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Abstract

This paper utilizes free oscillation and energy injection principles to generate and control the high frequency current in the
primary track of a contactless power transfer system. Here the primary power inverter maintains natural resonance while ensuring
near constant current magnitude in the primary track as required for multiple independent loads. Such energy injection controllers
exhibit low switching frequency and achieve ZCS (Zero Current Switching) by detecting the high frequency current, thus the
switching stress, power losses and EMI of the inverter are low. An example full bridge topology is investigated for a contactless
power transfer system with multiple pickups. Theoretical analysis, simulation and experimental results show that the proposed
system has a fast and smooth start-up transient response. The output track current is fully controllable with a sufficiently good
waveform for contactless power transfer applications.
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I. INTRODUCTION

A typical contactless power transfer system employs a
power converter to produce a high frequency current along
a track loop/coil for magnetic field generation. The generated
magnetic field loosely couples the primary track loop/coil and
secondary pickup coil(s) to enable power transfer from a pri-
mary platform to secondary movable loads without cable con-
nection. Due to the elimination of physical electrical contact,
such a power transfer system is preferred in many hazardous
and clean environments as it eliminates sparking, particles and
the risk of electrical shock. As such, it has been successfully
employed in many applications, including materials handling
systems, transportation, bio-medical implants, semi-conductor
manufacturing workshops, battery chargers, etc [1]–[5].

Fig.1 shows a typical configuration of a contactless power
transfer system with multiple independent loads. As shown,
the stationary primary side includes a high frequency power
inverter and a compensated conductive track loop/coil for the
generation of a high frequency ac current. The secondary side
consists of a number of compensated pickups and rectification
circuits to drive each independent load. They are coupled over
the part of the track/coil in which the pickup inductor (coil and
magnetic material) is present via the magnetic field generated
by the primary side.
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Fig. 1. Typical configuration of a contactless power transfer system with
multiple pick-ups.

Power inverters employed in contactless power transfer
systems are either voltage or current fed [6], [7]. To generate
a high frequency current on the primary track suitable for
various applications, the switching frequency of an inverter
based on traditional voltage or current fed inversion methods
has to be close or equal to the actual frequency of the current
due to the forced switching operation [8]–[11]. Owing to the
forced switching nature, the circuit transient process involved
in those power inverters is normally complex and difficult
to analyze [11]–[13]. In consequence, unpredicted voltage or
current overshoots during start-up and load transients may
damage the switching devices or other components [14]–[16].

Integral cycle mode controlled inverters, also later named
as quantum resonant inverters [17], [18], have been proposed
for dc-dc conversion. Although such inverters could be used to
generate high frequency ac current based on cycle sequence
ratio of the powering, free ringing and regeneration modes,
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the control objective of these inverters was to keep the output
dc voltage constant. In practice, the control dynamics of such
systems are relatively slow and dominated by the output filter
so that the magnitude of the high frequency transformer ac
current can have severe fluctuations without affecting the
control objectives. Such a control approach is unsuitable
in a contactless power transfer application where multiple
pickups exist with highly variable loads. In such systems, the
magnitude of the high frequency primary current needs to be
maintained nominally constant to ensure each power pickup
can operate independently without compromising the power
transfer.

This paper utilizes a dc-ac inversion method based on
discrete energy injection and free oscillation. The objective is
to generate and control the magnitude of the high frequency
current along the track/coil for contactless power transfer.
Because the primary current magnitude reflects the stored
energy in the resonant circuit, it can be controlled to be
constant at a preset value by controlling the energy injection,
regardless of the output demands of power pickups and loads.
In practice, each pickup will normally have its own controller
to regulate the output. Compared to traditional voltage and
current fed dc-ac inversion methods, the proposed method
can be used to generate a high frequency primary current
for a contactless power transfer system that operates with a
reduced switching operation under most loading conditions,
since the average load is normally below the peak capacity of
the supply. As such, the proposed method is not as constrained
by the switching frequency limitations of the semiconductor
devices. Many different topologies may be developed based
on the basic inversion concept proposed. In this paper, a full
bridge inverter is developed as an example.

The paper is organized in the following order: Section II
presents the basic concept of the proposed inversion method
first. A full bridge energy injection inverter example is anal-
ysed in Section III, and then a detailed controller design of the
proposed dc-ac inverter is described in Section IV. Section V
presents theoretical analysis of the worst-case primary current
ripple under energy injection control. Section VI gives the
experimental results. Finally, conclusions are drawn in Section
VII.

II. BASIC CONCEPT OF ENERGY INJECTION AND FREE
OSCILLATION

A principle diagram of the inversion method based on
discrete energy injection and free oscillation control is shown
in Fig. 2. It comprises a dc power supply, a switching network
and a series resonant circuit consisting of a lumped inductor
L, a capacitor C, and an equivalent resistor Req. The effect of
power pickups can be considered by calculating the total the
reflected impedance summed from each of the secondary sides
of the contactless power transfer system [19].

There are two individual operating modes for the dc-ac
inversion shown in Fig. 2: energy injection and free oscillation.
When the terminals a and b are shorted by the switching
network, the track inductor L, its tuning capacitor C and
the equivalent resistor Req form a free oscillation network,

Fig. 2. Principle diagram of the energy injection and free oscillation inverters.

which is decoupled from the power supply. In principle, if
there are no power losses in the resonant tank, the circuit can
oscillate infinitely without need of energy injection. However,
in practice power consumption always exists because of the
various ESRs (Equivalent Series Resistances) in the system
and additionally from the load when presents [20]. When more
energy is required, the inverter is reconfigured to supply power
into the resonant tank. Such operation is very different from
normal voltage or current fed inverters.

The switching network can be designed to control the
energy injection in either one or both direction of the resonant
current. As such, either half bridge, full bridge or other suitable
topologies could be developed as design options. The unique
feature of the inversion method lies in the control of the
resonant current to ensure proper energy injection into the
network if required. The inverters can be hard or soft switched,
but the basic rule is that the energy injection should be able
to compensate for the power losses promptly and smoothly
without significantly affecting the circuit oscillation param-
eters, such as the frequency and magnitude of the primary
current. Regardless of the switching conditions of the inverter,
the input voltage to the resonant tank can be defined as:

vp(t) =





Vdc (Positive Energy Injection)
−Vdc (Negative Energy Injection)
0 (Free Oscillation)

. (1)

According to Kirchhoff’s voltage law (KVL), the following
differential equations can be obtained under both the energy
injection and free oscillation conditions as:





diL
dt

=
1
L
(vp− vc−ReqiL)

dvc

dt
=

1
C

iL
. (2)

No matter whether the system operates in either mode, from
(2) a differential equation expressed in terms of the track
current can be expressed as:

LC
d2iL
dt2 +ReqC

diL
dt

+ iL = 0. (3)

During the free oscillation period, the full solution to the
track current can be found as:

iL =
−vC(0)

ωL
e−

t
τ sinωt + i(0)

ω0

ω
e−

t
τ cos(ωt +θ) (4)

where vC(0) and iL(0) are the initial voltage of the tuning
capacitor C and the initial current of the track inductor re-
spectively. τ = 2L/Req is the time constant of resonant circuit,
reflecting the decay of the track current envelope (theoretically
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if Req=0, then τ =∞, there would be no decay), The oscillation
frequency of the track current is determined by the track
loop/coil parameters under normal operating conditions. As
long as the system does not enter bifurcation [21], it is
governed by the following equation:

ω = ω0
√

1−ζ 2. (5)

where ω0 is the undamped natural frequency ω0 = 1/
√

LC, ζ
is the damping factor of the network, which can be expressed
as: ζ = Req/2

√
L/C = 1/2Q, and the phase shift θ in (4) can

be expressed as: θ = arctan(1/ωτ) = arctan(ζ ). It can be seen
that to make the network oscillation occur, Q > 0.5, otherwise
the circuit will be over damped. A high Q primary will help
to stable the current as it naturally stores more energy, as such
the switching frequency required to maintain the oscillation in
the primary is much lower when an energy injection controller
are used.

If the zero current switching (ZCS) is achieved, then the
initial current iL(0) is zero, and the corresponding initial
voltage of the tuning capacitor vC(0) will be around its peak
value. Under such a condition, the second term of (4) becomes
zero, resulting in a simple current equation given by:

iL =
vC(0)
ωL

e−
t
τ sinωt. (6)

When the positive or negative half cycle track current flows
through the voltage source in the same direction (for positive
and negative energy injection respectively), the track current
can be expressed as:

iL =
vp + vC(0)

ωL
e−

t
τ sinωt (7)

where vp has been defined in (1). The amount of injected
energy in each half cycle is determined by the magnitude of
the input dc voltage and the track/coil current, as well as the
injection period:

Ein =
∫ ∆t

0
vp(t)iL(t)dt (8)

where ∆t is the time period of the energy injection.

III. A FULL BRIDGE INVERTER

Fig. 3 shows the operation states of a simple full bridge
topology. It can be seen that the basic structure is not much
different to a conventional full bridge voltage fed resonant
inverter, but the control strategy is very different. The opera-
tion of the switches is to simply maintain constant energy in
the primary track/coil. If only two upper switches S1+, S2+ are
turned “off” and meanwhile two lower S1-, S2- are turned “on”,
the fully charged C will discharge in either the positive or
negative direction, thus a free oscillation path is formed for the
track current. At each injection period, S1+, S2- is controlled
to be “on”(S2+, S1- “off”) in positive cycle of the resonant
current; or S2+, S1- is “on”(S2+, S1- “off”) in the negative cycle
of the resonant current. During the energy injection period
the resonant circuit is then connected to the power source
Vdc with the current flowing in the same direction, so that
the energy is brought into the network. If sufficient energy is

(a)

(b)

(c)

Fig. 3. Basic operating states of the inverter. (a) Energy injection state in
positive cycle of resonant current. (b) Energy injection state in negative cycle
of resonant current. (c) Free oscillation state.

brought into the resonant tank in a fast and efficient manner to
replace the consumed energy, the resonant current in the track
will be maintained at the free oscillation frequency. Therefore,
the total electromagnetic energy of the resonant tank can be
maintained and controlled.

The advantage of such a full bridge topology is simply that
it can control the energy injection in both the positive and
negative directions of the track current. As such, the power
range that can be controlled by a full bridge topology is
broader than a half bridge topology. Furthermore, the full
bridge topology enables a faster dynamic response during
start-up or load variations.

If energy injection occurs at each positive half cycle of the
current, then the voltage exerted to the track loop/coil reaches
its maximum value with a fundamental magnitude given by:

Vrms =
2

π
√

2
Vdc. (9)

The maximum power that can be supplied by a dc voltage
source is achieved if energy is injected in each positive and
negative cycle, and can be expressed by:

Pmax =
V 2

rms

Req
=

8
π2

V 2
dc

Req
. (10)

IV. CONTROL STRATEGY

A controller is developed in this section for the full bridge
inverter. Due to the nature of free oscillation and discrete
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TABLE I
BASIC CONTROL STATES OF A FULL BRIDGE INVERTER

Energy injection
i(t)> 0, î

/
pre T

2 <+Ire f i(t)< 0, î
/

pre T
2 <−Ire f

S1+ S1- S2+ S2- S1+ S1- S2+ S2-
On off on off on off on off

Free oscillation
i(t)> 0, î

/
pre T

2 >+Ire f i(t)< 0, î
/

pre T
2 >−Ire f

S1+ S1- S2+ S2- S1+ S1- S2+ S2-
off on off on off on off on

energy injection control, the operating period of the switches
S1+ and S2+ is constrained by the direction of the track current
and the requirement of the energy level.

The actual ZCS frequency of full bridge inverter is not
necessarily equal to the nominal natural resonant frequency
of the oscillation circuit. In consequence, fixed switching
frequency controller is unable to follow the actual resonant fre-
quency variation during operation, consequently the switches
can experience high voltage/current stresses, as well as high
power losses and EMI when the load varies or the circuit
parameters drift [21]. This paper focuses on soft switching
control realized by ZCS operation. A variable frequency con-
trol method is proposed and developed here to allow frequency
variations. If the contactless power transfer system is properly
designed with a large equivalent primary circuit quality factor
Q (with the reflected components from secondary side taken
into consideration), the actual frequency variation is very small
during practical operation.

A. Soft switched start-up

Owing to the circuit resonance, the operation of the inverter
can follow the resonance of the track current. Initially, all
switches are in their “off” state; there is no electric and
magnetic energy stored in the track loop/coil. The voltage
across C and the current in the track loop/coil are all zero.
When S1+, S2- are controlled “on”; and S2+, S1- are controlled
“off”, the source voltage (Vdc) is applied to the resonant
loop/coil and energy is injected into the track in the positive
half cycle. After C is fully charged, a free oscillation path for
the current is formed, if S1+, S2+ are controlled “off” and S2-,
S1- are turned “on”. The current then oscillates freely in the
track. In this start-up transient process, all switches naturally
operate in ZCS condition.

B. Steady-state operation

A control strategy that uses the current as the control
variable to achieve ZCS operation is proposed. If the track
current in a previous half cycle is smaller than a predefined
current reference, energy injection will be controlled to occur
in the next half cycle. Otherwise, if the peak current in the
previous half cycle is larger than the predefined reference, the
free oscillation of the resonant circuit will be maintained. The
control strategy with reference to the track current is illustrated
in Fig. 4. The detailed control of the inverter switches under
this strategy is shown in Table I. The flow chart of the control
algorithm is shown in Fig. 5.

Fig. 4. Steady-state ZCS energy injection control strategy.

Fig. 5. Flow chart of the control algorithm.

V. CURRENT RIPPLE ANALYSIS

To maintain ZCS operation, energy injection needs to be
in half period. Due to the discrete nature, the energy injected
in the resonant tank may be higher or lower than the actual
load consumption, and as such, the primary current will
exhibit some ripple during operation. For analysis and design
purposes, it is important to quantify the magnitude of the
current ripple. Because the extent of the current ripple is load
dependent, and it varies with energy injection instants, it is
very difficult to conduct accurate ripple analysis under all
the operating conditions of the inverter. However, a worst-
case analysis approach is possible to find the maximum
and minimum currents, which quantifies the worst ripple the
inverter can have.

The maximum peak current iL max occurs under the con-
dition when there is no load, and the current peak in the
previous half cycle is slightly smaller than or just equal to
the reference value −Ire f , so that energy is injected into the
resonant network in the next half cycle. The current waveform
under such a worst case condition is shown in Fig. 6.The
maximum current iL max appears in the following half cycle
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Fig. 6. Maximum track current under worst case condition.

after the energy injection.
Because there is no load, the capacitor voltage is zero when

the track current is at its peak. The total energy stored in the
resonant circuit before the energy injection can be expressed
as:

Estore =
1
2

L
∧

Ire f
2. (11)

After energy injection over half a period, the total energy
storage in the circuit becomes:

1
2

L
∧

iL max
2 =

1
2

L
∧

Ire f
2 +Ein. (12)

The amount of injected energy is determined by the magni-
tude of the input dc voltage and the track current governed by
(8), where (assuming ZCS operation is required) the period of
the energy injection is half of the period of the resonant track
current. According to (7), the maximum current during energy
injection can be expressed as:

∧
iL =

Vd−Vc(0)
ωL

e
−T
4τ . (13)

Here Vc(0) is the initial value of the capacitor voltage at
t = 0, which can be determined by:

Vc(0) ==

√
L
C

Ire f . (14)

From (13) and (14), the injected energy in half period can
be expressed as:

Ein =Vd

∫ T
2

0
iL(t)dt =

TVd(Vd +
√

L
C Ire f )

Zπ
. (15)

Substituting (15) into (12), the maximum current can be
expressed as:

∧
iL max =

√
I2
re f +

2TVd

π
+

√
C
L

2TV 2
d

πIre f
. (16)

(16) shows that the worst case track current overshoot above
its reference value is determined by the input voltage, the track
current oscillation frequency, and the circuit parameters.

The minimum current iL min is caused by circuit damping.
The worst case scenario arises when the load is at its maximum
and the peak current is slightly larger than the reference
value, consequently there is no injection in the next half cycle
the current magnitude would decay continuously. Starting
from i(0) = −Ire f and vc(0) = 0, equation (4) can be further
expressed as:

iL(t) =−Ire f
ω0

ω
e−

t
τ cos(ωt +θ). (17)

Fig. 7. System configuration for experiment.

Note that strictly speaking when the current is at its peak,
the capacitor voltage is not exactly zero due to the existence of
the load. However, for inductive power transfer applications,
the primary circuit Q is usually high so the error caused by
this assumption is naturally very small.

For a full bridge topology, the current reaches its minimum
value after half a period from the previous peak value, so iL min
can be expressed as:

∧
iL min = Ire f

ω0

ω
e−

RT
4L . (18)

From (18), it can be seen that the worst case minimum is
determined by the load, the track current oscillation frequency,
and the circuit parameters.

VI. EXPERIMENTAL RESULTS

In order to evaluate the performance of the proposed con-
troller at a system level, a number of series tuned power
pickups, which are coupled with the primacy circuit, are
considered. In practical applications many different types of
power pickups can be used, for simplicity only series tuned
pickups are considered. Fig. 7 shows the circuit diagram of the
system being studied. To realize the proposed control strategy
with fast sampling and minimal delay, a FPGA controller
is designed and implemented to achieve ZCS operation. The
detailed circuit parameter of the system is listed in Table II.

Fig. 8 shows the start-up transient response operation of the
proposed inverter. It can be seen that at the beginning S1+ is
kept “on” for a short period (S2- is also “on” but not shown).
Once the voltage of the capacitor Cp equals to the input
voltage, S1+ and S2+ both turned off (S2- and S1- are turned
“on”), and an oscillation path is formed so that the current
oscillates freely in the track. After the initial forced energy
injection and first half cycle oscillation, S1+ (trace4) turns “on”
in each positive half cycle and S2+ (trace3) turns “on” in each
negative half cycle to ensure the maximum energy injection
to boost the current to the reference ±15A as fast as possible.
Once the peak track current reaches a predefined reference, the
switching frequency decreases to reduce the energy injection
and maintain the track current relatively constant. The duration
of the start-up transient to steady-state takes only a few cycles
from the experiment, which here has a single pickup coupled
at the start-up with nominal load. A higher source voltage
and/or a lighter load will make the start-up process faster, but
the overshoot and fluctuations of the track current at steady-
state will become slightly higher due to the ZCS operation.
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TABLE II
CIRCUIT PARAMETERS

Notes Symbol Value
Input dc voltage Vdc 24V
Primary track/coil inductance L 67.81 µH
Secondary coil inductance Ls 45.16 µH
Primary tuning capacitance C 0.88 µF
Secondary tuning capacitance Cs 1.36 µF
Coupling coefficient k 0.138
Nominal load resistance of one pickup RL 2 Ω
Nominal system frequency f 20 kHz
Reference peak current Ire f 15 A

Fig. 8. The transient response of the proposed inverter on start-up.

Fig. 8 shows the start-up transient response operation of the
proposed inverter. It can be seen that at the beginning S1+ is
kept “on” for a short period (S2- is also “on” but not shown).
Once the voltage of the capacitor Cp equals to the input
voltage, S1+ and S2+ both turned off (S2- and S1- are turned
“on”), and an oscillation path is formed so that the current
oscillates freely in the track. After the initial forced energy
injection and first half cycle oscillation, S1+ (trace4) turns “on”
in each positive half cycle and S2+ (trace3) turns “on” in each
negative half cycle to ensure the maximum energy injection
to boost the current to the reference ±15A as fast as possible.
Once the peak track current reaches a predefined reference, the
switching frequency decreases to reduce the energy injection
and maintain the track current relatively constant. The duration
of the start-up transient to steady-state takes only a few cycles
from the experiment, which here has a single pickup coupled
at the start-up with nominal load. A higher source voltage
and/or a lighter load will make the start-up process faster, but
the overshoot and fluctuations of the track current at steady-
state will become slightly higher due to the ZCS operation.

The steady-states operation is shown in the later part of
Fig. 9. Here the track current frequency is close to the nominal
resonant frequency that all pickup are tuned to operate at.
Under the control strategy the inverter has a good dynamic
response. The high frequency track current is generated, and
its magnitude is maintained around the reference level despite
the low switching operation. It can be seen from Fig. 9 that
small fluctuations in current arise because of the fast energy
consumption of the load during the free oscillation period,
and a slight over energy injection during the half period of
energy injection, which is limited by the half period energy
injection if the ZCS condition is maintained. Fig. 9 shows
that the practical experimental value of the maximum current

Fig. 9. The response from start-up to steady state.

is about 19A, which is smaller than the theoretical worst case
value of 20.47A calculated from (16). The practical minimal
current obtained is about 14A, which is also within theoretical
limit of 13.74A calculated from (18). It can also be seen from
Fig. 9 that practically these track current fluctuations have
very minimal effect on the output voltage, because nearly
all contactless power transfer applications have some form
of capacitor filtering or bulk storage at the output (as in
Fig. 1) which contains sufficient energy to supply the load
over many resonant cycles. In addition, if necessary, the
fluctuations can be minimized or eliminated by controlling the
energy injection using a hard switching strategy, or a combined
hard/soft switching approach, but in either case full ZCS will
be compromised, which is not desired here.

In order to investigate the proposed control method for the
applications with multiple pickups, an experiment is under-
taken with same specification in Table II but with two identical
pickups. Fig. 10 shows the experimental results. From top to
the bottom, the waveforms are VRL1 of one of the identical
pickup, S1+, S2+ and the primary current. In the beginning
both pickups are fully loaded and the system operates at steady
state. After 5ms in Fig. 10, both pickups are decoupled from
the track (indicating no energy is desired) in order to evaluate
the response of the inverter. At this point the voltage over the
load VRL1 on one of the pickups is shown to drop to zero Fig.
10 (trace1). The inverter now only operates to overcome the
track losses and maintain the current on the primary resonant
circuit. As a result, all switches operate at low switching
frequencies and the switch pattern is different. In Fig. 10,
only S1+ is operating, S2+ is standing by under this “no load”
condition. In practice, the switching pattern is related to the
reference value of the track current and the loading condition,
which is difficult to predict.

In order to investigate the proposed control method for the
applications with multiple pickups, an experiment is under-
taken with same specification in Table II but with two identical
pickups. Fig. 10 shows the experimental results. From top to
the bottom, the waveforms are VRL1 of one of the identical
pickup, S1+, S2+ and the primary current. In the beginning
both pickups are fully loaded and the system operates at steady
state. After 5ms in Fig. 10, both pickups are decoupled from
the track (indicating no energy is desired) in order to evaluate
the response of the inverter. At this point the voltage over the
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Fig. 10. Load variations from two pickups to no pickup and one pickup.

load VRL1 on one of the pickups is shown to drop to zero Fig.
10 (trace1). The inverter now only operates to overcome the
track losses and maintain the current on the primary resonant
circuit. As a result, all switches operate at low switching
frequencies and the switch pattern is different. In Fig. 10,
only S1+ is operating, S2+ is standing by under this “no load”
condition. In practice, the switching pattern is related to the
reference value of the track current and the loading condition,
which is difficult to predict.

At around 13ms in Fig. 10, one of the pickups is re-coupled
to the track demanding full power while the other remains
decoupled. It can be seen that VRL1 on the resistor increases
very fast compared to the cold start-up transient as shown
in Fig. 8. This is because the dc capacitor at the output of
the rectifier is charged and enables immediate power transfer.
The stored energy on dc capacitor helps to boost the voltage
when load presents. It can be seen that the switches operate in
a different pattern again, when only one fully loaded pickup
is presented. The switching frequencies of both S1+ and S2+
increase compared to the no load condition. However, the
magnitude of the primary current is still maintained near
the preset reference value under all operation conditions.
Furthermore, the transient overshoots of the primary current
which exist as a result of the energy injection are naturally
limited, which can be well predicted as discussed in the ripple
analysis.

The track current waveforms obtained are sufficiently good
for contactless power transfer applications. The primary cur-
rent is fully controllable and can be maintained around the
preset reference value under light load or even no-load con-
ditions. However, as such contactless power transfer systems
may present a lower efficiency under lightly loaded conditions,
most of the injected energy is required to compensate for
the standing power losses rather than to transfer power to
secondary sides. The power efficiency of the measured system
is shown in Fig. 11 over the entire load range.

It can be seen that it is only about 30% efficiency when
the load resistance is 12.35Ω at 11W. It is about 70% power
efficiency at nominal single pickup load condition at 60W in
Table II. A higher power efficiency is achieved in a multiple
pickups system. The measured power efficiency is about 82%
for a two pickups system in which each pickup has a nominal
load (120W in total) at the 0.138 coupling coefficient, as the

Fig. 11. Power efficiency and output power over the load rang of a single
pickups system.

standing power losses take less portion of total power. In fact,
for a multiple pickups system, usually there are more than one
pickup coupled to the primary, therefore the average efficiency
of multiple pickups system is normally higher than a signal
pickup at same coupling condition. Consequently, the total
power efficiency of the proposed inverter can still be very
high for such multiple pickups applications. In addition, the
standing losses of the system can be reduced by a proper
circuit design [22], by an accurate control timing of switches,
or choosing better components, such as Litz wire coils, etc.

VII. CONCLUSIONS

In this paper, a high frequency current generation and
control method is proposed for contactless power transfer
applications based on free oscillation and energy injection
control principles. Theoretical modelling and analysis are
conducted to understand the operation of the proposed method.
A ZCS strategy has been proposed to control the full bridge
inverter, which has been verified by simulation and experi-
mental studies. A FPGA based controller is developed as the
core control unit to implement the control strategy so as to
achieve fast and accurate ZCS operation. Experimental results
have demonstrated that the proposed inversion method is able
to generate a high frequency output current at a low switching
frequency. The inverter operates at full ZCS and has very good
start-up and steady-state properties. Furthermore, the primary
current ripples that arise during operation have been analysed,
and it has been found that the actual magnitude of the current
ripple is very small, and has little impact on the secondary
power pickup output.
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