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Abstract—Inductive power transfer power supplies for electric
vehicle charging in dynamic applications need to tolerate large
variations in coupling and tuning with varying loads. This paper
investigates the use of a buck converter to regulate the input voltage
to a fixed frequency unidirectional switch push–pull converter to
meet the requirements of dynamic charging. The presented circuit
is optimized to remove some of the additional components intro-
duced. A mathematical model is presented that shows the circuit is
capable of operating while extremely mistuned in both the induc-
tive and capacitive regions while maintaining sinusoidal currents.
A controller design is also presented allowing constant primary
current operation, safe start up, and operation under no load con-
ditions. A 5-kW prototype was built and validated when operated
with a dynamic load under severely mistuned conditions.

Index Terms—Highway charging, inductive power transfer,
push–pull converter, wireless power transfer.

I. INTRODUCTION

INDUCTIVE power transfer utilizes two loosely coupled in-
ductors (pads) to transfer power over an air gap [1]. In recent

years, it has been proposed as a desirable means of charging elec-
tric vehicles (EVs) in stationary applications such as in garages
and car parks [2]–[4]. There has been a lot of work to standard-
ize these systems with the SAE J2954 committee agreeing to
use an operating frequency of 85 kHz [5]. Dynamic charging
applications have also been proposed, allowing charging while
driving on roads, highways [6]–[8], and train tracks [9]. Several
dynamic charging topologies have been proposed including us-
ing long tracks embedded in the road [7], [10], [11] or using
individual pads that are energized as a vehicle drives over them
[8], [9]. Double-coupled systems [6] have also been proposed to
avoid having dc or mains buried under the road. Double coupling
utilizes a long track operated at a lower frequency to distribute
power to several power supplies that selectively energize the
charging pads at higher frequencies, based on the proximity of
a vehicle on the road.

Dynamic charging applications for highways require power
supplies that tolerate operating under a wide range of coupling
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conditions as an EV moves over the in-ground pad it is driving
over. The power supply also has to tolerate varying power de-
mands since small cars require less power and may be lower to
the ground compared with large trucks and buses, which usu-
ally require more power and have a higher ground clearance.
Furthermore, different EV manufacturers may use different
tuning topologies in their vehicles, so the primary power supply
needs to be able to deal with the varying reflected impedances
from these vehicles. The power supply also has to be able to
deal with manufacturing tolerances of components and degra-
dation over time, causing the circuits to get further mistuned. A
phase synchronized fixed frequency power supply is desirable
to prevent interference between neighboring power supplies.

To address these issues, it is necessary to create a power
supply that is tolerant to severe mistuning while allowing the
current within the primary pad to be controlled to a desirable
value. In a previous investigation [12], a push–pull converter
with a bank of switchable capacitors was proposed as a solution
to these problems by retuning the power supply continuously
during operation. While this method was demonstrated to work
well, even at high speeds, it required a lot of extra switches
and components and lacked the controllability typically found
in H-bridge-based topologies.

Topologies utilizing an H-bridge inverter are capable of vary-
ing the primary current [13], [14], however, they are usually
designed to operate at a fixed duty cycle—either to limit har-
monics [15] or to maximize the output power. Additionally,
H-bridge-based power supplies often require boost converters
to step up the input dc bus voltage to 600–800 V. Push–pull-
based topologies are able to operate with a high resonant tank
voltage that can be achieved even with a low input dc voltage—
meaning it is possible to design a high-power converter with a
300-V dc bus. Furthermore, the push–pull converter switches
are referenced to ground, making the circuit easy to drive. How-
ever, traditionally with push–pull converters there has been no
way to control the primary pad current—it is either ON or OFF,
which is one of the reasons this paper focuses on utilizing the
buck converter to this desired control.

In this paper, a power supply topology utilizing a buck con-
verter to enable regulation of a unidirectional switch push–pull
(USPP) converter [16] has been proposed to keep the circuit
working even when mistuned. In practice, any step down dc–dc
converter can be used, however, using a buck converter gives the
additional benefit of minimizing components when combined
with a push–pull converter.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Generalized proposed topology.

Fig. 2. (a) Transient model of the push–pull converter and (b) buck converter
with the filter highlighted.

The paper is structured as follows. In Section II, the pro-
posed topology is presented and is mathematically analyzed in
Section III. In Section IV, a suitable control scheme is
discussed and is demonstrated in dynamic simulations, followed
by experimental results and discussions in Section V. Finally,
the conclusions are presented in Section VI.

II. PROPOSED TOPOLOGY

The general form of the proposed topology is shown in Fig. 1.
In a few feature, it incorporates a buck converter at the input
to regulate the voltage into the USPP converter [16]. The buck
converter is configured as a standard buck converter, but instead
of a load resistor it drives the USPP converter that operates at a
fixed frequency rather than under load resonant conditions as has
been done in the past [17]. This significantly alters the operation
and control of the system. The USPP converter turns the dc
input voltage into a quasi-current source using LDCin and the
two splitting inductors Lsplit1 and Lsplit2 . The switching action
of the switches SW1 and SW2 and their series diodes D1 and
D2 create an ac current in the primary coil Lpri . The capacitors
Cser and C1 tune the primary coil Lpri . The secondary coil L2
is coupled to Lpri by the coupling factor k. L2 is then connected
to a tuning capacitor network and a load.

A. Component Minimization

In [18], it was shown that transiently a push–pull converter
can be modeled as shown in Fig. 2(a). It can be seen that this
matches the filter of the buck converter highlighted in Fig. 2(b).
By removing the additional filter, the combined buck and USPP
converter can be reconfigured as shown in Fig. 3(a). LDCin
shown in Fig. 1 can be removed providing that the independent
dc inductors (LDC1 and LDC2) are sufficiently large and de-
signed to match the performance of LDCin , Lsplit1 , and Lsplit2 .

Fig. 3. (a) Modified proposed topology and (b) current injection into push–
pull tank.

For the purpose of the following analysis, Cser , Lpri , and the
reflected impedance of the secondary circuit were simplified
and represented by the inductor L1 in series with a load R.
This is to help with understanding how the circuit operates in
Section II-B and C, and is mathematically justified in
Section III.

B. Operation of the Buck Converter Stage

The buck converter optimization shown in Section II-A is
feasible because the dc inductors of the push–pull circuit convert
the dc voltage source to a quasi-dc current source that flows
through these inductors. Similarly, a buck converter operating
in the continuous region has a dc current with a triangle-wave-
shaped ripple flowing through its inductor, with the skew of the
triangle wave reflecting the duty cycle of the switch. With a
sufficiently large filter inductance, the amplitude of this ripple
can be minimized.

By replacing the filter of the buck converter with a push–pull
converter, the operation will be largely the same. When switch
SWB is closed, the diode DB does not conduct, and the circuit
operates as a normal push–pull converter. When SWB is opened,
DB starts to conduct and the energy in the dc inductors LDC1
and LDC2 are drained into the push–pull converter.

C. Operation of the USSP

The USPP converter is operated by driving switches SW1 and
SW2 180° out of phase with each other with a 50% duty cycle
at 85 kHz. The dc inductors LDC1 and LDC2 turn the voltage
input into a quasi-current source, causing a square wave current
source IAC to be fed into the LC tank as shown in Fig. 3(b). IAC
can be directly adjusted by varying the duty cycle of the buck
converter switch SWB .

The diodes in series with the switches (D1 and D2) prevent
the body diodes of the switches from conducting. In fixed fre-
quency bidirectional switch, push–pull converters such as the
one used in [12], D1 and D2 are not present so the conduc-
tion of the body diodes forces the tank voltage to 0 V each
half cycle. This is problematic when the power supply is ca-
pacitively tuned because in every half cycle the charged tuning
capacitor will be short circuited by the body diode conduction,
potentially damaging the switches. Therefore, [12] needs to be
designed such that it is inductively tuned over the entire range of
operation.
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Fig. 4. Tank voltage vC1 and switch voltage vSW 1 variation of a USPP due
to ±10% variation in L1 around the perfectly tuned point.

In the USPP, the tank voltage when mistuned is no longer
forced to 0 V when SW1 and SW2 switch, resulting in negative
voltage swings across each push–pull switch and its series diode
every half cycle. The negative voltage swing causes a larger
positive voltage swing across the switch, increasing the overall
rms tank voltage. This occurs because the mean voltage across
each USPP switch and its series diode has to equal the input
dc voltage, given the mean voltage across the dc inductors is
0 V at a steady state. The increased tank voltage when mistuned
can be seen in Fig. 4. When the circuit is perfectly tuned, the
switches are zero voltage switched, resulting in the lowest rms
tank voltage.

As the circuit gets mistuned in either direction, the tank volt-
ages increase and the tank voltage waveforms are no longer
in phase with the switching, resulting in non-zero volt switch-
ing operation and higher currents through the USPP switches
and diodes. However, under both inductive and capacitive mis-
tuning conditions, the VC1 waveform is still approximately
sinusoidal in form and there are no large current or voltage
spikes [16], making the circuit usable if the input voltage
can be regulated appropriately. In Fig. 4, it can also be seen
that the voltage across the switch never goes negative but is
clamped by the reverse diode, resulting in at least one edge
being zero voltage switched every cycle under all mistuning
conditions.

III. MATHEMATICAL MODEL

A. USPP Model

To the mathematical model of the USPP circuit under fixed
frequency operation, it is necessary to make some assumptions.
First, it is assumed that the extra distortion introduced into the
push–pull waveforms by the switching of the buck converter
is negligible. The buck converter is modeled by varying the dc
input voltage source. Both dc inductors are assumed to be of
equal value and all the components are assumed to be lossless.
Finally, the secondary circuit can be simplified to a reflected
impedance Zref in series with the primary inductance as shown
in [19]. The reflected impedance for parallel- and series-tuned

secondaries are given by Zref−p and Zref−s

Zref−p =
M 2ROUT

L2
2

− j
ωM 2

L2

Zref−s =
ω2M 2

ROUT

(1)

where ROUT is the load resistance and M is the mutual in-
ductance between the primary and secondary coils given by
k
√

LpriL2 . Using Zref values from (1), the equivalent induc-
tance L1 and resistance R driven by the power supply as shown
in Fig. 3(a) can be calculated by summing the impedances of
Lpri , Cser , and Zref . The equivalent inductance and resistance
with a parallel-tuned secondary are given by

L1 = Lpri − 1
ω2Cser

+
�(Zref−p)

ω
= Lpri(1 − k2) − 1

ω2Cser

(2)

R = �(Zref−p) = ωLprik
2QLOAD . (3)

Similarly, the equivalent inductance and resistance when us-
ing a series-tuned secondary are given by

L1 = Lpri − 1
ω2Cser

(4)

R = �(Zref−s) = ωLprik
2QLOAD . (5)

In (2)–(5), L1 and R are the equivalent primary inductance
and resistance of the push–pull converter as shown in Fig. 3(a).
Lpri is the actual primary coil inductance, ω is the frequency of
switching, Cser is the value of any series capacitance used for
tuning, k is the coupling between primary and secondary coils,
and QLOAD is the loaded quality factor of the secondary that
can be adjusted to regulate the output power. QLOAD is given
by ROUT/ωL2 for a parallel-tuned secondary and ωL2/ROUT
for a series-tuned secondary.

It should also be noted that in (2)–(5) and for the rest of
Section III, no specific details about the magnetic design such
as the pad topology, air gap, or size of the magnetic pads is
considered. This is because these physical properties are rep-
resented as pad inductances (Lpri and L2) and coupling factor
k in an electrical system. The physical characteristics such as
pad topologies and the shape of the coupling profile curve will,
however, be considered in Sections IV and V for the dynamic
system under evaluation, linked specifically to the topologies
used in that case.

Using these assumptions, the simplified circuit that is mod-
eled is shown in Fig. 3(a) except that a variable dc voltage
source is connected directly to the USPP. The assumptions al-
low the circuit to be represented as two third-order systems that
switch between each other as shown in Fig. 5(a) and (b). The
third-order circuit in Fig. 5 can be represented by the following
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Fig. 5. Equivalent circuit for (a) t = 0 to t = T/2 and (b) t = T/2 to t = T.

differential equation:

RVDC

LDCL1C1
=

d3vC1

dt3
+

R

L1

d2vC1

dt2

+
(

1
L1C1

+
1

LDCC1

)
dvC1

dt
+

R

LDCL1C1
vC1 .

(6)

The time domain representation of iLDC , iL1 , and vC1 can
be obtained by solving (6). The solutions are valid for t = 0 to
t = T/2 and can be written in the form of

w(t) = a1e
−βt + e−αt

(
a2cos(ωdt) + a3sin(ωdt)

)
+ a4 (7)

where w(t) is the general form of the waveform of iLDC , iL1 ,
and vC1 . β is the real root of the characteristic equation of (6),
and α and ωd are the real and imaginary parts, respectively, of
the complex root of the characteristic equation. The values of
the constants a1 , a2 , a3 , and a4 can be found using the input dc
voltage, initial current of the inductors, and the initial voltage
of the tuning capacitor. Since the diodes D1 and D2 block the
body diodes of SW1 and SW2 from conducting, the boundary
conditions are given as

vC1(t = 0) = −vC1

(
t =

T

2

)

iL1(t = 0) = −iL1

(
t =

T

2

)

iLDC(t = 0) = iLDC

(
t =

T

2

)
+

VDC
T
2

LDC
. (8)

B. Push–Pull Performance With No Regulation

Using the model presented in Section III-A, the performance
of the circuit without a dc/dc converter to adjust the input voltage
can be examined to see why the proposed buck converter is
necessary.

Fig. 6 shows how the behavior of the circuit changes due
to variations in L1 as the tuning capacitance and load change.
These variations are representative of variations in coupling and
loading from a secondary side as shown in (2)–(5). On these
graphs, the minima in IL1 indicate when the circuit is perfectly
tuned. The equivalent load resistance R is chosen to achieve
the specified output power at the tuned points and is used for

Fig. 6. Primary current amplitude and phase variation as tuning capacitance,
primary inductance, and load vary with no buck converter regulation.

the rest of that sweep for each curve. To put the large currents
shown in Fig. 6 into prespective, in the simulated circuit most
of the component ratings have been exceeded by the time IL1
exceeds 150 A, even when using 1200-V rated devices.

It can be seen that under lightly loaded conditions, the cir-
cuit becomes more sensitive to mistuning as indicated by the
rapidly rising currents and the sharper phase plots. Although it
has been shown that retuning a converter during operation in
a dynamic system is possible [12], most EV charging applica-
tions still use designs that are perfectly tuned at just one desired
operation point in order to minimize the number of components
used. Thus, if fixed tuning scenario is used, it is safe to assume
that the circuit will almost always be operating under mistuned
conditions, especially at light load, so a buck converter is re-
quired to regulate the input voltage in order to maintain an ap-
propriate IL1 and protect the components from exceeding their
ratings.

However, despite the voltages and currents in the system
becoming extremely large, the total harmonic distortion in the
track current has remained low [16]—peaking at a maximum
of 2.5% when mistuned and approximately 0.25% under ideal
tuning conditions.

C. Buck Converter Regulation Impact on Efficiency

In Section III-A, a mathematical model was developed that
allows the USPP to be evaluated. Using this model, it was shown
in Section III-B that a buck converter is required to regulate
the input voltage of the USPP to keep it operating in a safe
region. However, before the regulated performance of the USPP
is considered, it is necessary to look at the operation of the buck
converter and its impact on the converter losses.

The dc and switching current pathways from the input current
through the switch currents are shown in Fig. 7 when SW1 is
closed and SW2 is open. In the other half cycle, when SW2
is closed and SW1 is open, ISWPP flows through SW2 and no
current flows through SW1 . IIN is a dc current whose magnitude
is given as

IIN =
PIN

VDC
(9)
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Fig. 7. Pathway of currents of interest through the circuit when SW1 is closed
and SW2 is open.

where PIN is the total input power to the system. Using standard
buck converter and push–pull converter equations, the following
relationships can be written:

IPP =
IIN

D
=

ISWB√
D

=
IDB√

(1 − D)
= 2ILDC =

√
2ISWPP

(10)
where IIN , IPP , and ILDC are dc currents and ISWB , IDB , and
ISWPP are rms currents as indicated on Fig. 7. D is the duty
cycle of SWB while SW1 and SW2 are driven 180° out of phase
at a fixed duty cycle of 50%. It is assumed that CDC and the dc
inductors LDC1 and LDC2 are large enough so that the ripple
voltages and currents are negligible for this analysis.

From (10), it can be seen that the currents through the dc
inductors and semiconductor devices depend on the duty cycle
D of the buck converter. As the circuit gets mistuned, the pri-
mary current I1 increases as shown in Fig. 6. The controller
compensates for this mistuning by decreasing the duty cycle of
SWB , however, the output power has not changed during this
process. Thus, the losses in just the proposed push–pull con-
verter can be analyzed. For this analysis, the switching losses are
not considered since approximately 80%–90% of the losses in
the inverter circuit are conduction losses. The conduction losses
in the individual components are

PSWB = I2
PPRonSW D

PDB =
(
IPPVf + I2

PPRonD
)
(1 − D)

PSW1 = PSW2 = I2
SWPPRonSW

PD1 = PD2 =
ISWPPVf√

2
+ I2

SWPPRonD

PLDC1 = PLDC2 = I2
LDCRLDC (11)

where RonSW and RonD are the ON state resistances of the
switches and diodes, respectively, Vf is the forward voltage
drop of the diodes at low currents, and RLDC is the ESR of the
dc inductors LDC1 and LDC2 .

The total conduction loss in the converter expressed in terms
of IIN is given as

PLoss =
IINVf

D
(2 − D) +

I2
IN

D2

(
RonSW (1 + D)

+RonD(2 − D) +
RonLDC

2

)
(12)

Fig. 8. Variation in ηconverter due to changes in the duty cycle of SWB .

which can be rewritten in the form of a quadratic equation

PLoss = AI2
IN + BIIN (13)

where A = D−2(RonSW (1 + D) + RonD(2 − D) + 0.5
RonLDC) and B = VfD

−1(2 − D).
Thus, the total input power can be written as

PIN = POUT + PLoss (14)

where POUT is the total output power including the losses in the
primary resonant tank as well as all the secondary components.
By equating (9) and (14), the following quadratic equation is
obtained:

0 = AI2
IN + (B − VDC)IIN + POUT . (15)

which can be solved to obtain IIN and hence PIN and PLoss .
Therefore, the efficiency of the proposed converter when con-
sidering just the conduction losses for a given input voltage VDC
and output power POUT is given as

ηconverter =
POUT

PIN
. (16)

The variation in ηconverter is shown in Fig. 8 at various values of
POUT . To generate this figure, VDC was set to 300 V, RonSW =
25 mΩ, RonD = 45 mΩ, and Vf = 0.7 V. These component
specifications are typical of what can be expected with good
quality 1200-V SiC switches and diodes available today. It can
be seen that at a low-duty cycles and high power levels the
efficiency of the converter starts to quickly drop off. Thus, to
maintain the losses in the converter to a manageable amount, a
minimum ηconverter of 95% should be targeted that restricts the
duty cycle of SWB to a minimum of 56% for an output power
of 10 kW. This restriction on the duty cycle places a restriction
on how much mistuning the converter can handle, so the tuning
should be selected appropriately.

D. Push–Pull Performance With Buck Converter
Input Regulation

When selecting the components values for the circuit there
are several factors that need to be considered. The three main
factors—inductance variations, Cser selection, and C1 selection
is discussed followed by an examination of how the circuit
behaves with the buck converter regulation.

1) Inductance Variations: In this simulation, a primary pad
Lpri with an inductance that varies between 81.7 μH with no sec-
ondary pad (k = 0) and 85.8 μH (k = 0.23) when the secondary
pad is centered on top of the primary pad. These specifications
are similar to those used for the experimental system—which is
why they are chosen here. The inductance increases because of
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Fig. 9. Variation in inductance measured across the primary coil due to re-
flected impedances from series- and parallel-tuned secondaries as well as fluc-
tuations in Lpri .

the closer proximity of the ferrite in the primary and secondary
pads [20]. This change in Lpri as the coupling k varies can be ap-
proximated as (81.7 + 18k)μH. The total inductance that needs
to be tuned by Cser and C1 after accounting for variations in
Lpri and variations in reflected impedances from the secondary
are given by the Lpri(1 − k2) term in (2) when a parallel tuned
secondary is used and Lpri as shown in (4) when a series tuned
secondary is used. Thus, the full range of inductance that the
power supply needs to be able to tune and operate over is 81.3–
85.8 μH as shown in Fig. 9.

2) Cser Selection: The tuning capacitor Cser is selected to
ensure that the primary current IL1 is sufficiently high while re-
straining the maximum tank voltage VC1 and the voltage across
the switches and diodes. For this power supply, a primary cur-
rent of 100 A is required and it is desirable to restrict VC1 to
700 Vrms to ensure that the peak voltage across the switches
and diodes does not exceed 1 kV. A 48-nF capacitance for Cser
is sufficient to restrain the worst-case inductance of 85.8 μH
within these limits. Therefore, using (2) and (4), the value of C1
should be selected to tune an inductance range of 8.26–12.8 μH.

3) C1 Selection: C1 should be selected to ensure the duty
cycle of the buck converter switch is within the desired range
described in Section III-C. This is best achieved by tuning C1
to the center point of the expected range of variation in L1 so
that only the extremes are potentially operating at undesirably
low duty cycles. In this case, a 335-nF capacitance was selected
to tune to the midpoint inductance of 10.5 μH.

Using the values of tuning capacitors selected above, Fig. 10
shows a simulation of how the amplitude of the tank voltage
VC1 varies when a buck converter is used to regulate the pri-
mary track current to 100 A with an input voltage VDC of 300 V.
The output power was adjusted by varying the equivalent real
reflected resistance R [shown in (3) and (5)] from 0.01 to 0.1 Ω
and then 1 Ω representing a 100 W, 1 kW, and 10 kW load,
respectively. This simulation also highlights why it is neces-
sary for the power supply to tolerate operation in both the in-
ductive and capacitive regions. If C1 was selected so that it
was tuned to one of the extremes—either 8.26 or 12.8 μH —
instead of the midpoint of this range then the power supply will
be operating extremely inefficiently when mistuned.

Comparing Fig. 6 with 10, it can be seen that regulating
the track current limits the amplitude of the tank voltage signifi-
cantly, allowing safe operation over a wide range of inductances.
The envelopes that show the variation in duty cycle required to
achieve a ±10% variation in IL1 indicate that primary current
is extremely sensitive to variations in the duty cycle of the buck

Fig. 10. Variation in VC1 and duty cycle of SWB as coupling and load varies
with IL1 regulated to 100 A. The duty cycle envelope represents the duty cycle
change required for a ±10% variation in IL1 .

converter when operating at low power levels. It can also be seen
that the duty cycle peaks at the tuned inductance of 10.5 μH at
all three power levels. This is because at this point, the circuit is
tuned perfectly so the circuit can operate at its maximum duty
cycle. As the circuit is mistuned, IL1 will increase as shown in
Fig. 6, so the buck converter will need to reduce the duty cycle
in order to keep IL1 constant. It should be noted that the duty
cycle of the buck converter is used to adjust the input current
IAC fed into the LC tank as shown in Fig. 3(b), not the tank
voltage directly.

The peak duty cycle also does not exceed 85% in Fig. 10 to
maintain the 100 A regulation. Here with the push–pull con-
verter, the rms tank voltage VC1 under tuned conditions can be
approximated by πVDC/

√
2 ≈ 670 V in this application. Since

Cser was selected to ensure that VC1 does not exceed 700 V with
IL1 = 100 A at the worst-case inductance of L1 = 12.8 μH, VC1
is limited to just 570 V at the tuned point of L1 = 10.5 μH. If
C1 was tuned to L1 = 12.8 μH then 100% duty cycle would be
observed at that point, however, at L1 = 8.26 μH the duty cycle
will be below 40% which is undesirable.

E. Limits of Mistuning

From Figs. 8 and 10, the tolerance to mistuning is achieved by
sacrificing converter efficiency. This is similar to the way all H-
bridge-based topologies also achieve tolerance to mistuning. In
Section III-D, it can be seen that the maximum coupling factor
considered was k = 0.23. If operation at higher coupling factors
or larger variations in inductances is desired, then the duty cycle
at 10 kW load on Fig. 10 will drop below the desirable 56%
shown in Fig. 8, as discussed in Section III-C. In this case,
more efficient components will need to be selected or multiple
components will need to be paralleled in order to reduce the
losses in the circuit to maintain a reasonable efficiency under all
tuning conditions.

The circuit also requires the total effective inductance L1
to be inductive. Under extreme conditions, it is possible for
a capacitive reflected impedance to completely tune out L1 .
Under such cases, measuring the impedance across the terminal
of Lpri with an LCR meter would give a capacitive reading.
As such there is no inductance in the resonant tank, creating
undesirable waveforms in the primary pad that are no longer
sinusoidal.
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Fig. 11. Full system to be simulated including the control inputs and outputs
(red arrows).

TABLE I
COMPONENT VALUES USED IN EXPERIMENTAL SYSTEM

Lp r i 82.8–85.02 μH C1 406.75 μH C s e r 50.39 nF
LS 1 10.46–10.53 μH LD C 1 615.38 μH LD C 2 628.20 μH
LS 2 10.90–11.06 μH CS 1 334.14 nF CS 2 331.07 nF
LO 1 , 2 170 μH CO 1 1200 μF CO 2 2400 μF
VD C 300 V VO U T 300 V

IV. CONSTANT CURRENT CONTROL

The prototype system under evaluation and used for experi-
mental evaluation later in Section V is shown in Fig. 11. This
system uses a Double D (DD) primary pad [21] (Lpri) that is
energized by the proposed power supply. A bipolar pad [22],
[23], which features two decoupled coils (LS1 and LS2) with
individual switching rectifiers [24] for each coil, is used to reg-
ulate the output current (and hence output power) into a battery.
The component values used are listed in Table I. Constant cur-
rent control of the primary pad current IL1 in this prototype
has been implemented by monitoring the primary pad current
IL1 with a current transformer as shown in Fig. 11. Having the
primary controller maintain an approximately constant primary
current allows the secondary electronics to regulate the output
power without fighting the primary controller, and simplifies the
secondary controller design.

The primary controller block in Fig. 11 utilizes a proportional
integral (PI) controller to adjust the duty cycle of SWB to ensure
that the primary current is regulated to 100 A rms. SW1 and
SW2 are driven at 85 kHz with a 50% duty cycle. SWB was
also driven at 85 kHz so that any distortion in the waveforms
due to the buck converter operation is consistent per cycle. This
form of control is enough to ensure that the tank voltage VC1 is
within safe limits, as seen in Fig. 10. If necessary, an additional
peak voltage detection circuit can be added to guarantee that the
switch ratings are not exceeded.

In this circuit, switching secondary regulators are used to
regulate the output current that flows into the battery from each
coil of the bipolar secondary pad. The regulators use the well-
known boost converter configuration [24] to monitor the short-
circuit current from each coil with current transformers and
adjust the duty cycle of SWO1 and SWO2 as necessary. In the
simulation, both switches are driven at the same duty cycle,
however, they can also be driven at different duty cycles in order
to minimize the losses in LS1 and LS2 . This gives flexibility
for prototyping and experimental evaluations, however, in an
optimized system the output of the two diode bridge rectifiers

Fig. 12. (a) Dynamic simulation of the system showing regulation IL1 as the
secondary moves at 100 km/h and (b) position of the moving secondary pad
relative to the primary pad at various points in the simulation.

would be connected and only one boost-type regulator would
be used for both coils.

A PLECs simulation of the full system with the secondary
pad moving over the primary pad at 30 ms−1 (108 km/h) is
shown in Fig. 12(a). This speed is the expected maximum speed
for a vehicle on an electrified highway indicating that the pro-
posed control scheme is fast enough to regulate the system. The
position of the secondary pads relative to the primary pad at the
start, middle, and end of the simulation has also been shown in
Fig. 12(b) to help visualize the movement of the secondary pad.
A 300-V battery is used as the load and the output current IOUT
regulated to approximately 33 A in order to ensure a constant
10-kW power transfer. During this time, the primary current
was successfully regulated to approximately 100 ± 20 A rms as
expected by adjusting the duty cycle D of SWB .

Note that the power supply is turned ON at 15 ms in the sim-
ulation and the controller ramps the primary current up with
almost no overshoot. Such a signal to turn ON the power supply
can be obtained by using a detection scheme such as those pro-
posed in [25]–[28]. At a displacement of 1 m, the secondary pad
is centered over the vehicle pad and at displacements beyond
1.5 m, the secondary pad is significantly misaligned. Typically,
the power supply would be shut OFF after this displacement and
the next power supply on the highway would be expected to en-
ergize the secondary pad, however, to demonstrate the ability of
the power supply to continue to operate safely at low loads it was
left ON for an extra 15 ms as the output power drawn decreased.

A. Constant Current Control With a Switching
Secondary Regulator

The design of the control algorithm requires extra filtering
if the secondary uses switching regulators rather than a pas-
sive filter—both of which are used in practice with the choice
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based on cost and efficiency requirements. The switching from
a secondary regulator such as the those in Fig. 11 can cause the
reflected impedance on the primary side to vary. The secondary
controller adjusts the duty cycle of the output switches SWO1
and SWO2 to control the current flowing into the load. When
the switches are closed, the secondary coils are effectively short
circuited and the load is disconnected from the rest of the circuit.
Consequently, the power supply will effectively be driving no
load at this point, causing the primary current to start increasing.
When the output switches open, the power supply will start to
drive the load once again and the primary current will decrease.

The secondary regulator switches can operate at frequencies
as low as 10–20 kHz and under such situations this creates a rip-
ple in the primary current lasting several cycles. The ripple needs
to be filtered out from the current readings on the primary con-
troller otherwise it may try to unsuccessfully compensate for the
ripple resulting in large, unstable oscillations in the primary cur-
rent as the primary and secondary controllers “fight” each other.
With appropriate filtering, there will be a small ripple in the pri-
mary current, however, the average value will be kept constant.

The primary controller can also be designed to compensate
for the switching action of the secondary and eliminate the rip-
ple from the primary current—especially in stationary systems
where the duty cycle of the secondary regulator is relatively
constant. This, however, requires a deeper investigation and is
not within the scope of this paper, given the target here is to
supply power under fast varying dynamic applications.

B. Constant Current Control With a Passive Secondary

If the secondary side is a passive filter, then the reflected
impedance only varies due to the changes in coupling or Lpri .
The controller does not require any additional filtering since
these variations will be much slower than the switching of an
active regulator.

C. Start Up

Typically push–pull converters are difficult to start because
they suffer from significant tank voltage and current overshoots.
This is because they have no way to regulate the primary
current—the power supply is either ON or OFF. One of the ben-
efits of having the buck converter at the input of the USPP is
that the circuit can be easily started under controlled conditions
to achieve minimal transient ripple by ramping the duty cycle
of the buck converter switch. This is demonstrated in Fig. 13(a)
where the power supply is able to start up in under 200 μs un-
der load by using a simple PI controller, which is well within
the 2 ms advance notice of an upcoming vehicle given by the
detection scheme proposed in [25].

If the primary pad is starting under unknown load conditions
(in the worst case it may be either no load or full load), then
extra precautions need to be taken with the controller design.
When energizing an unloaded system, the system is prone to
oscillations and overshoots if the controller gains are not care-
fully chosen. A duty cycle of just 10.5% is required to achieve
a track current of 100 A under no load conditions as shown
in Fig. 13. Consequently, the controller should be designed so
that it checks the magnitude of the IL1 at a low-duty cycle of

Fig. 13. PLECs simulation of the system showing regulation start up and
shut down of the power supply under (a) loaded conditions and (b) no load
conditions.

approximately 5% to see if a load is present. At this fixed duty
cycle, the magnitude of IL1 detected under loaded conditions
will be much smaller than at no load so that a controller with
lower gains should be used at no load because of the low damp-
ing so that it starts up more gradually. This load checking is
demonstrated in Fig. 13—in both scenarios the controller sets
the duty cycle to 5% for 200 μs to check if a load is present.
In Fig. 13(a), a load is detected and the duty cycle of the buck
converter is increased rapidly. However, in Fig. 13(b) no load
is detected causing the controller to use lower gains so that the
circuit starts up more gradually.

D. Shut Down and Fault Conditions Triggered
by the Secondary

To shut down the power supply, the buck converter switch
can simply be opened at any time and this will stop injecting
energy in the resonant tank as shown in Fig. 13(a) and (b). Here,
the buck converter duty cycle was instantly set to zero at 2 and
15 ms, respectively. The energy stored in the dc inductors will
be dissipated in the LC tank and the buck converter diode DB
will provide a return pathway for these inductors. It is important
to note that the push–pull converter switches SW1 and SW2 still
need to continue commutating until all of the energy in the LC
tank and the dc inductors has been dissipated. If SW1 and SW2
were to be opened immediately then the energized dc inductors
would be open circuited, which would create a large transient
voltage across the terminals of the dc inductors and damage all
the components connected to them.

Additionally, it is important for the controller to react to ap-
propriately to the fault conditions created by the secondary
electronics. Many secondary regulators often have additional
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Fig. 14. PLECs simulation of the system showing increasing currents when
the load is removed and the emergency shut down needed to protect the circuit.

protection circuitry that allows the load to be completely dis-
connected from the power supply—usually by opening or short
circuiting the secondary coil. For example, this can be imple-
mented by having a crowbar circuit across the output switches
SWO1 and SWO2 in Fig. 11. When a fault condition is detected,
the crowbar circuit will instantly close across the switch. This
results in a sudden drop of the load on the power supply. The
controller in the power supply has to be able to react to this
immediately and open the buck switch SWB so that no more
energy is injected into the LC tank of the push–pull converter.

To demonstrate this, the peak primary current is plotted in
Fig. 14. A fault condition was triggered in the secondary side
at 1 ms that causes the secondary regulator to shed its load
instantaneously. To demonstrate the exponential increase in IL1 ,
the duty cycle was held constant from 1 to 1.31 ms. At this
time, IL1 exceeded a predefined overcurrent threshold—in this
case 115 A, causing the controller to shut itself OFF to protect
the circuit. In a practical system, the controller would start to
reduce the duty cycle between 1 and 1.31 ms, however, since the
current rises exponentially, often the controller will not be able
to reduce it enough—especially since controller gains tend to
be lowered near steady state to prevent hunting. If the controller
did not perform the hard shut off as shown in Fig. 14 then
the primary current would continue to increase rapidly, which
has the potential to damage not only the power supply but also
the secondary crowbar circuit because it is still coupled to the
primary coil. In practice, an overcurrent safety feature can be
implemented either in the software or with dedicated hardware
using a comparator circuit to detect such a fault condition.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

To test the operation of the proposed power supply under
dynamic operation, a 5-kW prototype shown in Fig. 15 was
built and the component values used are listed in Table. I. The
primary pad used was a 775 × 600 mm DD pad, whereas a
700 × 350 mm bipolar pad was used for the secondary with an
air gap of 200 mm. These pads were used since they were already
constructed and available in the laboratory. The full dimensions
of the pad and its development are discussed in detail in [29].
The two coils in the bipolar secondary pad were connected to
two secondary switching regulators using identical topologies
as shown in Fig. 11. The dc outputs of both regulators were
connected to an electronic load set to constant voltage mode at
300 V to act as a battery. The tuning capacitors are similar to

Fig. 15. Experimental setup of the 5-kW dynamic charging prototype.

Fig. 16. (a) Oscilloscope traces demonstrating the transient operation of the
power supply with a moving secondary pad and (b) position of the moving
secondary pad relative to the primary pad at various points in the simulation.

those proposed in Section III-D, however, in order to validate the
operation of this power supply under severe mistuning, the value
for C1 is 20% larger than desired so the LC tank was tuned to
70 kHz in the worst-case scenario. Despite this, severe mistuning
the circuit still operated as expected, however, it lowered the
efficiency of the power supply under operation.

Measurements from the experimental system under dynamic
operation are shown in Fig. 16(a). Here, key waveforms are
shown as the secondary pad moves over the primary pad. To
help visualize the position of the secondary pad as it moved
over the primary pad, the position of the secondary pad relative
to the position of the fixed primary is shown in Fig. 16(b) at the
three locations marked A, B, and C on Fig. 16(a). It can be seen
that the primary controller regulated the primary current IL1 (see
Fig. 11) to 60 A rms throughout the experiment. The secondary
pad was placed with an initial displacement of 0.66 m away
from the center of the primary pad where IOUT = 5 A (POUT=
1.5 kW). The secondary pad was then accelerated along the
tracks toward the primary pad. As the secondary pad approached
the primary pad, the output current increased to approximately
17 A at which stage the secondary regulator started to regulate
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Fig. 17. Distribution of the losses within the system.

the output current so that the output power was maintained at
5 kW. Eventually, the secondary pad moved too far away from
the primary pad, resulting in the output current dropping to 0 A.

When delivering 5 kW, the system efficiency from the input dc
VDC to output dc VOUT ranged from approximately 82.6–84.5%
depending on the tuning. When the primary pad was tuned well,
a system efficiency of 84.5% was observed. The loss distribu-
tion in the system at this operating condition is plotted in Fig. 17
and it can be seen that the losses in the power supply make up
approximately 29% of the total losses. For the system to operate
well under dynamic conditions, it is necessary to drive the pads
at a high current to ensure that the secondary pad continues
to receive power even when it is operating when misaligned
laterally between two primary pads. Thus, the majority of the
magnetic losses occur within the primary pads due to the high
currents. In such dynamic applications, there is little time for
both the primary and secondary controllers to adjust their cur-
rents in order to optimize their efficiency [1] as is possible with
stationary systems since the vehicle can spend as little as 36 ms
on every pad if it is travelling at 100 km/h. In practice, it would
be desirable that the primary set an appropriate current based
on the needs of a vehicle from an advanced knowledge from
a backbone intelligent highway system. Of the losses within
the primary power supply, 28% is within buck converter switch
(SWB ) due to its hard switched operation at 85 kHz. Improving
this part of the converter is clearly an important consideration
in future work.

The efficiency of the system decreased down to 82.6% when
it was operated under the mistuned conditions stated in Table I.
The mistuned conditions cause the input current into the push–
pull converter IPP shown in Fig. 7 to be higher, resulting in
more losses within switches, diodes, and the dc inductors of the
primary power supply. This result is in line with the simulation
results predicted in Fig. 10.

Oscilloscope traces of the system working at the no load
condition are shown in Fig. 18. To achieve this no load condition,
SWO1 and SWO2 were permanently closed so that IOUT is 0 A.
Under these conditions, the system is extremely sensitive to
mistuning as shown in Fig. 10 so the duty cycle needed to be
low. As shown in the oscilloscope traces, the primary current
IL1 is regulated to 60 A using a low-duty cycle of 8%.

Overall, the proposed topology has demonstrated the ability
to operate under extreme mistuning at the cost of extra losses
within the power supply. In this paper, the design of the power
supply was deliberately constrained by using a fixed value tun-

Fig. 18. Oscilloscope waveforms operating at the no load condition.

ing capacitor and operating at a fixed frequency. The SAE J2954
guidelines [5] allows operation between 81.39 and 90 kHz so
this range of frequencies could potentially also be used to re-
duce the mistuning of the circuit, however, this may introduce
additional complexities under dynamic charging conditions that
needs further investigation. Furthermore, the tuning of the LC
tank could potentially be directly adjusted as described in [12]
by varying the tuning capacitor C1 if the circuit is heavily mis-
tuned with a switchable capacitor branch.

VI. CONCLUSION

In this paper, a system was presented for an inductive power
transfer power supply utilizing a buck converter and a fixed
frequency unidirectional switch push–pull converter. It required
just one extra switch and diode on top of a USPP to implement
the extra controllability. With this configuration, it was shown
that the circuit was able to offer tolerance to extreme mistuning
while maintaining a constant primary current with low distor-
tion. The circuit was able to satisfactorily operate with both
inductive and capacitive mistuning. The limitations of the pro-
posed power supply have been explored, and dynamic charging
simulations showing the operation of the power supply with
a secondary pad moving at 108 km/h was presented. Control
schemes to discuss safe start up and shut down have also been
discussed together with shut down procedures under fault con-
ditions. Experimental results from a 5-kW dynamic charging
prototype have been presented to validate its ability to operate
under severe mistuning under dynamic conditions.
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