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Design of Misalignment-Insensitive Inductive
Power Transfer via Interoperable Coil Module and
Dynamic Power Control

Tsong-Shing Lee ", Shyh-Jier Huang

Abstract—This article proposes a misalignment-insensitive in-
ductive power transfer (IPT) via interoperable tricoil module and
dynamic power control. Since the misaligned coils is known to affect
the power transmission efficiency and coupling performance, the
article is devoted to the design of an interoperable tricoil module
along with power modulation technique in the anticipation of
reaching the misalignment-insensitive IPT. In this circuit design,
three half-bridge inverters are deployed to drive three transmitting
coils. Both geometric structure and magnetic field of coil modules
are assessed. A dynamic power control strategy is implemented to
adjust the amount of transferable power following the determi-
nation of the direction of movement of receiving coils, ensuring a
higher efficiency of power transfer and coupling balance at the time
of misalignment. To validate the practicality of this approach, the
hardware prototype of tricoil module with IPT capability of 3.2-kW
is realized with a 7% improvement of efficiency at a misalignment
of 100 mm. These results support the feasibility of the proposed
approach, serving as beneficial references for automatic guided
vehicle applications.

Index Terms—Inductive power transfer (IPT), misalignment,
tricoil module.

I. INTRODUCTION

EVERAL countries are constantly endeavored to develop
S transportation electrification, electrically powered vehicles,
and automated guided vehicle (AGV), yet the way of plugging
power often encountered the problems of aging connectors and
rusted components during the charging process [1]-[3]. The
inductive power transfer (IPT) hence emerged as a practical
alternative for transportation and electrification applications
[4]-[8]. Yet, from the perspective of practitioners, the efficiency
of wireless power transmission was easily affected once coils
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Fig. 1. Block diagram of the interoperable IPT system.

were not aligned. This also implies that more efforts are required
to increase the misalignment tolerance and balance the magnetic
coupling, which meanwhile motivates the study made in this
article.

Previous charging-related studies include one-to-one charg-
ing [9]-[12], one-to-many charging [13]-[17], and many-to-one
charging [18]-[24]. Based on these published techniques, the
magnetic field distribution at the transmitting side of one-to-one
charging system was found to decay from the center to the out-
ward coil. Particularly, for those misaligned coils, their magnetic
fields were significantly reduced, resulting in the degradation of
charging performance [9]-[12]. In view of this degraded perfor-
mance, the utilization of multiple receiving coils was suggested,
where each device receives the power individually [13]-[17].
This method was reported feasible, yet the uneven distribution
of magnetic fields caused different reflected impedances and
brought the difficulty in maintaining a constant supplying power.
Subsequently, a many-to-one contactless power supply was pro-
posed, where multi-transmitting coils and a receiving coil were
both included [23]-[25]. Although the magnetic field became
more evenly distributed, yet the system lacked the investigation
of coil geometry and coupling characteristics under the situation
of misalignment.

Different from previous literatures, this article presents an in-
teroperable tricoil module to reach the misalignment-insensitive
IPT. Fig. 1 is the block diagram of the proposed system, where
a feedback control loop assists in the dynamic power control
of each coil during the period of charging. The symmetrical
radial placement is made based on the analysis of coil geometry,
coupling gain, and magnetic field. A compensation circuit is also
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Fig. 2. Configuration of the proposed system.

designed to maintain the coupling balance and uniform current
distribution to cope with misalignment. Features of this proposed
circuit are listed below.

1) The proposed design increases magnetic couplings via a
tricoil module with radial symmetry placement, reaching
a higher efficiency of power transfer when the receiving
coil is not in good alignment with the transmitting one.

2) The circuit adds a detection method of misalignment as
well as a dynamic power control mechanism in order to
grasp the direction of coil movement. The approach excels
at the adjustment of duty cycle of each switch in a more
flexible manner.

3) The coil design along with coupling characteristics and
voltage gain are systematically analyzed. This systematic
approach is beneficial for the mass production of industry
manufacturing, serving as useful references for guided
vehicle and transportation charging applications.

The rest of this article is organized as follows. Section II
introduces the proposed system, Section III investigates and
realizes the interoperable coil module, Section IV describes the
misalignment detection and dynamic power control strategies,
Section V discusses the experimental results, and Section VI
draws the conclusion.

II. PROPOSED SYSTEM

A. Circuit Configuration

Fig. 2 delineates the circuit configuration of proposed system,
where both transmitting side and receiving side are included.
The transmitting side is composed of three half-bridge inverter
modules, three inductive coil modules (L,, L, and L.), and
three resonance compensation modules (C,, Cy, and C.). The
receiving side contains an inductive coil (L), a compensation
capacitor (C), and a full-wave rectifier circuit. In this system, an
inputdc voltage V. 0f415.6 V from the power-factor-correction
(PFC) circuit is used. The power transfer process involves using
half-bridge inverters along with three inductive coils as well as
asymmetric pulse-width-modulation control. The system starts
with the conversion of input voltage Vg to high-frequency alter-
nating signals of v,—v,, by which magnetic fields are established
via coils, inducing the secondary voltage of v, so as to deliver
power to rectifier and filter circuits for the subsequent charging.
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Fig. 3. Equivalent model of coil transmitting structure.

In this system, the dynamic power control circuit is meanwhile
implemented with the microcontroller to detect spike signals of
rising edge of voltage vy, Uy, and vy such that the transmitting
power of each half-bridge inverter can be controlled. In the con-
trol circuit, two sets of microcontroller units (TMS320F28335,
Texas Instruments Inc.) are embedded for power adjustment and
contactless feedback. The antennas are employed for the contact-
less feedback such that silicon carbide n-channel MOSFETS 71 —T§g
(SCT2080KE, Rohm) are driven by signals of v441-v4s6. Note
that the use of silicon carbide planar MOSFET is to take advantage
of its high-voltage resistance, fast switching, large voltage rating,
and low ON-resistance. A gate-driven photo-coupler isolation
circuit is then adopted to convert the driving signals of dg1—dsg
of 5V 10 vgs1—vgs6 0f 15 V.

In this control loop, a detection circuit detects voltages of
Uhas Unp, and vp. as well as input voltage V4. and input
current /4., while a feedback circuit grasps voltage V,, and
current [, at the load side. Through this work of detection and
feedback, the output voltage is stabilized with the comprehen-
sion of coil-moving directions, hence assisting in adjusting duty
cycles of inverters (vy,q, Unp, and vy,.). The system works at an air
gap of 200 mm under an operating frequency of 86 kHz. The coil
geometry, coupling characteristics, dynamic power adjustment
scheme, and resonance compensation are all investigated in the
next section.

B. Resonance Gain Analysis of Interoperable Coil Module

Fig. 3 shows the equivalent model of the proposed coil struc-
ture. In the figure, L,—L. and L represent the self-inductance
at transmitting side and receiving side, respectively. The mutual
inductances between coils at the transmitting side are My, M.,
and M, and the mutual inductances between each transmitting
coil and receiving coil are M, Mys, and M.,. Meanwhile,
the figure lists the coupling coefficient ks, kps, and k. to
express the relation between coupling coefficient and mutual
inductance for each transmitting and receiving coils, where
Ly, Liy, and Ly, individually represent the measured leakage
inductance of coils L,,L;, and L, respectively. Considering that
the compensation capacitances of series—parallel topology are
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less affected by load variations [26], [27], this article chooses
the series—parallel compensation circuit as depicted in Fig. 4,
ensuring a more stable output voltage [28], [29].

In the plot of Fig. 4, Zin_4, Zin—p, and Zi,_. are input
impedances of each transmitting coil, and Ry, is the equivalent
load of full-wave rectifier circuit and charging network circuit at
back stage. The compensation capacitance at the receiving side
is derived based on the resonance frequency wy as

Cs =1/W?L,. (D)

The voltage—current relation at each transmitting and receiv-
ing side is individually expressed as

1—w?C,L, )\ . . , .
Vha = (W) 1a =+ jLU(MaS'Ls + Mab"/b + Mcazc)
JwCyq
(2)
1—w?CyLly\ . . . . .
Vpp = (M) tp + jw(Mpsis + Mypia + Mpcic)
JwCy
3)
1—-w?C.L.\ . . . . .
Vhe = <w> e + ](U(Mcszs + Mcala + Mbc'lb)
jwC.
4)
Vs = jw(Mas":a + Mpsip + Mesic) + jwlsis. o)

By assuming the mutual inductances between coils at the
transmitting side are approximately M;; and the mutual in-
ductances between each transmitting-coil and receiving-coil are
approximately M., the input impedance Z;,, at the transmitting
side can be derived as follows:

1-— WECP(LP + 2Mtt)
JwoCp
3wiMZ. + 3jwiMZ.CsRy,
jwoLs - w?)LSCSRL + RL -

Zin(w =w,) =

(6)

Then, the parameter of C), is calculated when w = wq by
assuming the imaginary part of (8) amounting to zero [28], which
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TABLE I
PARAMETERS OF THE PROPOSED SYSTEM

Symbol  Parameters Values
L. Transmitting coil inductance 65.64 uH
Ly Transmitting coil inductance 67.42 uH
L. Transmitting coil inductance 66.34 uH
Ly Receiving coil inductance 44.76 uH
Cq Transmitting compensated capacitance 64.62 nF
Cp Transmitting compensated capacitance 66.48 nF
C. Transmitting compensated capacitance 65.62 nF
C; Receiving compensated capacitance 73.5 nF
Mutual inductance between each
My transmitting coil and the receiving coil 8.336 uH
M, Mutual. ir.xducta.nce between every two 5.755 uH
transmitting coils
Coupling coefficient between each
ki .2 . . . 0.153
transmitting coil and the receiving coil
Coupling coefficient between every two
kit .2 . 0.113
transmitting coils
is expressed as
1
Cpw=w,) = YVE . (7
wy (Lp -zt 2Mtt>

The voltage gain G, (jw) of this resonance circuit from v,, to
vs becomes

. - s
Gy — | 2209 | _ | 33, [ESPIen Ty
wp() |~ |Zin(w)  jwls + o

®)

It is worth noting that through the adjustment of compensation
capacitance C), at the primary side, the voltage gain G, (jw)
can be tuned to ensure that characteristics of input impedance
become slightly inductive, hence satisfying soft-switching
requirements.

Fig. 5 is the voltage gain depicted based on the parameters
of Table I when the coil module is arranged as radial symmetry
shown in Fig. 7. In the curve of Fig. 5, the solid line curve
of G, presents the frequency response when the duty cycle of
each inverter is set at 35%, where the receiving coil is aligned
with the transmitting one. This curve indicates the gain value
at 86 kHz is 13.2 dB that stands for a resonant voltage gain of
4.57, which can be adjusted based on the output voltage and
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delivered power. In addition, the dotted line curves of G (coil
L), Gps (coil Ly), and G5 (coil L) are individually obtained
at40%, 35%, and 30% duty cycle of vj,4, Uy, and vy, revealing
that the relationships is consistently formed between the output
power and voltage gain of each inverter. The voltage gain of
Gos(jw), Gps(jw), and G (jw) expressed for the voltage on
the receiving coil to that on each transmitting coil of L, L;, and
L. can be further expressed as

R

G i) = | 2sbw) | | 3jwMer THjwCaRL
ns(]UJ) - . - Z - . Ry
Uhn(]w) in—-n (]w) Jwlg + TFjwC Ry

€))

where n stands for a, b, or c. Through this analysis, the key
finding of Fig. 5 lies in a better comprehension of the variation of
voltage gain when the system is operated at the certain frequency,
by which it benefits the determination of the duty cycles of vy,
VUpy, and vy, thus grasping the amount of power and voltage
(vs) to be delivered in a more effective way. Meanwhile, based
on the frequency ranging from 83 to 89 kHz shown in Fig. 5, it
reveals that the system would come with a stable voltage output
because of the smooth curve gained from the relations between
operating frequency and voltage gain. This figure can serve as
the reference for the duty cycle planning once there is any change
of operating frequency.

III. INTEROPERABLE COIL MODULE DESIGN
A. Determination of Coil Module

Considering coil geometry and overlapping areas may affect
the magnetic flux at the transmitting side, this section first
examines the placement of coil module. For this coil design,
the ferrite magnetic material of high permeability is adopted to
improve the magnetic coupling for AGV applications. Fig. 6
shows the simulation curves of coupling coefficient k when
circular and square coils are individually used with a diameter of
400 mm and a 20% winding fullness. A misalignment of 80 mm
at the direction of horizontal and axial movement is concerned
here for the simulation since it is the maximum misalignment
of receiving coil encountered in our AGV station. As depicted
in the figure, although the circular coil is seen to demonstrate a
larger coupling at fixed points, the square coil exhibits a higher
tolerance of misalignment [30], [31].

Fig. 6 also shows the experiment made for the comparison of
coupling coefficient k under three-to-one and one-to-one square
coil with the same module diameter. In this figure, the three-
to-one structure demonstrates a smaller decrement of coupling
coefficient with a horizontal displacement, confirming that this
coil module comes with a higher tolerance of misalignment. As
shown in Fig. 6(b) and (c), the comparison is made between
one-to-one and three-to-one module with the same outer diam-
eter of transmitting pad (600 mm x 600 mm) and receiving pad
(400 mm x 400 mm) when operated at misalignment of 80 mm
condition. Simulation results reveal that the three-square-coil
structure reaches a more uniform magnetic field and exhibits
a better misalignment-insensitive capability, thereby supporting
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the feasibility of the three-to-one coil module used in this arti-
cle. Note that a transmitter structure composed of more than
three coils was also evaluated in the article, yet its coil pad
cost and complexity of coupling characteristics are significantly
increased but with a limited improvement only [18]. Therefore,
the configuration of the transmitter composed of three square
coils is employed for this article.

Subsequently, the article evaluates the placement of three coils
at the transmitting side. Fig. 7(a) depicts coil arrangements, in-
cluding vertical symmetry and radial symmetry. Fig. 7(b) draws
eight directions of receiving coil’s movement. The movements
of horizontal right and left (R and L), horizontal up and down
(U and D), diagonal upper right and down left (UR and DL),
and diagonal upper left and down right (UL and DR) are
all concerned. For the horizontal misalignments, test results
indicate that there is no significant difference among them.
Yet, for the diagonal misalignment, Fig. 8 indicates that the
radial symmetry presents a larger coupling coefficient, which
consolidates the selection of radial symmetry for the coil
arrangement in this article [24].

Fig. 9 shows the flowchart of design procedure of interop-
erable coil module. The procedure starts with the specification
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of system parameters, transmission gap, dimension, and shape,
where the coupling coefficient of 0.15 under the aligned condi-
tion is anticipated. In the article, the output power is selected to
be 3.2 kW and the receiving coil has an air gap of 200 mm from
the transmitting coils. Since the transmitting module allows a
maximum diameter of 600 mm considering the space of charging
roadway and lattices of IPT charging stations for AGV, each
size of three transmitting coils is 400 mm x 400 mm (the
inner diameter is 200 mm x 200 mm), while the size of single
receiving coil is 500 mm x 500 mm (the inner diameter is
200 mm x 200 mm). As described in Fig. 9, only until the
achievement of expected coupling efficient is confirmed, the
coil winding can be made based on analysis results. The angle
between the central axes of each transmitting coil is 120 degree.
The sketch of coil placement is added in the flowchart of Fig. 9.
These three transmitting coils can be moved inward or outward
to adjust the overlapping area so as to satisfy the request of
transmitting pad, hence reaching a higher coupling performance
when operated at misalignment conditions.
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B. Realization of Inductive Coils

In this article, the Litz wire of 0.08 mm diameter with 500
strands of no. 40 AWG is adopted. The ferrite core with a
high relative permeability of 1500 (the dimension is 600 mm
x 600 mm x 3 mm) is incorporated at the top and bottom
side of tricoil module such that a better coupling is attained.
Three transmitting coils of L,—L, are individually measured to
be 65.64 4H, 67.42 H, and 66.34 11H, while the receiving coil of
L i1s44.76 uH. Measured results indicate that each My, and My,
are approximately equal to 8.336 pH and 5.755 pH, respectively,
and ky, and ky; are near 0.153 and 0.113, respectively. With the
uniform arrangement of transmitting coils through the modular
jig and fixture tool, the overlapping area between coils can be
tuned to be similar to each other, which is in good agreement
with theoretical derivations of Section II(B).

Fig. 10(a) and (b) shows the photograph of coil module con-
sisting of three transmitting coils and one receiving coil. The coil
winding is made via modular jig and fixture based on the radial
symmetry arrangement, which excels at maintaining a certain
level of efficiency whenever the mass production is concerned.
Fig. 10 (c) and (d) shows the simulation results of magnetic field
distribution of three transmitting coils and one receiving coil. In
the plot of Fig. 10(c), the magnetic field around the coil is seen to
be distributed uniformly, benefiting the coupling stability under
the misalignment. Then, in Fig. 10(d), the leakage magnetic
flux is relatively smaller than the coil coupling, supporting
the low rotating coupling loss of the coil arrangement in this
article. Table I lists the parameters of system. Following the
calculation of compensation capacitance Cj, and C to achieve
the zero-voltage switching, the transmitting capacitances C,,
(Y%, and C,. of 64.62 nF, 66.48 nF, and 65.62 nF are obtained.

C. Coupling Analysis of Coil Misalignment

The article next investigates the voltage gain under different
coupling coefficients and various directions of misalignment.
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Fig. 11. Calculation results of voltage gain G5 as a function of coupling

coefficient when the receiving coil L is misaligned with the transmitting coil.

Analysis results are helpful for the controller to adjust the output
power of each inverter. The test setup begins with the system
parameter and geometrical of tricoil module of Table I and
Fig. 10. The analysis goes with the coil L,, for the calculation of
voltage gain (G5, through which the test procedure is applicable
to L, and L. such that the voltage gain Gps and G.s can
be accordingly obtained. The test setup procedure includes the
following: 1) the receiving coil Ly is aligned; 2) the receiving
coil L is misaligned; and 3) the receiving coil L is misaligned
along with the variation of coupling characteristics. Fig. 11
shows the voltage gain of GG,, obtained under misalignment
conditions, where ks, kps, and ks are coupling coefficients
between coils L,—L. and Ly, respectively. Considering that the
coupling between L, and Lg is possibly affected by foreign
object intrusion or fractured coil, the variation of ks is served as

9029
O]
Canr | Resonance ™a, Ly, Ie Ves2
> ‘7m7777— ‘ on | off | on | off
. ]
i L
+ Ty @+ 4 > 1
p L S Aok
Vgsl < Resonance a ) Surge Voltag
Ve : ; [ Via + ha
—L] ; Vap
v =
- D G- :
> 1
() (b)
Via Vi Vhe Position
Lq detection
Vha @ Vb {} Vhe {} Power
L. U adjust
10 0a
©

Vha—>{ Voltage . . Non-inverting > Vpa
Vip—| divider || DiffereRtiall - Peak | ) lfer & bV,
ircuit amplifier detector ltage foll P!
Vhe —45{ circui voltage follower |~ Vpc
(d
Fig. 12.  Misalignment detection technique. (a) Resonance between leakage

inductance and parasitic capacitances. (b) Peak voltage of power switch T5.
(c) Voltage-peak detection under the scenario of misalignment. (d) Function
block of voltage detection circuit.

the x-axis to investigate the gain variation of G,. In this figure,
the solid line is drawn when the receiving coil L, is aligned
with the transmitting coil. At this time, the figure indicates
that the G5 is about 13.2 dB when the coupling coefficient
of ki, is equal to 0.153, as observed from Fig. 5. Yet, when the
coil L moves to the horizontal left (L), horizontal down (D), or
diagonal down right (DL), the dashed line indicates that the cou-
pling coefficient of k5 is reduced following the increased gain of
G4s- When encountered such a misalignment, the output power
and voltage vy, of inverter would decrease. On the contrary,
when the coil L moves at the direction of horizontal up (U), the
dashed line shows that the coupling coefficient of &k, increases
following the decrement of G, in which the output power and
voltage vy, of inverter would increase. In other words, through
the flexible power control based on the variation of coupling
coefficient (kys, kps, and k) with respect to voltage gain (G,
Ghs, and G .5), the misalignment-insensitive capability of IPT is
presented.

IV. DYNAMIC POWER CONTROL MECHANISM

Itis crucial to ensure that the efficiency of power transmission
is less affected once misalignment happens. In this section, the
misalignment detection of receiving coil is examined [32]. Both
misalignment detection method and automatic power adjust-
ment are discussed.

A. Misalignment Detection Technique

To early detect the misalignment, this article proposes a
voltage-peak-based method to help grasp the moving direction
of receiving coil. As Fig. 12(a) depicts, a circuit loop used for
the release of stored energy may cause the resonance occurred
either between leakage inductance Ly, and parasitic capacitance
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C4s1—Cyqs2 or on the layout path of parasitic capacitances and
parasitic inductances, resulting in a voltage spike when the
switch 75 is turned off, as shown in Fig. 12(b). It is also worth ob-
serving that the voltage vy, of switch T in Fig. 12(a) is not only
affected by the leakage inductance and parasitic components,
but also influenced by the mutual inductance-coupled voltage of
Umyp that is mapped from the secondary to the primary side. The
voltages equations of vy, and v,,, are expressed as

1
Vha = ( + jWLa + jWLka) ia + Ump (10)
jwCy,
wW2ME (iq + iy + ic . o
Vynp = ir( IZ;L ) + jwMy (ip + ic). 11

Jwls + 1508R;

Equation (11) reveals that voltage v,,,, varies after the change
of mutual inductance M,, as well as the effect of secondary
coil inductance Ly and capacitance Cy. Following the high-
frequency variation of inductor current of di,/dt during the
switching of T, the coil inductance L., the parasitic induc-
tance Lparasitic, and the leakage inductance Ly, cooperatively
induce a surge voltage ringing across the drain and the source of
switch T5. Then, as expressed in (10), the peak amplitude and
surge voltage of vy, are meanwhile affected by the resonance
of leakage inductance, parasitic components, and the change of
misalignment. This surge voltage is expressed as
diq
dt
where Lcoil, Lparasitic, and Ly, are coil inductance, parasitic
inductance, and leakage inductance, respectively. Therefore, the
corresponding variation of voltage peak becomes beneficial for
serving as an indicator to alert the occurrence of misalignment.
For example, as Fig. 12(c) depicts, when the receiving coil Ly is
not aligned and the distance between L, and L, is the shortest
one, then the peak amplitude of vp4, vip, and vy, indicate that
Uhq 18 the smallest one. At this time, the receiving coil is justified
near L,, and the duty cycle of corresponding switch can be
accordingly adjusted [31]-[34], thereby completing the task of
misalignment detection in this article. Fig. 12(d) shows that the
function block of voltage detection circuit, the high-impedance
voltage divider and differential amplifier are designed to tune
the voltage ratio, by which the peak-value sampling circuit is
employed to acquire the maximum voltage and feed into the
controller. This way of circuit design saves the cost of voltage
sensors, while the signal distortion caused by magnetic elements
operated at the high frequency range is avoided.

Uha(surgc) = (Lcoil + Lparasitic + Lka) (12)

B. Controllable Power Output

Fig. 13 shows the design of dynamic power control. The
system starts with the voltage detection circuit to obtain the
voltage vy, across each power switch at the transmitting side.
This is followed by the signal V), of voltage peak delivered to the
microcontroller to determine if the receiving coil is misaligned.
In other words, based on the output dc voltage of V),,, V3, and
Vpe » as shown in Fig. 12(d), they are employed as the reference
to detect the location of receiving coil and adjust the power
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Fig. 13.  Flowchart of dynamic power control.

dynamically. Once any misalignment happens, the data of input
voltage (Vq4.), input current (/4.), and output voltage (V,) are
sent to a microcontroller via a data acquisition circuit so that the
system efficiency can be immediately calculated. For example,
when L, moves near L, and away from L., as delineated in
Fig. 12(c), the voltage V,,. becomes higher than V,,, and V), and
the V},, is lower than V};;, and V)., indicating that the misalign-
ment happens. At this time, the controller immediately sends
the command to decrease the duty cycle of vy, and increase the
duty cycle of v, such that the magnetic field density of receiving
coil will be enhanced. Subsequently, the efficiency is calculated
again. Only when the efficiency is no further improved, then
the system confirms that duty cycle of each inverter is well
adjusted, hence reaching the goal of dynamic power control
[31]-[36]. In other words, with the selective energization of a
certain coil depending on the way of coil movement, the merits of
the proposed method include the following: 1) a higher efficiency
of charging under the misalignment; 2) a more effective way of
reducing the flux leakage; and 3) a systematic approach of coping
with multicoil IPT.

V. EXPERIMENTAL RESULTS

To validate the misalignment-insensitive capability of the
proposed method, the article realizes a hardware circuit system
as photographed in Fig. 14, including three half-bridge resonant
inverters, compensation capacitors, wireless power transfer plat-
form, full-wave rectifier, and filter circuit. It is also noted that a
ferrite pad is incorporated at the top side of receiving coil and
bottom side of coil module, achieving a better coupling.

A. Tricoil Module and IPT Circuit Test

In this test, the receiving coil is situated straight above the
transmitting coil module. Being operated at the frequency of
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Fig. 14.  Photograph of hardware circuit realization.
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Fig. 15. Experimental waveforms operated at 200 mm air gap under full load
condition. (a) Output voltage V,, and output current I,,. (b) Waveforms of one
half-bridge inverter including vgs1,v4s2,04s2. and iqs2. (¢) Switching signals
of Vys1 and Vg2, and waveforms of transmitting coil L, including vz, and
iLq. (d) Switching signals of V53 and V54, and waveforms of transmitting
coil Ly, including vy, and iry. (e) Switching signals of Vs5 and V6, and
waveforms of transmitting coil L. including vy, and ¢r,.. (f) Waveforms of
receiving coil L including vs and 35 (V,: 400 V/div, I,: 10 A/div, vgs1—vgs6:
10 V/div, vgs9: 400 V/div, igs2: 10 A/div, ig—ic: 10 A/div, vg—v.: 400 V/div,
is: 10 A/div, and vg: 400 V/div).

86 kHz and 200 mm air gap along with dc input voltage V.
of 415.6 V, this system reaches the output power P, of 3.2 kW
with stable output voltage and transmission efficiency of 87.5%
when connected with the equivalent dummy load Ry of 48 Q2. As
shownin Fig. 15(a), the output voltage V,, and output current I, at
the load side are 393.9 V and 8.21 A, respectively, indicating that
the output power capability is 3.2 kW. Fig. 15(b) shows the soft-
switching test of half-bridge inverter under a full-load condition.
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Fig. 16. Experimental waveforms of misalignment detection. (a) Switching
signal vgs and voltage vgs of the power switch in the half-bridge inverter.
(b) Three surge voltages v4s2,V4s4, and vqs6 are measured at different inverters
under 100 mm misalignment (vgs: 10 V/div, vgs: 200 V/div, vgs2—vgse:
200 V/div).

In this figure, two switching signals vgs1 and vg4s2 of one half-
bridge inverter as well as v4so and 7442 of one single switch are
depcited. Experimental waveforms show that the zero-voltage
switching of power switches is achieved.

Fig. 15 (c)—(e) delineates voltage waveforms of v,, vp, and
V., and current waveforms of i, 45, and ¢, of three transmitting
coils. These waveforms demonstrate that the voltage and current
of each tranmitting coil are simular to each other. The delivered
power is proved to be balanced and the magnetic field can be
evenly distributed for each coil. Subsequently, in Fig. 15(f),
vs and 74 of receiving coil validate that the wireless power is
transmitted to the load side, confirming the practicality of the
method.

B. Coil Misalignment Test

This section inspects the variation of voltage vgs across
the power switch when the receiving coil is misaligned. In
this experiment prototype, we have predetermined a maximum
tolerance value of 900 V for the detection task. We have also
measured the maximum surge voltage of 750-800 V when the
misalignment is about 250 mm that is larger than a transmitting
coil. It was found that the sufficient margin is reserved for the coil
misalignment. Fig. 16(a) shows the switching signal v, and the
voltage vy, across one power switch when the system is operated
at 3 kW output power. A surge voltage rining is seen to exist in
waveforms that may be caused by resonance between leakage
inductance Lj, of the circuit path and parasitic capacitance Cly
of the power switch, or the mutual inductance-coupled voltage
Ump mapped from the receiving side to the transmitting side.
The test is made with a horizontal displacement of 100 mm of
the receiving coil related to the transmitting coil L,. Fig. 16(b)
shows the voltages v4s2, Vis4, and v4s¢ across the power switch
of each half-bridge inverter. At this time, the peak voltage of v4s2
reaches 344 V when the surge peak of vgs4 and vgs¢ reaches
424 V and 448 V, respectively, indicating that the peak voltage
of tranmitting coil L, is much lower than that of others. This
situation happens because the coupling coefficient between re-
ceiving coil and coil L, increases once the receiving coil moves
towards L,. Accordingly, once the direction of coil movement
is identified, a dynamic power control is employed. Note that
the dc voltage V4. of 300 V is adopted in Fig. 16(b), which is



9032

90
85
X
= 80
Q
=
R
a% 75 —&— Direction R
A —M— Direction U
70 —aA— Direction L
Direction D
65
0 20 40 60 80 100
Misalignment / mm
(a)
90
85
xX
>, 80
Q
8
g 75 —&— Direction UR
m —HB— Direction DR
70 —A— Direction UL
—%— Direction DL
65
0 20 40 60 80 100
Misalignment / mm
(®)

Fig. 17. Efficiency measurements in eight directions of coil misalignment.
(a) Misalignment of receiving coil in the direction of right (R), up (U), left (L),
and down (D). (b) Misalignment of receiving coil in the direction of up-right
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Fig. 18. Efficiency measurements under a 100-mm misalignment with and
without dynamic control in eight directions of movement.

aimed to validate the detection capability of the circuit under the
scenario of peak voltage variations.

Fig. 17 shows the efficiency meaurement of eight misaligned
directions without dynamic power control when the system is
operated at 3.2-kW output power. In the figure, for all directions
of receiving coil’s movement at the misalignment of 100 mm,
an efficiency of 81.8%—87.5% can be obtained. It is observed
that even if the coil L. is placed on the top of three coils and
the symmetrical placement is not fully acheived, the efficiency
is only slightly affected. With the proposed three transmitting
coil structures, the figure confirms that only a 6.5% efficiency
decrement is measured at the misalignment of 100 mm.

Based on the test condition and results of Fig. 17, Fig. 18
shows the system efficiency of the proposed interoperable coil
module consisting of three transmitting coils and one receiving
coil. This test is made with and without dynamic power control
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at 100 mm misalignment of receiving coil in eight directions.
Experimental outcome shows that the efficiency of IPT becomes
higher than 83.5% via dynamic power control in all eight direc-
tions of coil movement.

VI. CONCLUSION

The article proposes an interoperable coil module-based
misalignment-insensitive IPT with the capability of dynamic
power control. With the analysis of magnetic field distribution of
coil configuration and arrangement, an inductive power trans-
mission structure is completed with radial placement of three
coils. The article includes misalignment detection method and
dynamic power control technique to adjust power switches of
inverters with tests carried out under different scenarios. The
coupling condition of the module is tested satisfactory under
different directions of coil misalignment. The outcomes support
the feasibility of the proposed circuit design, facilitating the real-
izainig of this approach applied for AGV-charging applications.
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