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Abstract

Generally, a single phase H-bridge converter feeding a single primary track is employed in conventional inductive power transfer
systems. However, these systems may not be suitable for some high power applications due to the constraints of the semiconductor
switches and the cost. To resolve this problem, a novel dual coupled primary tracks IPT system consisting of two high frequency
resonant inverters feeding the tracks is presented in this paper. The primary tracks are wound around an E-shape ferrite core in
parallel which enhances the magnetic flux around the tracks. The mutual inductance of the coupled tracks is utilized to achieve
adjustable power sharing between the inverters by configuring the additional resonant capacitors. The total transfer power can be
continuously regulated by altering the pulse width of the inverters’ output voltage with the phase shift control approach. In addition,
the system’s efficiency and the control strategy are provided to analyze the characteristic of the proposed IPT system. An
experimental setup with total power of 1.4kW is employed to verify the proposed system under power ratios of 1:1 and 1:2 with a

transfer efficiency up to 88.7%. The results verify the performance of the proposed system.
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I. INTRODUCTION

Inductive Power Transfer (IPT) is a promising way to
deliver power from a power source to a load or multiple loads
via electromagnetic coupling in order to enhance system
flexibility [1]-[17]. Nowadays, IPT systems have been
employed in numerous applications which include low power
wireless charging of biomedical implants [10], electric vehicle
charging systems [16], and public transport systems [17].

Only one primary track with an elongate loop or a pad is
supplied by a single resonant inverter in conventional IPT
systems, and an IPT pick-up consists of a coil of litz wire in
close proximity to the track wires positioned to capture
magnetic flux around the track conductor as shown in Fig. 1.
The magnitude and frequency of the track current, and the
magnetic coupling and quality factor of the compensated
circuit directly dictate the amount of power that can be
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transferred across the air gap. As a result, high voltage, high
current, high frequency semiconductor devices are used to
achieve a high power transfer. However, these semiconductor
devices are relatively expensive and may not be easy to
purchase.

Multilevel technology [18]-[20] has advantages in terms of
reducing the stress of semiconductor devices, and in
implementing high power IPT systems by using low-cost and
low-voltage semiconductor devices. However, it is a challenge
to implement such systems at high frequency and to get them
to work under the soft switch condition. Multi-inverter
connected in parallel is another option to realize high power
transfer by using low power capacity resonant inverters. A
parallel topology for IPT systems by connecting identical
LCL-T-based IPT supplies in parallel across a shared ac track
inductor was proposed in [8]. This topology can dramatically
improve the system’s transfer power, availability and reliability.
However, large circulating currents among the inverter
modules may be generated by the component tolerance, and the
control strategy used to minimize the circulating currents is
complex.

Multi-coil connected with multi-inverter is employed in
induction heating to enhance the magnetic fields, which can
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Fig. 1. Typical IPT system.

enhance the total output power by using multiple low power
inverters [21]-[26]. On the one hand, the limitations of its
single operation can be removed in aspects like heat dissipation,
cost, short time overload, and component limitations. On the
other hand, the multi-coils connected with multi-inverter also
brings convenience in terms of maintenance and flexible
operation for maximum efficiency and reliability. However, the
mutual inductances among the coils makes it difficult to
control the resonant currents flowing through the coils. An
additional decoupling transformer is one of the solution to
mitigate the influence of mutual inductances [25]-[26].
However, this comes with an increase in cost.

This paper presents a new IPT topology based on dual
coupled tracks connected to double resonant inverters to meet
the demand of high-power applications. The mutual inductance
of the dual coupled tracks is utilized to achieve better power
sharing between the inverters or to improve the power
distribution by configuring the resonant capacitor. Resonant
inverters with different power capacities can be chosen to
achieve maximum power transfer by altering the additional
capacitors with a careful design. An experimental setup with a
total transfer power of 1.4kW is employed to verify the
proposed system under power ratios of 1:1 and 1:2 between the
two inverters with an approximate transfer efficiency of 88.5%.
According to the results, an attractive option for integrating
low-power inverters of identical or different power capacities
with dual coupled tracks is built to meet the demands of
high-power applications.

The rest of this paper is organized as follows. A review of
IPT systems based on a single track is shown in In Section II.
In Section III, a detailed description of the structure design and
principle analysis of an IPT system based on dual coupled
tracks connected with double resonant inverters is given; and
the parameter design and power distribution method for the
proposed IPT system is analyzed in detail. Then, Section IV
shows steady-state results of an experimental system operating
at 1.4kW. Some conclusions are then given in Section V.

II. REVIEW OF IPT SYSTEMS BASED ON A
SINGLE TRACK

A conventional IPT system based on a single primary track
is shown in Fig. 2. It comprises a high frequency H-bridge
resonant inverter, a full-bridge rectifier, and resonant
tanks. L, and L, are the inductances of the primary track and
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Fig. 3. Principal operation waveforms of inverter.

the pick-up coil, respectively. C,and C; are the resonant
capacitors used to compensate the primary track L,and the

pick-up L. The equivalent series resistances of the track and

the pick-up coil are R, and Rs, which can be neglected since
their values are relatively small compared to that of the load.
The mutual inductances between the pick-up coil and the
primary tracks are denoted as M .

The inverter is controlled by the phase-shift technique,
which generates a fixed-frequency ac output voltage up as
shown in Fig. 3. The operating frequency of the inverter is

1 1

equal to the resonant frequency @ = == 75— .

According to [5], the RMS (Root Mean Square) of the track
current can be obtained as:

;. _ 2ERsin(6,)

(1
P o*M*x
According to [5], the transfer power can be calculated by:
2
IpoM
p,=Urel). F ) @)

Therefore, the transfer power of IPT systems can be
upgraded by enhancing the equivalent track current.

III. ANALYSIS AND DESIGN OF IPT SYSTEMS
BASED ON DUAL COUPLED TRACKS

A. Description of the Proposed IPT System
An IPT system based on dual coupled tracks is shown in Fig.
4. The dual tracks are wound in parallel around an E-shaped

ferrite core over several-tens of meters as a power transmitter,
and each track is connected with an H-bridge resonant inverter
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as a power supply converter. In addition, all of the inverters
share a common DC input voltage. A pick-up coil is wound
around an E-shaped ferrite core as a power receiver. The power
receiver is intentionally shorter than the power transmitter, so
that it can dynamically move over the primary tracks freely.

In order to analyze the magnetic field of the proposed
structure, a commercial finite-element analysis software, i.e.,
Flux is employed to provide the magnetic field image shown
in Fig. 5. This is done with an energized current of 10A for a
single track, SA each for dual tracks, and 10A each for dual
tracks. It is clear that the magnetic field intensity of 10A for a
single track is very close to that of one 5A for each of the
dual tracks due to the parallel structure. The magnetic field is
dynamically strengthened by increasing the current to 10A
each for the dual tracks as the equivalent current increases. In
other words, the total magnetic field around the power
transmitter is synthesized by the dual tracks’ currents. As a
result, the transfer power is enhanced by the synthesized
magnetic field, which is energized by the two currents. Under

this condition, a relatively large mutual inductance M,,

exists between the coupled primary tracks. This large mutual
inductance is utilized to obtain better power sharing
performance of the IPT system instead of decoupling the
inductor behavior to simplify the system as done in classical
approaches [25], [26].

The equivalent circuit of an IPT system with the series-series

tuned topology is depicted in Fig. 6. L, L, and L, are the
inductances of the primary track 1, track 2 and the pick-up coil,
respectively. C,, C, and C, are the resonant capacitors

used to compensate the primary tracks L, and L,, and the

pick-up coil L. The equivalent series resistances of the dual

tracks and the pick-up coil are R, R,, and Rg. The mutual
inductances between the pick-up coil and the primary dual
tracks are M,; and M, respectively. A full bridge rectifier

is employed to convert high frequency AC power to DC power
to feed the load R, . The two-inverter units operate at an

identical angular frequency of @ , which can be defined by:
1 1

1
w= = =
JLC LG, [LgCy

For simplicity of analysis and design, the structure of the
dual primary tracks are designed identically. In addition, both
of the mutual inductances between the pick-up coil and the
primary dual tracks are approximately identical, M;s=Ms.

The inverters are controlled by the phase-shift technique,
which generates fixed-frequency ac output voltages u; and u,.
Moreover, the voltages are identical to each other by
employing synchronous control technology [8], as shown in
Fig. 7.

The fundamental voltage phasor of the inverters can be

3)
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\
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Fig. 4. The structure of the proposed IPT system.
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Fig. 5. Magnetic field image of the single track and dual tracks
structure with different energized currents.
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Fig. 6. The equivalent circuit of the proposed series-series tuned
IPT system.

derived as:

2\2E5sin(6;)
T

Ulezz (4)
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Fig. 7. Principal operation waveforms of inverter 1 and inverter 2.

B. Modeling and Analysis of the Proposed IPT System

According to mutual coupling theories, the relationship
between the current values and the voltages can be derived
as:

Ul Z, JoM,  joM il
U, |=| joM,, Z, JoM s || 1, (%)
0 JoM  joM,; Z I

where Z,, Z, and Zs are the impedances of the dual primary
tracks and the pick-up, respectively. The impedances can be
defined as follow:

Z L 1/ R

Z, |=jol L, |[+2-1/C, |+ R ©)
(4]

Z, L | "?lc, | |R+R,

For simplicity of the analysis, the equivalent series
resistances of the dual tracks and the pick-up coil are
neglected since their values are relatively small compared to
that of the load. That this is to say, R—=R,=R,=0, Z=Z,=7,=0,
and Zg = R,.

According to [27], the equivalent load R, of the rectified

tank connected to a resistive load R, can be expressed by:

8R,
0= 2

i (7
By substituting (4), (6), and (7) into (5), the fundamental
current phasor of the dual tracks can be derived by:

. _8\2Esin(6 )R, (wn’ M—j4R M,,)

R

I=I
b ro(r* 0’ M +2R M ) ®)
The impedances of the H-bridge inverter units can be
yielded by:
U1 o .
—_ — Jo 5
[zl }_ I | | 4R, M o
Z ﬂ '’ jo M,
I, | | 4R,

Under this condition, the H-bridge inverter units’

Fig. 8. The -equivalent circuit diagram with additional
compensation capacitors.

impedances are not purely resistive due to the mutual
inductance between the dual tracks. Therefore, the inverter
units are not working under the resonant condition. That is to
say, the capacitors are used to compensate the primary track
since the traditional method do cannot meet the requirements
of the resonance in dual coupled tracks IPT systems.

C. Parameter Design and Power Distribution

According to the aforementioned analysis, in order to
minimize the reactive power of the H-bridge inverters,
additional capacitors C,, and C,, are added to ensure that the
H-bridge inverters to work under the resonance condition. An
equivalent circuit diagram with the additional capacitors is
shown in Fig. 8.

Assuming that jX, =(joC,)" and jX, =(jwC,)",
according to (6), the impedance of the dual primary tracks
can be derived by:

VA L 11/C 1|1/C, R
=jo +— +— +
Z, L | jo|1/C,| jo|l/C,| |R,
{J‘Xl}
JX,

For the sake of convenience, the following variables in (11)

(10)

are defined:
A=’ M (X, + X, —20M,,) a1
B=(XX, _a)lezz)
Under these conditions, substituting (4), (7), and (10) into
(5), the fundamental current phasor of the dual tracks can be
changed to:

I J16v2ER, sin(6,) X, —oM,
ol 2rs 2 . (12)
I ”[SRL(Q) Mg _Xle)""JA] X, —oM,
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The new impedances of the H-bridge inverter units can be
yielded by:
1 1

Z{ _ | BX:R —S0RM,, B X, —oM, 03
A 1 1

8X\R, —8wR, M, X, —oM,
In order to let the two H-bridge inverter work under the
resonant condition, the H-bridge inverter units’ impedance
has to be purely resistive. Meanwhile, to make the two

inverter output power levels flexibly configured, Re(Z)) is

set to be equal to ARe(Z;). Re(+) represents the real

component operation for (+) . That is to say, the output power
of inverter 2 is A times that of inverter 1. Consequently, it
is possible to obtain:
B=0
A _ 4. A (14)
8X,R, —8wR M, 8X\R, —8wR, M,

The solution of (14) is given by

X, ' A
=—w
X, 211/ (15)
The value of the additional capacitors can be derived by:
C, 1 /A
=— (16)
Col oM, | 4

Therefore, by adding the additional capacitors C,, and
C,, , the impedances of the H-bridge inverter units are purely

resistive as shown below:

A o’M,F(A+1)| 1
|22 s D (17)
A 8R, 1/4
The relationship between the dual tracks’ currents can be
expressed by:
. . 16+/2ER, sin(6
jrogire A 1OV2ERsin@)

LA+ oM

The output power of each inverter can be derived by:
B | | Re[U(I)']| 64E’R, sin*(6)] 1
{%HRe[Uz-dz”)*]} mw’ M (2+) M "
where (+) represents the conjugate operation for (+). The
total output power ( P ) of the primary side can be given by:
64E°R, sin’(6,)
o’ M
All in all, the mutual inductance between the dual tracks is
compensated by using the additional capacitors, which

P=P+P,= (20)
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Fig. 9. Current control diagram.

ensures that the inverters can work under the resonance
condition. The inverters’ output power can be effectively
allocated by choosing an appropriate value of 4 . Moreover,
no matter what the value A is, the total output power of the
inverters remains the same.

According to the aforementioned analysis, the voltage
ratings of the semiconductor of a conventional IPT system
and that of the proposed IPT system are decided by the DC
input voltage E. The operating frequency of a conventional
IPT system is identical to that of the proposed IPT system
with the resonant frequency. Therefore, both the voltage
rating and frequency of the semiconductor used for
conventional IPT systems and the proposed IPT system are
the same.

As can be seen from (1), (7), and (18), if M=Mg
and R = Ry, it is possible to obtain:

L] [1] 1, [1]2v2ERsin(0) )
Ll [AlA+) |A|@*MPz(A+1) @1

Therefore, the current ratings of the semiconductor for the
proposed IPT system are 1/(A+1) or A/(A+1) times

the current ratings of the semiconductor for a conventional
IPT system.

D. Track Current Control

In order to simplify the pickup control, it is necessary to
regulate the track current at a designed value since the received
voltage by a pickup is directly proportional to the track current.

A simplified view of the control loop is illustrated in Fig. 9.
The controller controls and regulates the amplitude of the total
track current iy, (i;+i) by varying the inverter conduction
angle 6; shown in Fig. 7, which is the input to the current
control loop. The primary objective of the controller is to
improve the reference tracking performance of the power

supply.

IV. SYSTEM EFFICIENCY

To analyze the system efficiency, the resistances Rg, R,
and R, in Fig. 4 should be considered. Assume that the
equivalent series resistances are equal (R,=R,) because the
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structure of the dual primary tracks are arbitrarily designed
identically. A =1 is widely used to achieve better power
sharing when the H-bridge inverters have identical power
capacities. In order to simplify the analysis, the system
efficiency is analyzed in detail considering only A =1. The
impedance of the dual primary circuits can be derived by:

20°M,
z =z =22%s . p 22)
PP R 4R
The output power of inverter 1 and inverter 2 can be
expressed by:
. . * .12
Ui (Ul) |U1| (Ro +Rs)
{ pl}: Zy | 20°M,§* + R)R, + R¢R, @)
. N -2
Bl o, (o,) 0] (R, +Ry)
Z, 20°M, + R,R + RR,

The voltage phasor of the pick-up coil can be derived by:

o (v, v
US :](Il +12>0)M1S:](ZII+ZZZJC()MIS
p P

. o (24)
_ Jj20M,s|U\|" (R + Ry)
The current phasor of the secondary circuit is given by:
is= Us _ . 122U150M1S 25)
RO+RS 20 MIS +ROR1 +RsR1
The output power of the IPT system is derived by:
P, =1 (Is) R,
T Qo)

2|0,| M,
20°M,¢* + RyR, + R¢R,

Therefore, the efficiency of the IPT system can be derived
by:
__h 207 RoM 5
T R+p 2M, ¢
1752 (Ry+Rg)20"My5” + RoRy + RgRy)

@7

To achieve maximum efficiency, the equivalent series
resistances of the dual tracks and the pick-up coil Rg, R, and R,
should be designed as small as possible.

In order to calculated the maximum efficiency of the IPT
system, the derivation of 7 should be set to zero.

Aan _ (28)
dRy
The theoretical optimal load R, corresponding to the
maximum efficiency can be obtained as:
JRg\2M §*@® + RR
Ry =S 15 @+ Rhig (29)
VR

Under this optimal load, the maximum efficiency can be

obtained as:

Auxiliary power suppIyI DC Power source E

Fig. 11. The tracks and the pick-up coil wound around ferrite core
with Litz wire.

Mis*w?\2M 5%0” + RiRg
3
(RRs)? + (0?5 + RiR |\ 2M5°0” + RiRs +2M,5°0 (R
(30)
By choosing an optimal load, maximum efficiency can be
achieved.

TTmax =

V. EXPERIMENTAL VERIFICATION

A. Prototype System

To validate the proposed topology and power distribution
method, an experimental IPT prototype was constructed in a
laboratory settings with dual primary tracks connected to dual
H-bridge inverters as shown in Fig. 4. The prototype was
designed to operate up to 20 kHz and 1.4kW in the experiment.
It can implement the power distribution method by choosing
proper additional capacitors.

The exterior appearance of the experimental setup is
portrayed in Fig. 10. Two inverters are separately powered by
a common DC supply, and the AC output of the two H-bridge
inverters are connected to the tracks.

The gate pulse signals for the active switches are generated
by a TMS320F28335 Digital Signal Processor (DSP, Texas
Instrument). A CONCEPT-2SC0108T2A0-17 is adopted as the
power MOSFET drive to fulfill the requirements of a high
switching frequency.

The dual tracks are wound with Litz wire around an E type
ferrite core, and the pick-up coil is also wound around an E
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TABLE I
THE CONFIGURATION OF THE IPT SYSTEM

Parameters Value
DC voltage of the H-bridge inverters unit £/V 70
Inverter frequency f/kHz 20
Inductance of the track 1 L, / uH 63
Inductance of the track 2 L,/ uH 63
Resonant compensation capacitance of track 1.0
1C /uF
Resonant compensation capacitance of track 1.0
2C,/ uF
Mutual inductance between the tracks 60.73
M, uH
Mutual inductance of the tracks and pick-up 24.5
coil M/ uH
Inductance of the pick-up coil L/ uH 36.2
Resonant compensation capacitance of 1.749
pick-up circuit Cy/uF
Equivalent resistance of the load R, / Q 3.5

PR

fsum

ty, Wl SOVIiV) dy, B(20A/diIv) 1 20A/div)

) L 20A/div)

i{ 20A/di

wy, i SOV/divy i,

wy, w0 SOV/div) iy, BO10A/IV) Ll 10A/IV)

(c)

Fig. 12. Output currents and voltages of the inverters: (a)

A=1 and 49L=”2 , (b) A=1 and 9L=% s and (c)
A=2and6, =7/ .

Hy

1 10A/div)

1, S0V /div)

I 10A/dv)
=i
=

w50V /div )

i 10A/div)
HE

w S0V/div)

(c)

Fig. 13. Pick-up output current and voltage: (a)

A=1 and 9L=77 , (b =1 and aLz% , and ()

A=2and6, =7/ .

type ferrite core with Litz wire. The ferrite core sizes are
shown in Fig. 11. The air gap between the tracks and the
secondary pick-up coil is set to be Scm.

The mutual and track inductances were measured by an
Agilent E4980A LCR meter. Moreover, an oscilloscope
Agilent MSO-X 4034A was used to measure and display the
current and voltage waveforms of interest by means of N2780B
current probes and N2891A differential probes, respectively.

The design specifications of the prototype and the
experimental setup are listed in TABLE 1.

B. Experimental Results

Without a loss of generality, two settings (A =1 and
A =2) are performed to validate the performance of the
proposed algorithm. The additional compensation capacitors
are calculated as C,=C,,=1.04uF and C,=4C,,=0.52uF
according to (16). Under these conditions, a number of
experimental results have been tested by altering &, . However,
only three sets of experimental waveforms are provided in Fig.
12 and Fig. 13 due to limitation on the paper’s length.

The output currentsi;, i, and voltages u,, u, ofthe two
H-bridge inverters are illustrated in Fig. 12 for the

corresponding measured waveforms. i~ is the sum of the

sum

two inverter currents i andi,. In Fig. 12 (a) and (b), show
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TABLEII
PERFORMANCE OF PROPOSED IPT SYSTEM UNDER VARIOUS
CONDITIONS
o P P, P
Case | A ’ ! 2 0 :7
(rad) | (W) (W) w) | »)
A 1 7/2 | 70691 | 703.87 | 1253.2 | 88.7
B 1 /3 | 528.07 | 527.46 | 890.03 | 84.0
C 2 | m/2 | 470.26 | 939.47 | 1249.0 | 88.6
1500

—*— Pi[4=1]
Py[A=1]

—&— P[i=1]
—9— Ppy[i=1]
—4— Pi[4=2] : 2 : :
100011 ] | e A LA TR R ]
—8— P[] : : : :
> P [A=2]

Power/W

w
(=
(=]

0.37 0.54 0.71 0.88 1.05 1.22 139 2
0,/rad

Fig. 14. Relation between the output power of the inverters and 6, .

037 054 071 088 105 122 139 2
0,/rad

Fig. 15. Relation between the efficiency and 6, .

18A( 36A

i1, ium(10A/div)

i, dym(10A/div)

Fig. 16. Closed loop system response to step change in reference
track current: (a) From 18A to 24 A and (b) From 24A to 18A.

that the currents of the two inverters are identical when A =1
with 6, = % and 6, = % . In this case, the output current of

one inverter is not only in phase with that of the other, but also
in phase with the output voltage. This shows that both of the
inverters are working under the resonance condition. When
A =2, the current of the first inverter is in phase with the other
but with twice the magnitude as shown in Fig. 12(c). The
voltage and current waveforms of the load are illustrated in Fig.
13 and the measured powers (P; and P, are the output power of
inverter 1 and inverter 2, and P, is the load consumption
power) are listed in TABLE II

The output power of Case A is approximately the same as
that of Case C. The output power of both of the inverters in
Case A are nearly identical, while the output power of one
inverter in Case C is nearly twice as that of the other. This
means the power sharing of the two inverters can be achieved
by the proposed method. The output power and the system’s

efficiency decrease as g, goes down for both cases, as shown
in Fig. 15.

To provide a clear comparison of the different operating
conditions, the experimental values of the output powers of
each inverter and total output power against 6, are given in
Fig. 14. The experimental results clearly show that wide-range

output power regulation can be attained by altering 6, , and

that power sharing can be achieved by the proposed method.

The dynamic current response with A =1 1is shown in Fig.
16 with two test cases. One is for changing the reference
amplitude value of the current iy, from 18A to 24A and the
other is for changing it from 24A to 18A. The blue line is the
summation of the total track current iy, and the red line is the
first track current ;. It needs only 15ms to settle down to the
reference current for both cases, which shows the good
performance of the dynamic response. In addition, i, is half of
iqm for both cases.

In conclusion, according to the aforementioned experimental
results, the power distribution of the two inverters can be
allocated by adopting different values of A, which validates
the proposed power distribution and control methods.

VI. CONCLUSION

A novel IPT system based on dual coupled primary tracks is
proposed in this paper. The structure of an IPT system has been
explained and described in detail. In addition, the magnetic,
system’s efficiency and the control strategy are provided to
analyze the characteristic of the proposed IPT system. The
mutual inductance of the dual coupled tracks is utilized to
achieve better power sharing between the inverters or to
improve the power distribution by configuring additional
capacitors. Furthermore, both of the inverters can work under
resonance conditions. The output power can be continuously
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regulated by altering the output voltage pulse width of the
inverters. A 1.4kW experimental prototype is set up and tested
to verify power ratios of 1:1 and 1:2 with a transfer efficiency
up to 88.7%. The experimental results verify the performance
of the proposed IPT system and the power distribution
approach, which is suitable for high power IPT applications
with various power level requirements.
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