results.

VI. CONCLUSIONS

This paper proposed a simple method to stabilize the
output voltage of the secondary side of an IPT system by
tuning/detuning through a DC Voltage-controlled Variable
Capacitor (DVVC) combined with a PI controller. The
equivalent capacitance of the DVVC is controlled by a DC
voltage which influences the conduction period of a diode in
the DVVC. Since no active switches are used in the DVVC,
there are no active switch driving problems such as the need
for a separate voltage source or gate drivers. This makes the
DVVC especially advantageous when used at the secondary
side of an IPT system. In the experiment, a 24V output
voltage is used directly as the source of the PI controller,
which generates the DC control voltage for the DVVC to
make the output voltage stabilized at 24V, with the load and
the coupling coefficient changing between 50Q and 100,
and between 0.57 and 0.66, respectively. Experiments were
carried out with Qi standard coils at 240 kHz to demonstrate
the practical use of the proposed method. However, since the
equivalent capacitance can be controlled smoothly by a DC
voltage with a minimal EMI, the DVVC has the potential to
be used at much higher frequencies than traditional switch
mode capacitors.
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