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Abstract—An inductive power transfer (IPT) system usually
consists of four parts: an ac–dc power factor correction (PFC) con-
verter, a high-frequency dc–ac inverter, a compensation network
comprising a loosely coupled transformer (LCT) and the resonant
capacitors, and a rectification output circuit. Due to the relatively
large air gap, the magnetic coupling coefficient of the IPT system is
significantly lower than that with tightly coupled transformer. As
a result, the efficiency of the IPT system is always a main concern
for applications with possible gap variation or misalignment con-
dition. To ensure high power transfer efficiency, these IPT systems
should have high tolerance for different gap variation and horizon-
tal misalignment conditions. In this paper, the effect of coupling co-
efficient deviation to compensation network efficiency is analyzed,
and design considerations to reduce gap and misalignment effects
for the IPT system are proposed. By using finite-element analy-
sis simulation method, the performance of different transmitter
and receiver coil dimensions is compared. In order to validate the
performance of the proposed design considerations, a 100-W hard-
ware prototype with two sets of LCT is built and the corresponding
experiments are carried out. As compared to the symmetrical LCT
architecture, the proposed asymmetrical LCT prototype improves
the coupling coefficient reduction from 68% to 28% when the gap
varies from 6 to 20 mm and from 89% to 31% when the misalign-
ment ranges from 0 to 50 mm. Therefore, the efficiency deviation
for the asymmetrical LCT is maintained within 3.5% over the en-
tire tested gap variation and misalignment ranges.

Index Terms—Finite-element analysis, inductive power transfer
(IPT), loosely coupled transformer (LCT), misalignment.

I. INTRODUCTION

NOWADAYS, inductive power transfer (IPT) systems are
gaining considerable attention due to the increasing de-

pendence on various battery-powered applications, such as
contactless battery charging for electric vehicles (EVs) [1]–
[8], portable electronic devices [9]–[12], biomedical implants

Manuscript received September 30, 2014; revised January 10, 2015 and March
8, 2015; accepted April 14, 2015. Date of publication April 21, 2015; date of
current version July 10, 2015. This work was supported by Texas Instruments
Incorporated. The original paper manuscript has been presented at the 40th An-
nual Conference of IEEE Industrial Electronics Society, October 29–November
1, 2014, Dallas, TX, USA. This paper has been modified and more analysis and
test results have been incorporated compared to the conference paper. Recom-
mended for publication by Associate Editor G. A. Covic.

C. Zheng, J.-S. Lai, and L. Zhang are with the Future Energy Electronics
Center, Virginia Polytechnic Institute and State University, Blacksburg, VA
24061 USA (e-mail: czheng@vt.edu; laijs@vt.edu; lhzhang@vt.edu).

H. Ma is with the School of Information Science and Technol-
ogy, Southwest Jiaotong University, Chengdu 610031, China (e-mail:
mahongbo81@gmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2015.2424893

Fig. 1. Typical diagram of the IPT system.

[13]–[20], and so on. Major drawbacks of traditional conduc-
tive power transfer systems are the wiring associated trip haz-
ards and the contact wear-out. In an effort to overcome these
drawbacks, an IPT system such as the one depicted in Fig. 1
demonstrates many advantages including convenience of being
cordless making it unnecessary to plug and unplug the bulky ca-
ble, insusceptible to weather impact since the primary side can
be embedded underground for EV charging applications, signif-
icant reduction to an implant system’s footprint, and inherently
safe during charging since there is no exposed conductors.

Despite those advantages, there are still some issues to be
addressed for IPT systems. As an example, gap and horizon-
tal misalignments between transmitter and receiver would be a
critical problem because the power transfer efficiency greatly
depends on the relative positions of the primary and the sec-
ondary coils in the IPT system. Therefore, the power transfer
efficiency is drastically reduced when a gap variation or mis-
alignment occurs between the inductive coils [19], [20]. For
EV charging applications, different vehicle ground clearance or
misaligned parking of the vehicle will result in the IPT system
operating at a degraded performance of lower power transfer,
reduced efficiency, and longer charging time. For biomedical
implants applications, the coils are usually misaligned, because
doctor or patient could not easily identify the implant location
or orientation in regular outpatient or home settings. Therefore,
one may have trouble to precisely place the transmitter coil,
which often is embedded in a belt or clothes, held by hands
or supported with a bedside apparatus, in the correct or opti-
mal position outside the body. Moreover, relative body motions
in daily activities or organ/tissue movement also create uncer-
tainty in estimating the implant position from outside the body.
Therefore, the coupling coefficient is unavoidably impaired.

The effects caused by gap variation and horizontal misalign-
ments between primary and secondary coils should be fully
addressed in order to enhance the efficiency and stability of
the IPT system. One possible solution is to employ additional
coils either in the primary side or in the secondary side so
that the effects of gap and misalignment are reduced over a



ZHENG et al.: DESIGN CONSIDERATIONS TO REDUCE GAP VARIATION AND MISALIGNMENT EFFECTS FOR THE INDUCTIVE POWER 6109

Fig. 2. Two-coil inductive coupling compensation networks of the IPT system: (a) SS, (b) SP, (c) PS, (d) PP, and (e) LLC.

TABLE I
PRIMARY AND SECONDARY IMPEDANCE

Circuit Type Zp Zs

SS rp + jωLp + 1/jωCp rs + Ro a c + jωLs + 1/jωCs

SP rp + jωLp + 1/jωCp rs + jωLs +
1

jωCs + 1/Ro a c
PS rp + jωLp rs + Ro a c + jωLs + 1/jωCs

PP rp + jωLp rs + jωLs +
1

jωCs + 1/Ro a c
LLC rp + jωLp + 1/jωCp rs + Ro a c + jωLs

TABLE II
TOTAL IMPEDANCE OF FIVE CIRCUIT SYSTEMS

Circuit Type Total Impedance ZT

SS rp + jωLp + 1/jωCp +
ω 2 M 2

rs + Ro a c + jωLs + 1/jωCs

SP (rp + jωLp + 1/jωCp ) + ω 2 M 2

r s + j ω L s + R o a c
1 + j ω C s R o a c

PS 1
1

(r p + j ω L p )+ ω 2 M 2
r s + R o a c + j ω L s + 1 / j ω C s

+ j ω C p

PP 1
1

(r p + j ω L p )+
ω 2 M 2 ( 1 + j ω C s R o a c )

R o a c + ( r s + j ω L s ) ( 1 + j ω C s R o a c )

+ j ω C p

LLC (rp + jωLp + 1/jωCp ) + ω 2 M 2
r s + R o a c + j ω L s

certain range [21]–[25]. One disadvantage of this solution
is the required large surface area, since the available room
is always limited, especially for receiver side. At the same
time, the overall system cost and weight will be proportionally

increased as the surface area enlarges. An alternative method
that addresses these shortcomings is to retune the transmitter in
order to operate at optimum switching conditions when the coils
are in a misaligned state [26]–[32]. The main disadvantages
of this solution are increased components count and more
complex control strategy for the overall system. Some other
researchers investigated the coil misalignment models as well
as mutual inductance and coupling coefficient expressions
based on mathematical derivations [33]–[37]. The shortcoming
for these calculations is the loosely coupled transformers
(LCTs) under investigation are always air-core coils. However,
in practical implementation, in order to help shape the magnetic
flux distribution and limit exposed radiative field to the ambient
environment, some shielding techniques should be employed.
Therefore, the derived mathematical expressions are no longer
accurate under these realistic operation conditions.

It is known that coil dimensions and coil shapes substantially
affect the magnitude of the magnetic field, which is closely
related to the coupling coefficient of the LCT. In this paper,
design considerations to reduce gap and misalignment effects
for the IPT system are proposed. The paper is organized as
follows. Section II introduces the circuit model of the IPT sys-
tem including five compensation configurations, and the ef-
fect of coupling coefficient to the compensation network ef-
ficiency is carefully analyzed. In Section III, the relationship
between the LCT coupling coefficient and several key param-
eters of the coil dimensions is analyzed using finite-element
analysis (FEA) method. The analyzed results will allow the
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Fig. 3. Equivalent circuit with decoupled LCT model for (a) SS, (b) SP, and (c) LLC.

TABLE III
PARAMETERS VALUE OF COMPENSATION NETWORK

Parameters Symbol Value

Equivalent load resistance (Ω) Ro a c 4
Primary self-inductance (μH) Lp 30
Secondary self-inductance (μH) Ls 3.3
Mutual inductance (μH) M 1, 2, 3
Primary capacitance (nF) Cp 3.3
Secondary capacitance (nF) Cs 30
Operating frequency (kHz) fs 200–800
Primary winding resistance (mΩ) rp 50
Secondary winding resistance (mΩ) rs 20

designer to optimize the efficiency of the inductive link and
predict the effect of gap and misalignment on the coupling factor.
Section IV describes that a 100-W lab prototype is implemented
to validate the performance of the proposed design considera-
tions, and the corresponding experiments are carried out. The
experimental results reveal that the proposed asymmetrical LCT
prototype greatly reduces the impact to the coupling coefficient
as well as compensation network efficiency when gap variation
or misalignment occurs. Finally, the conclusions are drawn in
Section V.

II. CIRCUIT MODEL OF IPT

As illustrated in Fig. 1, an IPT system usually consists
of four parts: an ac–dc power factor correction (PFC) con-
verter, a high-frequency dc–ac inverter, a compensation network
comprising a LCT and the resonant capacitors, and a rectifica-
tion circuit connecting with the output load. There are various
loads according to different applications. Loads used to recharg-
ing or heating can generally use equivalent impedance model
composed of resistance and/or capacitance, hereinafter the
resistive load is used to study the compensation circuit model
and power transfer efficiency.

A. Equivalent Circuit Model

Five different kinds of two-coil inductive coupling circuit
models are shown in Fig. 2, where Fig. 2(a)–(d) shows, respec-

Fig. 4. SS compensation network efficiency, phase of total impedance, output
voltage, and output power as a function of operating frequency for different
coupling coefficients.

tively, the circuit model of series–series (SS), series–parallel
(SP), parallel–series (PS), parallel–parallel (PP), and Fig. 2(e)
shows the circuit model of LLC configuration. Coil resistances
of primary side and secondary side are rp and rs , respectively.
Coil self-inductances of transmitter and receiver are Lp and Ls ,
respectively. M represents the mutual inductance between trans-
mitter and receiver coil. Resonant capacitances of primary and
secondary tank are Cp and Cs , respectively. The subscripts SS,
SP, PS, PP, LLC indicate different compensation configu-

rations. Ro ac is the equivalent load resistance. Currents flowing
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Fig. 5. Coupling coefficient for symmetrical LCT as a function of (a) gap and (b) misalignment.

Fig. 6. FEA simulation model. (a) Three-dimensional view. (b) Top view without ferrite cores.

TABLE IV
FEA SIMULATION PARAMETERS

Core Material 3C94
Plate Thickness 1 mm
Primary Core Diameter 200 mm
Secondary Core Diameter 100 mm
Primary Coil Thickness 0.74 mm
Secondary Coil Thickness 2.36 mm
Gap Distance 6–20 mm
Horizontal Misalignment 0–50 mm

through the transmitter coil and receiver coil are Ip and Is , re-
spectively.

Applying Kirchhoff’s voltage law (KVL) to the above five
coupling systems, their equivalent circuit in frequency domain
satisfies the following equation:

⎡
⎣

Vin

0

⎤
⎦ =

⎡
⎣

Zp −jωM

−jωM Zs

⎤
⎦

[
Ip

Is

]
(1)

where Zp and Zs are respective impedances of primary and
secondary side, which can be expressed in Table I for the five
different circuits.

From (1), we obtain

Ip = ZpVin/Δ (2)

Is = jωMVin/Δ (3)

where Δ = ZpZs + ω2M 2 .
The total impedance ZT connected to the power source for

five circuit systems can be expressed and shown in Table II.

B. Efficiency of Compensation Network

Fig. 2 shows that for a parallel resonant compensated pri-
mary (PS, PP), an equivalent current source is needed. Due
to the difficulty of the energy storage in the form of a simple
current source, extra components will be needed to transfer en-
ergy on demand from a voltage source, resulting in extra loss.
Therefore, the following discussions in this paper are focused
on the series resonant primary compensation configurations
(SS, SP, LLC).

The IPT system dc–dc stage consists of three major com-
ponents: high-frequency inverter, compensation network, and
diode rectifier. The efficiency of the high-frequency inverter
and diode rectifier are primarily dependent on the compo-
nents selection when the power level is fixed. The efficiency of
compensation network is affected by many factors, such as the
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Fig. 7. Simulation circuit using (a) coupled inductor model and (b) decoupled model.

Fig. 8. Coupling coefficient when primary coil inner diameter is smaller than secondary coil outer diameter: (a) under gap variation but perfect aligned condition;
(b) under misaligned but fixed gap condition.

Fig. 9. Coupling coefficient for different primary coil inner diameter: (a) under gap variation but perfect aligned condition; (b) under misaligned but fixed gap
condition.

LCT parameters, the compensation capacitances, the operating
frequency, and the equivalent load resistance. Therefore, the
design of compensation network is important to achieve high
system efficiency.

To help analyze the efficiency of the compensation network,
by adopting decoupled model for the LCT, the equivalent system
models for SS, SP, and LLC compensation networks are depicted
in Fig. 3.

Based on KVL, the relationship between primary coil cur-
rent ip and secondary coil current is for SS configuration is
determined by

(Ip SS − Is SS) jωM = Is SS (Ro ac + rs

+ jω (Ls − M) + 1/jωCs)

⇒ Ip SSjωM = Is SS (Ro ac + rs

+ jωLs + 1/jωCs) . (4)
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The output-to-input voltage gain can be expressed as follows:
Eq. (5) as shown bottom of the page.

Combine (4) with the total impedance ZT ss in Table II,
the high-frequency inverter supplied power Pin SS , the power
transferred to the equivalent load Pout SS , and the efficiency of
the SS compensation network ηT SS can be derived as

Pin SS = |Ip SS |2 Real {ZT SS} (6)

Pout SS = |Is SS |2 Ro ac (7)

ηT SS =
Pout SS

Pin SS

=
Ro ac

Ro ac + rs + rp
(Ro a c +rs )2 +(ωLs −1/ωCs )2

ω 2 M 2

. (8)

Similarly, the efficiency and voltage gain of the SP and LLC
compensation configuration can be calculated as Eq. (9) and
(10) as shown bottom of the next page

ηT LLC =
Ro ac

Ro ac + rs + rp
(Ro a c +rs )2 +ω 2 L2

s

ω 2 M 2

(11)

∣∣∣∣
vo LLC

vin LLC

∣∣∣∣

=
∣∣∣∣

jωM · Ro ac

ω2M 2 + (rp + jωLp + 1/jωCp) (rs + Ro ac + jωLs)

∣∣∣∣ .

(12)

The above equations demonstrate that the mutual induc-
tance between primary and secondary windings plays an im-
portant role in the compensation network efficiency. Moreover,
to achieve the desired input/output condition, the required op-
erating frequency needs to be tuned. When the LCT is built,
the primary and secondary self-inductances are almost fixed.
However, the mutual inductance could be significantly affected
when gap changes or misalignments occur. Therefore, the com-
pensation network efficiency is closely related to the coupling
coefficient k, which is calculated as

k =
M√
LpLs

. (13)

C. Effect of Coupling Coefficient on Compensation
Network Efficiency

To study the coupling coefficient variation effect due to gap
and misalignment change on the compensation network effi-
ciency, mutual inductance in the efficiency equation is varied
while keeping the other parameters constant. The predeter-
mined value of the compensation network parameters is listed in
Table III.

Fig. 4 shows the SS compensation network efficiency, phase
of impedance, output voltage, and output power as a function
of operating frequency with three different coupling coefficients

Fig. 10. Magnetic field distribution when IDPri = 50 mm, IDSec = 50 mm.

under 20-V dc input condition. The dashed lines indicate that for
different coupling coefficient conditions, to achieve same out-
put voltage and output power, the required operating frequency
is different. In this example, to obtain 20-V dc output as well
as 100-W output power, the operating frequencies from low
coupling condition to high coupling condition are 530.8, 559.4,
and 591.2 kHz, respectively. The phase of total impedance curve
depicts that under 20-V output condition, when the coupling co-
efficient increases, the phase angle decreases, which means the
circulating energy loss is low for high coupling conditions. The
efficiency curve also confirms that lower coupling coefficient
results in lower efficiency with the same output condition.

Similar results can be drawn from the equations of SP and
LLC compensation network cases, which indicate that to achieve
same input/output condition, the corresponding operating fre-
quency will increase as the coupling coefficient of the LCT in-
creases, and the compensation network efficiency will increase
as well. In order to accommodate different gap variation and mis-
alignment conditions, some design considerations of the LCT
are carried out to minimize the coupling coefficient deviation
so as to reduce the operating frequency and system efficiency
variation.

III. DESIGN CONSIDERATIONS FOR GAP VARIATION

AND MISALIGNMENT TOLERANCE

Most LCTs are designed to be symmetrical for transmitter
and receiver coil. This configuration could achieve good cou-
pling coefficient when the coils are perfectly aligned under de-
sired gap distance condition. However, when gap variation or
misalignment occurs, the coupling coefficient will drop drasti-
cally as the simulation results shown in Fig. 5. The primary and

∣∣∣∣
Vo SS

Vin SS

∣∣∣∣ =
∣∣∣∣
Is SSRo ac

Ip SSZT SS

∣∣∣∣ =
∣∣∣∣

jωM · Ro ac

ω2M 2 + (rp + jωLp + 1/jωCp) (rs + Ro ac + jωLs + 1/jωCs)

∣∣∣∣ (5)
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secondary outer diameter is 100 mm, and inner diameter is
50 mm in the simulation.

Some simulation models are developed in the 3-D FEA sim-
ulation tool MagNet to explore the relationships between the
LCT coupling coefficient and several key parameters of the coil
dimensions. An example model is illustrated in Fig. 6. Fig. 6(a)
shows the placement of the LCT with ferrite cores on both sides.
The windings and cores are separate from their real position with
some gap in order to depict the configuration more clearly. In
real design and FEA simulation, the ferrite plates are put close to
the coils to help shape the magnetic flux distribution and reduce
the radiative interference to the ambient environment. Fig. 6(b)
shows the top view of the investigated model excluding the
ferrite cores. The simulation parameters are listed in Table IV.
As shown in Fig. 6(b), the primary outer diameter ODpri and
secondary outer diameter ODsec are kept to 200 and 100 mm,
respectively.

The simulation circuit used in the FEA simulation software is
connected as depicted in Fig. 7(a). A current source is directly
fed into the primary coil, and the secondary coil is open circuit.
In this case, the mutual inductance can be derived as

M =
NsΦ21

I1
(14)

where Ns represents the secondary winding turns number, and
Φ21 is the magnetic flux generated from primary winding and
coupled to the secondary winding. Since in the following sim-
ulation cases, the winding turns number and injected primary
current is maintained the same, M is proportional to Φ21 , which
can be translated to the magnetic flux density B. Moreover, when
gap variation or misalignment occurs, Lp and Ls are almost con-
stant, which means the coupling coefficient k is dependent on
the mutual inductance M.

From the decoupled model as shown in Fig. 7(b), the relation-
ship between the primary voltage and secondary voltage can be
derived as

∣∣∣∣
V2

V1

∣∣∣∣ =
M

Lp
= k

√
Ls

Lp
. (15)

Equation (15) indicates that the voltage gain of the LCT is
dependent on the coupling coefficient k.

A. Primary Coil Inner Diameter Smaller Than Secondary Coil
Outer Diameter

Two scenarios are examined when keeping the primary inner
diameter IDpri to be 50 mm, while changing the secondary coil
inner diameter IDsec between 50 and 75 mm. The coupling co-
efficient k when the gap distance varies from 6 to 20 mm under

the perfect aligned condition is plotted in Fig. 8(a). The coupling
coefficient k under the condition of the horizontal misalignment
changes from 0 to 50 mm when the air gap is fixed to 10 mm is
illustrated in Fig. 8(b). Fig. 8(a) depicts that when the primary
winding inner diameter is smaller than the secondary winding
outer diameter, the coupling coefficient k decreases almost lin-
early when the gap distance increases, but not much. On the other
hand, Fig. 8(b) shows that the coupling coefficient k decreases
dramatically when the horizontal misalignment becomes larger.
Moreover, with larger inner diameter of the secondary winding,
the coupling coefficient k is slightly larger.

B. Vary Inner Diameter of Primary Coil

Three situations are evaluated when keeping the secondary
inner diameter IDsec to be 50 mm, while changing the inner
diameter of primary coil IDpri among 50, 100, and 150 mm.
The coupling coefficient when gap distance varies from 6 to
20 mm under perfect aligned condition is plotted in Fig. 9(a),
and horizontal misalignment changes from 0 to 50 mm when
gap is fixed to 10 mm is illustrated in Fig. 9(b).

Fig. 9 shows that when the primary inner diameter is larger
than the secondary outer diameter, coupling coefficient k as a
function of both gap distance and misalignment looks more like
a parabola. The maximum coupling coefficient kmax occurs at
a larger gap distance or misalignment when the primary coil
inner diameter is larger. Furthermore, coupling coefficient k is
less sensitive to gap distance and misalignment variation when
IDPri ≥ ODSec . However, it is also obvious that with larger
inner diameter of primary winding, coupling coefficient under
perfect aligned or small gap condition is smaller.

The magnetic field distributions when IDPri = 50 mm and
IDSec = 50 mm for three different misalignment conditions
with 10-mm gap are shown in Fig. 10. The top and bottom gray
block represents the cross section of secondary and primary fer-
rite core, respectively. The primary and secondary windings are
illustrated by the dark bars. Different color represents different
magnetic intensity as the legend bar shows, from 0 to 5 mT,
the color changes from blue to red. The arrows indicate the flux
line direction and the arrow size represents the magnetic field
strength. Based on (14), the coupling coefficient k can be re-
vealed by the magnetic field density B near the secondary coil.
The top chart and middle chart has similar magnetic field inten-
sity around the secondary coil; hence, the coupling coefficients
for these two conditions are similar. The bottom chart demon-
strates high B near the left edge of secondary coil, but for the
rest of the field B fades out. Therefore, the coupling coefficient
for the bottom chart is smaller compared with the upper two
charts, as the coupling coefficient plot shown in Fig. 9(b).

ηT SP =
Ro ac

Ro ac + rs + ω2C2
s R2

o acrs + rp
(Ls +Cs Ro a c rs )2

M 2 + rp
(rs +(1−ω 2 Ls Cs )Ro a c )2

ω 2 M 2

(9)

∣∣∣∣
Vo SP

Vin SP

∣∣∣∣ =
∣∣∣∣

jωM · Ro ac

ω2M 2(1 + jωCsRo ac) + [Ro ac + (rs + jωLs) (1 + jωCsRo ac)] (rp + jωLp + 1/ωCp)

∣∣∣∣ (10)
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Fig. 11. Coupling coefficient for different secondary coil inner diameter: (a) under gap variation but perfect aligned condition; (b) under misaligned but fixed
gap condition.

Fig. 12. Magnetic field distribution when (a) IDPri = 100 mm, IDSec = 50 mm and (b) IDPri = 100 mm, IDSec = 75 mm.

C. Vary Inner Diameter of Secondary Coil

Two examples are checked when keeping the primary inner
diameter IDpri to be 100 mm which equals the secondary coil
outer diameter ODsec , while changing the secondary coil inner
diameter IDsec between 50 and 75 mm. The coupling coeffi-
cient when gap distance varies from 6 to 20 mm under perfect
aligned condition is plotted in Fig. 11(a), and horizontal mis-
alignment changes from 0 to 50 mm when gap is fixed to 10 mm
is illustrated in Fig. 11(b).

Fig. 11 indicates that with larger secondary inner diameter,
averaged coupling coefficient k is larger. Moreover, with smaller
secondary inner diameter, coupling coefficient k is less sensitive
to misalignment variation.

The magnetic field distribution for fixed 100-mm inner di-
ameter of primary coil and two different secondary coils with
50- and 75-mm inner diameter under three misalignment con-
ditions are shown in Fig. 12. In both scenarios, the primary coil
inner diameter equals the secondary coil outer diameter, and
the gap is fixed at 10 mm. For either IDSec case under 0- and
20-mm misalignment conditions, the magnetic intensity around
the secondary coil are similar; hence, the coupling coeffi-
cients variations are minor. When the misalignment increases
to 50 mm, the induced magnetic field coupled to the secondary
coil drops; therefore, the coupling coefficient decreases. From
the comparison between Fig. 12(a) and (b), the averaged mag-
netic field intensity is higher for the secondary coil with larger
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inner diameter when misalignment is 0 and 20 mm, which results
in higher coupling coefficient as shown in Fig. 11(b). For 50-
mm misalignment condition, both cases demonstrates similar
magnetic field distribution, which lead to almost equal coupling
coefficient as depicted in Fig. 11(b).

IV. EXPERIMENTAL VERIFICATION

To verify the efficiency analysis and design considerations
based on the FEA simulation results, a 100-W lab prototype is
built as shown in Fig. 13(a), and the circuit diagram is depicted
in Fig. 13(b). The input dc voltage is set at 20 V, and the out-
put dc voltage is regulated at 20 V; hence, the full load output
current is 5 A. The switching devices Q1-Q4 used for the pri-
mary high-frequency inverter are the OptiMOS BSC052N03LS
from Infineon, and the secondary rectifier bridge D1-D4 uses
Schottky diode PDS1040 L from Diodes Inc. Three 5PT46N103
capacitors from Electronic Concepts are series together to form
a 3.33-nF resonant capacitor Cp . Two LCTs are implemented
to compare the coupling coefficient and compensation network
efficiency when gap variation or misalignment occurs. Both the
LCT primary and secondary are made of NELD1050/44SNSN
from New England, which is equivalent 14 AWG litz wire con-
sisting of 1050 strands of 44 AWG wire. The 4:4 symmetrical
LCT consists of primary and secondary coils both with inner
diameter 77 mm and outer diameter 95 mm. Both primary and
secondary winding resistances rp and rs for the symmetrical
LCT are around 35 mΩ. The 10:4 asymmetrical LCT comprises
a transmitter coil with 153-mm outer diameter and 110-mm in-
ner diameter, and a receiver coil with 95-mm outer diameter
and 77-mm inner diameter. The transmitter and receiver wind-
ing resistance are 135 and 35 mΩ, respectively. Twelve pieces of
ferrite bars with material 3C94 are placed beneath the primary
coil to help shape the magnetic flux distribution and decrease
radiated interference to ambient environment. GW Instek LCR-
821 digital LCR meter which has a precision of 0.05% is used
to measure the self and mutual inductances in order to calculate
the coupling coefficient.

Fig. 14 shows the comparison between the measured and FEA
simulated coupling coefficient for different gap distance and
misalignment conditions for the symmetrical LCT. The experi-
mental results agree well with the simulated results. When the
primary and secondary windings are perfectly aligned, and the
gap distance changes from 6 to 20 mm, the coupling coefficient
drops from 0.441 to 0.141, which represents 68% reduction.
When the gap is fixed at 10 mm, and the misalignment changes
from 0 to 50 mm, the coupling coefficient drops from 0.354 to
0.038, or 89% reduction.

Fig. 15 illustrates the comparison between the measured and
FEA simulated coupling coefficient for different gap distance
and misalignment conditions for the asymmetrical LCT. When
the primary and secondary coils are perfectly aligned, and the
gap distance changes from 6 to 20 mm, the coupling coefficient
ranges from 0.3 to 0.216, or 28% reduction. When the gap
is fixed at 10 mm, and the misalignment changes from 0 to
50 mm, the coupling coefficient ranges from 0.312 to 0.215,

Fig. 13. IPT system (a) experimental prototype and (b) circuit diagram.

or 31% reduction. The coupling coefficient deviation for the
designed asymmetrical LCT is much smaller compared to that
of the symmetrical LCT.

Fig. 16 compares the main operation waveforms of the IPT
system under full-load condition for the symmetrical LCT with
10-mm gap under different misalignment conditions. The oper-
ating frequencies for 0- and 40-mm misalignment conditions are
520 and 432 kHz, respectively. Under perfectly aligned condi-
tion, the phase angle between the high-frequency inverter output
voltage and current is small; hence, the circulating energy loss is
small. When misalignment increases to 40 mm, the phase angle
increases, so does the primary current, which compromises the
compensation network efficiency but maintains full power trans-
fer. These results agree with the analysis discussed in Section II
which indicates that to achieve same input/output condition, the
corresponding operating frequency will increase as the coupling
coefficient of the LCT increases, and the compensation network
efficiency will increase as well.

Fig. 17 compares the full-load efficiency between the sym-
metrical and the asymmetrical LCT under different gap dis-
tance and misalignment conditions. When the transmitter and
receiver coils are in perfect aligned position and the gap distance
changes from 6 to 20 mm, the system efficiency for the symmet-
rical and the asymmetrical LCT ranges from 88.56% to 76.99%
and 86.48% to 82.98%, respectively. When the gap is fixed at
10 mm, and the misalignment increases from 0 to 50 mm, the
system efficiency for the symmetrical LCT drops from 87.5%
to 59.6% due to a large primary side current. With the asym-
metrical LCT, however, the system efficiency stays around 86%
when the misalignment is less than 40 mm. The efficiency re-
sults verify the analysis in previous section, which indicates
that higher coupling coefficient results in higher compensation



ZHENG et al.: DESIGN CONSIDERATIONS TO REDUCE GAP VARIATION AND MISALIGNMENT EFFECTS FOR THE INDUCTIVE POWER 6117

Fig. 14. Coupling coefficient for the symmetrical LCT: (a) under gap variation but perfect aligned condition; (b) under misaligned but fixed gap condition.

Fig. 15. Coupling coefficient for the asymmetrical LCT: (a) under gap variation but perfect aligned condition; (b) under misaligned but fixed gap condition.

Fig. 16. Main waveforms under full-load condition for the symmetrical LCT with 10-mm gap and (a) 0-mm misalignment and (b) 40-mm misalignment.

network efficiency. Moreover, with the proposed asymmetrical
LCT design, the coupling coefficient varies slightly over the
entire misalignment range, and thus, the efficiency curve main-
tains nearly flat. For real implementation, the system efficiency

will suffer when put under the ferrous chassis of the laptop or
EV, especially for low coupling conditions. These effects can be
mostly mitigated by adding some ferrite sheet on the top of the
receiver pad for the shielding purpose.
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Fig. 17. Efficiency comparison between the symmetrical LCT and the asymmetrical LCT: (a) under gap variation but perfect aligned condition; (b) under
misaligned but fixed gap condition.

V. CONCLUSION

This paper discusses some design considerations to reduce
gap variation and misalignment effects for the IPT system. The
significance of coupling coefficient of the LCT to the compen-
sation network efficiency is carefully analyzed. With the aid
of FEA simulation software, the flux distribution and coupling
coefficient of the transmitter and receiver coil with different
dimension parameters can be compared. Through the FEA sim-
ulation results and the corresponding analysis, key design con-
siderations can be drawn as follows.

1) An LCT with larger inner diameter primary coil tends
to have a less sensitive coupling coefficient when gap
distance and misalignment change. However, the averaged
coupling coefficient is lower for this case.

2) When the inner diameter of secondary winding increases,
the averaged coupling coefficient will increase, but it is
more sensitive to gap and misalignment variations.

In order to validate the performance of the proposed design
considerations, a 100-W hardware prototype with a symmetri-
cal LCT and the proposed asymmetrical LCT has been built and
tested. The experimental results demonstrate that the designed
asymmetrical LCT prototype maintains the coupling coefficient
in a relatively flat region. For example, under fully aligned con-
dition, the coupling coefficient varies from 0.3 to 0.216 when
the gap increases from 6 to 20 mm. For the test condition with
10-mm gap condition, the coupling coefficient varies from 0.312
to 0.215 when the misalignment varies from 0 to 50 mm. For
comparison purpose, the symmetrical LCT case would have
coupling coefficient varying from 0.354 to 0.038.

With a relatively flat coupling coefficient under gap variation
and misalignment conditions, the system efficiency maintains
nearly flat over the entire test range. The maximum efficiency
deviation with the asymmetrical LCT is kept within 3.5% over
the entire 50-mm misalignment range. Again, for comparison
purpose, the system efficiency with the symmetrical LCT de-
viates 27.9% over the 50-mm misalignment range. Overall, the
proposed asymmetrical LCT design methodology demonstrates
an effective way of dealing with a wide range of gap variation
and misalignment for IPTs.
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