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Abstract: This paper presents an inverter topology for a wireless power transfer (WPT) system that
is intended to reduce the component counts and complexity of the conventional excitation circuit
for multiple transmitter coils. The proposed inverter topology requires only (n+2) power switches,
where “n” is the number of transmitter coils. An excitation of a proper transmitter coil pattern with
regard to the receiver coil position is determined. The output voltage can be regulated through the
primary-side control by adjusting the duty cycles of the inverter switches. A detection method of the
receiver coil position is presented using the detection switches on the secondary side. The detection
algorithm is based on the reflected impedance knowledge and requires only a current sensor on the
primary side. A proper transmitter coil pattern is energized to ensure maximum transfer efficiency
throughout the operation. The proposed system is experimentally validated on the created 500-watt
WPT multi-coil system. After the receiver coil is placed in a designated area, the proper transmitter
coil pattern can be automatically selected and energized. The output voltage can be regulated to a
desired value under the typical operation conditions, including load change.

Keywords: inverter topology; wireless power transfer; multiple transmitter coils; primary-side
control; output voltage regulation; detection of receiver coil position

1. Introduction

Safety, convenience, reliability, weatherproof, and maintenance-free are the key advantages of
wireless power transfer (WPT) compared with wired or conductive power transfer [1]. Nowadays, the
WPT technique has been successfully adopted in many applications, such as biomedical implants [2],
electronic devices [3], kitchen appliances [4], electric vehicles [5], etc. A two-coil system, i.e., a single
transmitter coil and a single receiver coil, is commonly found in conventional WPT systems. Both coils
usually have the same shape and dimension, which simplifies the design and implementation [6,7].
The desired or ideal operation of the WPT system is that the receiver coil is always placed at the
aligned position, where both the transmitter and receiver coils share the same center. The magnetic
coupling coefficient is generally maximized at this position. Unfortunately, the misalignment between
coupled coils is inevitable in practical operation. This leads to the magnetic coupling variation, which
causes the output voltage or power to fluctuate. Moreover, the power transfer efficiency is drastically
deteriorated with the reduction of the magnetic coupling coefficient [8-10]. Although the control of
the duty cycle [11,12] or switching frequency [13,14] of the converter’s switches has been reported to
address these problems, the misalignment tolerance is still limited to a low value. To improve the
sensitivity to magnetic coupling variation, developments related to the coupled coil [15-17], optimized
design of the magnetic core [18], and new compensation topology [19,20] are introduced. However,
the transfer efficiency becomes problematic, because the magnetic coupling coefficient is reduced as
the distance between coupled coils increases.
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Recently, WPT multi-coil systems have become increasingly popular, especially in applications
with free-positioning features. The key advantages of the multi-coil system include improvements
in the working area and system efficiency compared with conventional two-coil systems [21-23].
However, excitation circuits for multiple transmitter coils remain an issue in the multi-coil system.
A straightforward approach to a multi-coil configuration is to adopt multiple sources, where each
transmitter coil is energized by an inverter. This increases component counts, cost, and size to the
system. To achieve an optimal operation, there is a need for current regulation on each transmitter
coil [24-26]. This often yields complicated control methods. The transmitter coils to be energized must
be carefully selected, as the position of the receiver coil may be varied during operation. Energizing
transmitter coils with weak coupling to the receiver coil would result in little to no contribution to
the power transfer, and the system efficiency is sacrificed. A proper transmitter coil, where magnetic
coupling is maximized, should be determined before the chosen transmitter coil pattern is energized.
Therefore, the detection of the coil’s position and misalignment between coupled coils are indispensable.
Pressure sensors [27], sensing coils [28], and tunneling magnetoresistive (TMR) sensors [29] have
been adopted in past work. A tradeoff is that additional components and control are required, not to
mention extra signal conditioner circuits to accommodate the sensors.

To reduce the component counts and complexity of the conventional excitation circuit for multiple
transmitter coils, this paper presents a topology of the inverter circuit with receiver coil position
detection. Only single-source and (n+2) power switches for n transmitter coils are required. The
proposed inverter circuit can supply the transmitter coils individually or collectively, depending on
the determined coil pattern. Each transmitter coil current flows in the same direction to produce a
magnetic field with the same polarity. The DC output voltage is regulated through the primary-side
control by adjusting the angle a of the inverter voltage. The detection method of the receiver coil
position is introduced using detection switches on the secondary side. This method requires only
a current sensor on the primary side. The proper transmitter coil pattern can be determined and
energized by the proposed method. This improves the transfer efficiency of the WPT multi-coil system.
This paper is organized as follows. The circuit configuration, timing diagram, and operating mode of
the proposed system are described in Section 2. The detection method of the receiver coil position and
selection of the transmitter coil pattern are proposed in Section 3. The proposed controller is outlined
in Section 4. Experimental validation of the proposed system is presented in Section 5. Section 6
concludes this work.

2. System Description and Operation

2.1. Circuit Configuration

A block diagram of the proposed system is shown in Figure 1. Multiple transmitter coils are
excited by the inverter circuit. Detection switches are placed between the receiver coil and the rectifier
circuit. The DC output voltage (Vout) is sensed and transmitted to the primary circuit via wireless
communication devices. The primary-side controller is used to select the transmitter coil pattern and
regulate the output voltage. The secondary-side controller is used to control the detection switches
and send feedback data wirelessly. The circuit configuration of the proposed system is shown in
Figure 2. The inverter circuit consists of (n+2) MOSFET switches with antiparallel diodes (Dy, Dy, Dy,
Dy, ..., and Dy), where “n” is the number of transmitter coils. The main upper and lower switches are
represented by Sy and Sy, respectively. The excitation of each transmitter coil is controlled by excitation
switches, Sq to Sp. The self-inductance and winding resistance of each transmitter coil are denoted
by Lp; to Lp, and Rp; to Rpy, respectively. Compensation capacitors (Cp; to Cpy) are connected in
series with each transmitter coil. The mutual inductance between coupled coils is represented by M.
Ls and Rg are the self-inductance and winding resistance of the receiver coil, respectively. Cg is the
series compensation capacitor. A rectifier circuit with four diodes (Dr; to Dgr4) and a filter capacitor
(C¢) are included on the output. The load is represented by R;,. The detection switches are located
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in front of the rectifier circuit. When they are on, Lg and Cg form a resonant configuration. With a
proper switching frequency on the primary side, the secondary circuit experiences a line commutation.
The detection switches are designed to exhibit the bidirectional-carrying and bidirectional-blocking
characteristics, which make them similar to an ideal switch.

WPT multi-coil system

Rectifier
DC | i | | +|L
Power Inverter Det_ection A Vout o
Supply Circuit Switches | |/ \ i 3
A A
Ipr
Primary-side ||, Secondary-side |«
Controller ;i? <(\(Nireles£(( Controller <

Communication

Figure 1. Overall block diagram of the proposed system.

53 : Len Detection Switches

Inverter

Figure 2. Circuit configuration of the proposed system.

A combination of two IGBTs (S5 and Sg) with external diodes (D and Dg) in reverse connection is
adopted for the detection switches. The reverse diodes provide reverse-blocking capability to prevent
the IGBTs being turned on from negative voltages. The current flowing in each transmitter coil are
denoted by Ip; to Ip,. The total current in the primary circuit is obtained as:

Ipr =1Ip1 +1Ipp + ...+ Ipy (1)

2.2. Mode of Operation

The proposed system is operated in two modes, namely normal mode and detection mode. Both
modes are dependent on the operation (on and off) of detection switches. The timing diagram and
theoretical waveforms are given to describe the switching operations of both modes. The upper and
lower switches (Sy and Sp) work in the complementary manner. The angle a is defined as the adjusting
angle of an inverter voltage, which can be varied from 0 to 180 degrees by adjusting the duty cycle of
the upper switch’s gate signal (Vs su). For simplicity, all the power switches are assumed to be ideal,
and the dead time between switch Sy and Sy, is neglected.

2.2.1. Normal Mode Operation

The normal mode operation is initiated when the detection switches, Sy and Sg, are turned off.
The timing diagram and theoretical waveforms for the case when the excitation switch S; is turned
on are depicted in Figure 3. Only transmitter coil number 1 (Lp;) is energized. If two or more coils
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are energized at the same time, a parallel connection of the energized coils is formed. The resulting
circuits of each stage are shown in Figure 4.
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Figure 3. Timing diagram and theoretical waveforms of the normal mode.
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Figure 4. Switching operation of the normal mode: (a) Stage 1 [t.—t,]; (b) Stage 2 [to—tp T; () Stage 3
[ty —tc]; (d) Stage 4 [t—tq]; (e) Stage 5 [tg—tq ]; (f) Stage 6 [tq —te].

Stage 1 [ta—tp] in Figure 3: Both upper and lower switches, Sy and Sy, are off. The transmitter
current Ip; flows in the negative direction through antiparallel diodes D; and Dyy. The inverter voltage
(Vinv) is equal to the DC input voltage (V;,). The secondary current (Is) flows in the positive direction,
where diodes Dy and Dg4 are turned on. The secondary voltage (Vs) is identical to the DC output
voltage (Vout)-

Stage 2 [t,~t, | in Figure 3: The upper switch Sy starts conducting at t = t,, and the current Ip;
starts flowing in the positive direction through switches Sy and S;. The secondary current, Is, flows in
the positive direction and reduces to zero at t = t;, .

Stage 3 [t,, —t.] in Figure 3: The current Ip; still flows in the positive direction through the switches
SyandS;. Att=t,, the secondary current Ig starts flowing in the negative direction through diodes
Dgy and Dgs. The secondary voltage Vg becomes negative with opposite polarity to the output voltage
(—Vout). The upper switch Sy is turned off at t = tc.

Stage 4 [tc—t4] in Figure 3: The lower switch Sy is still off. The positive current Ip; flows through
the switch S; and the antiparallel diode Dy .. The inverter voltage Vyy is equal to zero. The secondary
current, g, still flows in the negative direction through diodes Dy, and Dgs.

Stage 5 [tg—tq ]in Figure 3: The lower switch Sy, starts conducting at t = tq, and the current Ip;
starts flowing in the negative direction through the switch S and the antiparallel diode D;. The
secondary current, Ig, still flows in the negative direction.

Stage 6 [ty —te] in Figure 3: The current Ip; flows in the negative direction through the switch S
and diode Dy. At t = t4, the secondary current, Ig, starts flowing in the positive direction through
Dg; and Dgy. The secondary voltage Vg is changing from negative to positive value. Att = te, the
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lower switch Sy, is turned off. The operation of one switching period is completed. Then, the switching
operation is repeated, starting from stage 1.

From fundamental harmonic approximation (FHA), a simplified equivalent circuit of the system
under the normal mode of operation is shown in Figure 5. The fundamental component of the inverter

voltage (Vinv) is denoted by V}NV, and its amplitude can be expressed as:

Vin A2 + 2 cos(a)
1 o m
|VINV| = - )
7 C R 7 C 7 C R
Ipr | PT PT Ig S |S Ipr PT PT
+ Ler Ls + + Ler
> .
Vi @ . REFIVE. V@D
joMIs joMIpr - ZNormat
(a) (b)

Figure 5. Simplified equivalent circuit of the proposed system when operated in normal mode: (a)
Overall circuit; (b) Reflected impedance in primary circuit.

The operating angular frequency is denoted by w. Lpr and Rpr represent the equivalent
self-inductance and winding resistance of multiple transmitter coils, regardless of the number of coils
connected in parallel. The total compensation capacitance in the primary circuit is defined as Cpt. The
equivalent AC resistance of the load and rectifier circuit [30] is defined as:

8Ry.
R = —= 3
L 7_(2 ( )

—Normal
The reflected impedance, Zy , as shown in Figure 5b, is given as:

—«Normal CUZMZ[RS + RaLC - j(a)Ls - 1/cuC5)] @
Zr = > 4
[(RS +RY + (wLs -1 /wc5)2]

—

The total transmitter coil current, I pr, is obtained by:

N Vi
_ INV
I PT = —Normal (5)

Rpr + j(a)LpT — 1/a)CpT) + ZR

—ac
The magnitude of the equivalent AC output voltage, |V |, is expressed as:
_.ac wMR‘iC I PT
Vout

= W (6)
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where ZS =Rs+ Rﬂc + ]((UL ) The DC output voltage in Figure 2 is obtained as:
Aac ,’RLR[IC&)MVM Zs‘ 2+2COS( )](1/2)
Y 7
out — out RIZC [62 + AZ](I/Z) ( )
2 o
where 6 = RPT’ZS’ * wZMZ(RS + RLZC) and A = ‘ZS‘ (wLPT - wClpT) ZMZ(CUL - m)

The DC output voltage in Equation (7) can be regulated by adjusting the angle o, which can be
realized by controlling the duty cycle of the gate signal of the upper switch, Sy.

Note that three out of six switching operations in Figure 4, namely stages 4, 5, and 6, are in the
free-wheeling mode. Even though the inverter voltage is equal to zero, the fundamental component
of the inverter voltage remains sinusoid. With the resonant compensation arrangement, the system
exhibits a high-quality factor (Q) circuit behavior. Only the fundamental component of the inverter
voltage in Equation (2) contributes to the current flowing in the circuit. Therefore, the power transfer
to the load is provided as:

2[2 +2cos(a)]
22 (82 + A2]

The transfer efficiency is slightly decreased when the system is operated in the free-wheeling mode
due to the additional turn-off switching loss at t = t, as shown in Figure 3.

22172 |7
R¥w2M2V2 |Z

Pout = (8)

2.2.2. Detection Mode

The detection mode serves as an approach in determining a proper transmitter coil pattern before
the charging process. This mode starts with turning switches Sy and Sg on. The timing diagram and
theoretical waveforms of the detection mode are depicted in Figure 6, for the case when the excitation
switch Sy is turned on. Only the current Ip; flows through the transmitter coil Lp;. Note that the
detection operation is performed on each transmitter coil to collect the necessary current information
for the determination of a proper coil pattern. Since the detection switches, Sy and Sg, are turned on
throughout the detection process, the secondary voltage Vg and output voltage Vo are essentially
zero. The switching operation of each stage of the detection mode is shown in Figure 7.

Stage 1 [ta—t,] in Figure 6: Both upper and lower switches, Sy and Sy, are off. The input current,
Iin, is equal to the transmitter current, Ip;, and flows in the negative direction through antiparallel
diodes D; and Dy. The inverter voltage, Viyv, is equal to the DC input voltage V;,. The secondary
current, Ig, flows in the positive direction through detection switch Sy and diode Dj.

Stage 2 [t,—tp, ] in Figure 6: The upper switch Sy starts conducting at t = t,. The current Ip;
becomes positive and flows through switches Sy and S;. The secondary current, Ig, is reduced to zero
att=t,.

Stage 3 [tp —tc] in Figure 6: The switches Sy and S; remain on, and the current Ip; is still positive.
The negative current Ig flows through the switch Sg and diode Dg. The switch Sy is turned off at t = t..

Stage 4 [t.—tq] in Figure 6: The lower switch Sy is still off. The positive current Ip; flows through the
switch S; and the antiparallel diode D;.. The secondary current, Ig, still flows in the negative direction.
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Figure 7. Switching operation of the detection mode: (a) Stage 1 [ta—tp]; (b) Stage 2 [ty—tp 1; (€) Stage 3
[ty —tc]; (d) Stage 4 [t.—t4]; (e) Stage 5 [ta—t4 T; (F) Stage 6 [ta ~te].

Stage 5 [tg—tq 1in Figure 6: The switch Sy has been on. At t = tq4, the negative current Ip; flows
through the switch S;, and the antiparallel diode D;. The secondary current, Ig, still flows in the
negative direction.

Stage 6 [tg —te] in Figure 6: The current Ip; flows in the negative direction through the switch Sp
and diode D;. Att = t4, the switch S5 and diode D conduct positive current Is. The lower switch S
is then turned off at t = t.. The operation of one switching period is completed. The next switching
cycle is repeated starting from stage 1.

A simplified equivalent circuit for detection mode operation is shown in Figure 8. Clearly, the
—ac —Detect
equivalent AC output voltage, V,,;, is equal to zero. The reflected impedance, Zr , as shown in

Figure 8b, is given as:

_.Detect B wWw*M? [RS - j(ng - 1/O)CS)]

z 9
: [R2 + (wLs —1/wCs)?] ©

—Detect
Due to the absence of the equivalent AC resistance (R]°), the reflected impedance Zg is

significantly larger than the reflected impedance under normal operation in Equation (4). This means

that the primary current (I pr) is considerably lower. With the knowledge of the current in each
transmitter coil, the position of the receiver coil can be estimated, and a proper transmitter coil pattern
is obtained.
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(@) (b)

Figure 8. Simplified equivalent circuit of the proposed system when operated in detection mode: (a)
Overall circuit; (b) Reflected impedance in primary circuit.

3. Transmitter Coil Excitation

3.1. Detection of Receiver Coil Position

An important benefit of a WPT multi-coil system is the free-positioning feature, where the receiver
coil can be placed freely in a designated area and may be coupled with one or more transmitter
coils at a time. The coupled coil used in the proposed WPT multi-coil system is shown in Figure 9.
In this work, four identical coils are adopted as multiple transmitter coils (n = 4) with a single receiver
coil. The transmitter coils are arranged based on the comparative study reported in [31], where high
misalignment tolerance is obtained. The mutual inductance (M) and magnetic coupling coefficient
(k) between the transmitter and receiver coils are dependent on the position of the receiver coil.
Theoretically, only the directly coupled transmitter coil or set of transmitter coils should be excited.
For the same air gap or vertical distance between coupled coils, the magnetic coupling is maximized
at the aligned position, where both coils share the same center. The coefficient k is decreased as the
horizontal distance between both coils is increased. In the detection mode, the magnitude of the total

primary current (| I pr|) depends on the coupling coefficient as:

—

1
Ipr |VINV) (10)

252 2 252 c 21(1/2)
[(RPT + [R2 b ) + (a)LpT - 4 e lels(els 1o S))
S

+(wLs—1/wCs)?| wCpr [R2+(wLs-1/wCs)?]

Multiple Transmitter Coils

Single Receiver Coil

wo og
L wogzy

_uw 0[,.

Figure 9. Coupled coil arrangement.

Then, the receiver coil position can be calculated through the total primary current obtained
during the detection mode operation, as discussed in Section 2.2.2. The relationship between the
total primary current and the coupling coefficient in Equation (10) is illustrated in Figure 10, using
the following parameters: Lpr = 280 uH, Ls = 1.37 mH, Rpr = 0.33 ), Rg = 2.03 Q), Cpr = 32.57 nF,
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Cs =54nF f =5851 kHz, V;,, =150V, and a = 126°. Clearly, 'I pT‘ is decreasing as the magnetic
coupling k is increased. A comparison of the transmitting current in each coil yields an approximated
position of the receiver coil. For example, if the ' I pT‘ value of transmitter coil 3 is significantly lower

than the currents obtained from transmitter coils 1, 2, and 4, the receiver coil is located close to the
center of transmitter coil 3, as shown in Figure 11a. If the receiver coil is placed between coil number

—

Ipr

3 and 4, as shown in Figure 11b, the values of both coils are almost identical, but substantially

—

lower than the | I pr| value obtained from coil numbers 1 and 2 from the other end.

25 T T

Magnitude of total primary current (A)

0 1 I T
0 0.05 01 0.15 0.2 0.25 0.3

Magnetic coupling coefficient, k

Figure 10. Relationship of total primary current and magnetic coupling coefficient.

(a) (b)

Figure 11. Position of the receiver coil: (a) Close to the center of transmitter coil number 3; (b) Between
transmitter coil numbers 3 and 4.

3.2. Transmitter Coil Pattern Selection

Each transmitter coil in the proposed system can be excited separately or simultaneously,
depending on the switching pattern of the excitation switches (S;-S4) of the proposed inverter circuit, as
listed in Table 1. The values of the switching function, “1” and “0”, indicate that the excitation switches
are turned on and off, respectively. This results in 16 transmitter coil patterns, corresponding with the
activated coil. For efficient power transfer, transmitter coils pattern with weakly coupling coefficients
should not be energized. Only the tightly coupled transmitter coil pattern, which is defined as the
proper transmitter coil pattern, is excited. The proper coil pattern generally gives the highest magnetic
coupling available, which maximizes the transfer efficiency of the WPT system. The proposed selection

—

of the transmitter coil pattern is based on the obtained current | I pr| from the detection operation.

—

Ipr

Initially, the current is measured as the receiver coil is laterally moved along the +X direction, as

value obtained

shown in Figure 12. When the receiver coil position is changed from 3 to 4 cm, the | I pr

—

from transmitter coil 1 is increased from 1.5 to 2 A, which is the highest rate of change of | I pr|. This
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means that the magnetic coupling between transmitter coil 1 and the receiver coil is greatly reduced
—limit
at this point. The current of 1.5 A is empirically imposed as the current limit value, |I pr |, for the

excitation decision of each of the transmitter coils. The proposed coil selection procedure is outlined as
follows. First, each transmitter coil is excited at a time. The magnitude of the transmitter current in

—

each coil is identical to | I pr| in this case. Then, each measured transmitter current is compared with
_limit
I'pr

_limit

Ipr ‘ If

—

IpT>

, the excitation switch to the activated transmitter coil is set to “0” or turned

off, because the magnetic coupling is rather weak, indicating that the receiver coil is located away from
—limit
< |Ipr | the receiver coil is relatively close to the excited coil,

—

the activated transmitter coil. If | I pr

and the corresponding excitation switch will be set to “1” or turned on. After the comparison process,
the switching pattern for a proper transmitter coil pattern is obtained.

Table 1. Possible switching patterns of the inverter circuit with n = 4.

Switching Function

Switching Pattern Activated Coil
Sq1 S, S3 Sy
0 0 0 0 0 None
1 0 0 0 1 Coil No.4
2 0 0 1 0 Coil No.3
3 0 0 1 1 Coil No.3, 4
4 0 1 0 0 Coil No.2
5 0 1 0 1 Coil No.2, 4
6 0 1 1 0 Coil No.2, 3
7 0 1 1 1 Coil No.2, 3, 4
8 1 0 0 0 Coil No.1
9 1 0 0 1 Coil No.1, 4
10 1 0 1 0 Coil No.1, 3
11 1 0 1 1 Coil No.1, 3, 4
12 1 1 0 0 Coil No.1, 2
13 1 1 0 1 Coil No.1,2,4
14 1 1 1 0 CoilNo.1,2,3
15 1 1 1 1 Coil No.1,2,3,4
+Y =0
g 24
b= 2.2 -
4 S o P =
3 1.8 Jlimi
E . |I‘P1])_mt
g it i
1 & g 1.4 :
Py | - Coil 1 is excited
=X LS R s R e +X s 1.2 1 T T
0 5 10 15 20 25 30 ] 1 4~ Coil 2 is excited
* 1.0
‘e E:'l o Coil 3 is excited
o 08 | atns
=] - Coil 4 is excited
2 06 beend
— 1 1
3 ——
2 g |
0.2 o
00 b
Y 012 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20

Horizontal misalignment in +X direction (cm)

Figure 12. Measured primary current as the receiver coil moved along the +X direction.
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4. Proposed Controller

The control is implemented on both the primary side and the secondary side, as shown in
Figure 1. The primary-side controller is adopted to find the proper transmitter coil pattern and regulate
the output voltage. The secondary-side controller serves the detection operation and wireless data
collection of the output voltage (Vout) to the primary side.

4.1. Secondary-Side Controller

The proposed system is designed for the static WPT applications. In this work, it is assumed
that there is no movement of the receiver coil during the charging process. A flowchart diagram of
the secondary-side controller is shown in Figure 13. After the receiver coil is placed in a designated
area, the controller wakes up from the standby mode. Then, the detection operation is initiated by
turning the detection switches on for 500 ms to allow completion of the detection process. Next, the
detection switches are turned off for normal mode operation. The output voltage, V,y, is measured
and read. If V,,; = 0, it means that the receiver coil is absent or the inverter circuit on the primary side
is inoperative, and the controller is put into standby mode. The V,,; data will be sent to the primary
side if V,,; differs from zero.

Send: Vout

STANDBY

Figure 13. Program flowchart of the secondary-side controller.
4.2. Primary-Side Controller

The proposed control block diagram of the primary-side controller is shown in Figure 14. First,
the controller operates in the transmitter coil selection mode, as shown in Figure 14a. Each transmitter
coil is energized, one at a time. The current in each transmitter coil is obtained through the measured
total primary current, Ipr, and sent to the current sensor. A signal conditioner consisting of a rectifier
and low-pass filter circuit is included in the current sensor module. The DC signal representing the
magnitude of the total primary current, |Ipr|, is obtained. The MCU reads the |Ipr| signal through the
analog to digital (A2D) converter function. Then, the controller starts the coil selection process. All the
[Ip7| signals collected from each transmitter coil are compared with )I?T”it , as described in Section 3.2.
Then, the switching pattern of the inverter circuit is obtained for a proper transmitter coil pattern
corresponding to the receiver coil position. After the selected coil pattern is energized, the controller
operates in the output voltage regulation mode, as shown in Figure 14b.

This mode is based on the relationship between the output voltage and angle a of the inverter
voltage in Equation (7). The output voltage signal, Vi, is wirelessly fed back from the secondary side,
and compared with the reference value (V; ). The resulting error (e) is sent to the PI controller, and
the adjusting angle a is obtained.
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Figure 14. Proposed control block diagram of the primary-side controller: (a) Transmitter coil pattern

selection mode; (b) Output voltage regulation mode.

The program flowchart of the primary-side controller is shown in Figure 15. At the beginning,
the controller operates in the transmitter coil selection process. To prevent excessive current in each
transmitter coil, the angle  of 126 degrees is assigned to the upper switch Sy. The current limit, Ig’%m
is set to 1.5 A. Initially, the transmitter coil number 1 (i = 1) is energized by turning the switch S; on.

7

Then, the current signal ‘I 1(31T>’ is read. If |I 1(31T> > |I§§'¥it , the switching function of the excitation switch

iy

(5(1)) is set to “0”; otherwise, it is set to “1”. As the value of “i” is increasing, transmitter coils 2, 3, and

4 take turns energizing. The signals ’I 1(’2T) l, II 1(33T) , and |I I(,ALT)' are read and compared with the |I§§’%1it‘. The
switching pattern of the inverter circuit is obtained. The pattern 0 is obtained when the receiver coil is
placed outside the designated area. That is, the magnetic coupling is too weak, and the system will be
turned off. The proper transmitter coil pattern is formed if the switching pattern 1 to 15 is presented.
Next, the controller operates in the output voltage regulation process. The output voltage data V,,;
is read. If Vs = 0, the detection switches are still on, and the system is in the detection mode. The
controller will wait until the system is in normal operation mode, where V,,; is not equal to zero. Then,
the feedback signal V,,t is compared with the reference signal, V* ,. With the PI controller, the angle
of an inverter voltage is adjusted. The actual output voltage follows the reference value.

»| Update: Switching
Pattern

Pl Control

0) (limit)
Ipr| > |I PT

s® = ugr
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N .
° i>4
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Switching
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Figure 15. Program flowchart of the primary-side controller.
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5. Experimental Results

To validate the proposed system, an experimental setup of the WPT multi-coil system is created,
as shown in Figure 16. Four identical coils are used as multiple transmitter coils. Each coil is made of
32 turns of litz wire. The inner and outer diameters are 10 cm and 30 cm, respectively. The receiver
coil is a two-layer spiral coil with 30 turns of litz-wire for each layer. The inner and outer diameters
are 12 cm and 30 cm, respectively. The air gap between the coupled coils is maintained at 10 cm. The
transmitter coil is placed in a fixed position, whereas the receiver coil can be laterally moved in a
designated area. This results in the horizontal misalignment. The measured circuit parameters are
listed in Table 2. The input DC voltage is set to 150 V. The switching frequency is fixed at 58.51 kHz.

. o
Detection Load
Switches Resistor

(b) (0)
Figure 16. Experimental setup: (a) Overall system; (b) Multiple transmitter coils; (c) Single receiver coil.

Table 2. Measured circuit parameters.

Parameters Symbol Value
Self-inductance of transmitter coil Lpi-Lpg 280 uH
Self-inductance of receiver coil Lg 1,370 uH
Winding resistance of transmitter coil Rp1—Rpy 0.33 0
Winding resistance of receiver coil Rg 2.030
Load resistance Ry, 1232 Q)
Primary compensation capacitance Cp1—Cpyg 26.4 nF
Secondary compensation capacitance Cs 5.4 nF
Filter capacitance C 560 uF

Experimental waveforms under normal mode operation are shown in Figure 17. The receiver coil
is placed at the center or zero horizontal misalignment. Switching pattern 15 is applied, where all the
transmitter coils are energized. The angle a is at 58 degrees. As seen in Figure 17b, the transmitter
current in each coil is almost identical in both magnitude and phase.

The summation of all the transmitter coil currents are equal to the total primary current, Ipr. From
the output voltage Vo and current Iy, shown in Figure 17¢, the output power is obtained as 500 watts.

The results of the output voltage regulation when the load resistance is abruptly changed from
123.2 to 151.2 Q) is shown in Figure 18. The desired output voltage, V; ,, is 200 V. Without the output
voltage regulation, the output voltage is rising to 240 V as the load resistance is instantaneously
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increased, as seen in Figure 18a. With the proposed controller, the output voltage change is negligible
and regulated at the desired value, as shown in Figure 18b.

Main :[125 K Sus/div
A 4 -
‘/VGS’ v o V)/DID)
. [ \ f \
A 4 = LR
Vess(5V/Div)
|/ f

Viny (50 V/Div)

‘/ ,l'PT\].UA/Ui
— ./ —
| /N SN L /TN
. /LN /N /1N
LA 4 T\
. N N_ N
(a)
Main <[125 K x Sus/div
Tp (547 Div)
b -
152 (5 A/ Div)
slez
A p3(547Div)
sips
134 (5A)Div)
Z
(b)
Main :[125 K Sus/div
I¢(2 A/Div
1l TN TN
pild AN i e ~
I / yd N yd
" " o e
V¢ FaWath & 200 hY
V(20077 Div)

pd
-

Ve GOV/Din)

[ A i (TA/Div)
I’

(©

Figure 17. Experimental waveforms of the system under normal mode operation: (a) Gate signals of
the inverter’s main switches (Vs sy and Vgg 1), inverter voltage (Viny), and total primary current
(Ipr); (b) Current in each transmitter coil (Ip;—Ips); (¢) Secondary voltage (Vs), secondary current (Ig),
output voltage (Vout), and output current (Iput).

Experimental waveforms under detection mode operation are shown in Figure 19. The receiver
coil is moved 10 cm from the center and placed between transmitter coils 3 and 4. Each transmitter coil
is energized at a time. The angle « is set to 126 degrees. The output signal from the current sensor,
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[Iprl, is illustrated. In Figure 19a,b, the |Ipr| values of transmitter coils 1 and 2 are 2.2 A and 2.1 A,
respectively. These values are greater than the imposed limit ’Ig’%“ﬂ at 1.5 A. This is an indication that
the receiver coil is placed far away from both transmitter coils, where the magnetic coupling is weak.
Thus, the excitation switches S; and S, are off for efficient power transfer. On the other hand, the
[Ipr| values of transmitter coils 3 and 4 in Figure 19¢,d, are 0.72 A and 0.76 A, respectively. This is an
indication that the receiver coil is close to both transmitter coils. Therefore, both switches S; and Sy are

turned on. From Table 1, switching pattern 3 is formed as the selected transmitter coil pattern.

Wain <[125 k 200ms/div Wain :[125 k 200ms/div
Load change - Load chang
Vour (50 V/Div) Vour (50 V/Div)
1 L
]
T,t((0.5 A/Div) T4u[(0.5 4/Div)
() (b)

Figure 18. Experimental results of the output voltage regulation under load change: (a) Without output
voltage regulation; (b) With proposed controller.

Main 2125 Kk Sus/div Main :[125 k Sus/div
Vinv(50V/Piv) Ip (1 A/Div) Vv (50 V/Div) Tpz(1+A/Div)
\ Ml , i \L / %
M Y P | P -
[ (RN /G vanwil ™~ B/ T
- 1/ A AN | /] 7 )/ \, J /] N\ /|
1/ </ </ 1/ T/ X/
N N N N
Ipr[(0.36 A/ Div) |Ip£|(0.36 4/Div)
4 /
(a) (b)
Wi 125 K Sus/dv W 1[125 K Sus/dv
Vinv(50V/biw) Vinv (501V/Div), ™
T Tp3(TA/Div) ™ N 1p4 (T A/ D)
1 / L i /
/ — S~ o L/ ~ o
- v N T T— N L Co— A T ———
Ipr[(0/36 A/Div) 1pr[ (036 4/Div)
/ ¥

(©) (d)

Figure 19. Experimental waveforms of the system under detection mode operation: (a) Transmitter coil
number 1 is excited; (b) Transmitter coil number 2 is excited; (c) Transmitter coil number 3 is excited;
(d) Transmitter coil number 4 is excited.
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The measurement results of magnetic coupling coefficient, k, when the receiver coil was laterally
moved along the X, Y, Z1, and Z2 directions, are shown in Figure 20. To illustrate the advantage of the
proposed transmitter coil pattern selection, all the transmitter coils were first excited throughout the
operation. This is switching pattern 15, and the magnetic coupling k obtained in this case is shown
in Figure 20a. The coupling k is at the maximum value of 0.2, as the receiver coil is within a 5-cm
radius. If the receiver coil is moved further, the coupling k is reduced to 0.01 at 25 cm on the Z1 and
Z2 directions. With the proposed transmitter coil pattern selection, the resulted magnetic coupling
is shown in Figure 20b. For the case of one-coil excitation, at 15-cm misalignment along the X and
Y directions, the coupling coefficient increased from 0.18 to 0.32, which is a 77.78% improvement
compared with results in Figure 20a. For the case of two-coil excitation, the coupling coefficient
k increased from 0.16 to 0.23, which was a 43.75% improvement at 10-cm misalignment along the
Z direction. Note that “not applicable (N/A)” is the case of switching pattern 0, in which all the
transmitter coils were not activated.
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Figure 20. Measured magnetic coupling coefficient, k, at various receiver coil positions: (a) Without
transmitter coil pattern selection; (b) With proposed transmitter coil pattern selection.
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System efficiency measurements when the receiver coil is laterally moved along the +X and +Z1
directions are shown in Figure 21a,b, respectively. The load resistance is fixed at 123.2 (). The output
voltage is regulated at 200 V throughout the operation. The proposed multi-coil system with and
without transmitter coil pattern selection is compared. At the center (zero horizontal misalignment),
the measured efficiencies for both cases are at 83.63%, since the activated coil patterns are identical.
When the misalignment in the +X direction is increased, the efficiency of the system with proposed coil
selection is increased to its maximum at 90.1% before decreasing to 74.3% at 25 cm. On the other hand,
the efficiency of the system without transmitter coil selection is gradually reduced to 38.21% at 25 cm.
Similarly, for the +Z1 misalignment direction, the proposed coil selection yields improved efficiencies
of 18.9% and 54.5% at 10 cm and 15 c¢m, respectively. The efficiency of a single-coil system (single
transmitter coil and single receiver coil) is also illustrated. At the aligned position, the efficiency of the
single-coil system is at 89.8%. That is 6.87% higher than the multi-coil system due to its higher coupling
coefficient. As the horizontal misalignment is introduced, the single-coil system efficiency drastically
decreases. At 15-cm misalignment, the efficiency is reduced to 44.1%, no matter the direction of the
misalignment. With the proposed multi-coil system, the efficiency is increased to 90.1% (in the +X
direction). For the +Z1 misalignment direction, the proposed multi-coil system yields an efficiency
improvement of 19.6% and 22.6% at 10-cm and 15-cm misalignments, respectively.
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Figure 21. Measured system efficiency: (a) Receiver coil movement along the +X direction; (b) Receiver
coil movement along the +Z1 direction.
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6. Conclusions

The topology of an inverter circuit for driving multiple transmitter coils of a WPT system is
presented in this paper, which reduces the component counts, cost, size, and complexity of the
conventional excitation circuit. Detection switches are introduced in the secondary side to detect
the receiver coil position. The DC output voltage is regulated through the primary-side control by
adjusting the angle a of an inverter voltage. The detection method of the receiver coil position is
introduced based on the reflected impedance knowledge and requires only a current sensor on the
primary side. With the proposed method, the proper transmitter coil pattern with regard to the receiver
coil position can be selected to energize. This increases the magnetic coupling and transfer efficiency to
the system. The experimental results of a 500-watt WPT system with four transmitter coils and a single
receiver coil validate the proposed system.
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