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A Coupling Mechanism With Multidegree Freedom
for Bidirectional Multistage WPT System

Jinde Wu ¥, Xin Dai

Abstract—For the application of wireless power transfer (WPT)
technology in robot arm, it is necessary to provide flexible power
supply for each arm device across multiple arm joints. However,
rotation of the joints and the variation of the loads will lead to the
fluctuation of the output voltage at each stage. To guarantee stable
output voltage, a bidirectional multistage WPT (BM-WPT) method
is proposed to provide energy for multiple loads. A bowl-coupling
structure and three-dimensional orthogonal ring coil arrangement
are proposed to reduce coupling variation against joint rotation.
With a special resonant topology design for each stage, energy can
be injected or output freely on each stage regardless of energy trans-
fer direction. This topology can also reduce the sensitivity of the
output voltages with the variation of the loads. The simulation and
experimental results have verified the effectiveness of the proposed
method and the coupling mechanism.

Index Terms—Bidirectional, coupling mechanism, multidegree
freedom, multistage, wireless power transfer (WPT).
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NOMENCLATURE
E; Input voltage of Stage i.
Uaciy Output voltage of the inverter
in Stage i.
R; Load of Stage i.

Sit, Si2, Siz, Sia

Ci
Lyiyis Cpiyt> Cpiiyas Csgi-n)

Lp(i)?a Lyg;
Rp(v',)Zs R;
fw

Uso(iy» Utoi)

Driving signal of the inverter in
Stage i.

Filter capacitor of Stage i.
Compensation inductance and
capacitances of Stage i.
Primary and secondary coils of
Joint i.

Resistances of the primary and
secondary coils in Joint i.
Operation frequency and angle
frequency.

Output voltage when the power
is transferred in both direc-
tions.
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Output power when the power
is transferred in both direc-

Pfﬁout: Pt?out

tions.

M iy Equivalent mutual inductance
of Joint i.

M1, Mo, M; Mutual inductance between

the primary coil and the three

secondary coils of Joint i, re-

spectively.

Self-inductances of three sec-

ondary coils in Joint i, respec-

tively.

0 Rotation angle of the sec-

ondary coil.

Area of Coil A, Coil B, and

Coil C (three secondary coils),

respectively.

S Effective area of the secondary
coil on the magnetic field ori-
entation.

n Efficiency of the system.

L)1y Lsiy2, Ls(i)s

A B,C

I. INTRODUCTION

OR robot applications, wireless power transfer (WPT)
F technology provides a flexible and convenient method for
power supply by utilizing high-frequency magnetic coupling
[1]-[10]. Most WPT robot applications are designed to provide
a robot battery charging method. However, there is an increas-
ing demand for wireless power transmission across robot arm
joints to provide power for driving machines mounted on the
arms. It provides great benefits for robot arm design for the
following aspects: 1) no risks of corrosion, twisting, or damage
due to insulation; and 2) more flexibility and robustness for
robot-arm-joint rotation. However, there exist some challenges
for application of WPT technology in robot arms, including:
1) coupling-mechanism design difficulty because mutual cou-
pling varies dramatically in robot arm rotation with multidegree
freedom; 2) power transmission stability with the condition that
multiple loads require energy; 3) bidirectional power transmis-
sion demand along robot arms.

There are few papers that discuss WPT applications for robot
arms, but there are some relevant papers about WPT through
the repeater unit. It is well known that the magnetic field and
power transfer efficiency decrease rapidly with the increase of
distance in WPT systems. Therefore, various methods have been
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proposed to improve the transfer distance: a wired three-coil
repeater is used to extend the distance and area [11], and the
efficiency and transfer distance of a system are improved by op-
timizing the repeater coil [12]. Motoki and Atsushi [13] propose
a system that not only transfers power far but also enables the
receiver to move flexibly, which is achieved by a two-coil wired
repeater. One repeater coil is coupled with the primary coil, and
the other is coupled with the pickup coil, so the pickup coil and its
coupled repeater coil can move freely. In addition to extending
the transmission distance, Kittisak et al. [14] proposes a method
that also expands the transmission range. Zhao et al. [15] present
asystem that the path of power flow is changed by the device with
vector control technology. To select and enhance the power flow
in WPT systems with multiple receivers, Zhong and Hui [16]
designs auxiliary circuits that are used in receiver circuits to
ensure wireless power flow to the targeted receivers. Above re-
search works mainly focus on extension of energy transmission
distance in systems with multiple repeater units. Therefore, the
power transfer capability is a major concern, and the demand
of robot arm application for power output capability on each
repeater unit has not been taken into account.

Power transfer efficiency and transferred power are the key
performance to be considered in WPT systems. Minh et al. [17]—
[18] propose a method that improves the power transfer effi-
ciency by using repeater resonators. To minimize the loss in
both the power supply and the output stage, Wenxing et al. [19]
designs a WPT system with a relatively low operating frequency.
Sampath et al. [20] present an optimized method that improves
both power transfer efficiency and transferred power against load
variations. Masataka et al. [21] adopt an automatic tuning assist
circuit in the repeater that can improve the robustness of the
WPT system. Masataka et al. [22]-[23] propose a impedance
matching method that can maximize the induced current in the
repeater regardless of the variations of the magnetic coupling
and the natural resonance frequency. Luo et al. [24] propose a
flexible design method with any number of repeaters for WPT
systems. Dai et al. [25] present a maximum efficiency tracking
method that can satisfy the requirements of adaption for coupling
coefficient and load variation, and output controllability. Cur-
rent researches focus on output power and the improvement of
system efficiency by optimizing coils and parameters. However,
these methods could not be utilized in robot arm system because
neither the variation of mutual inductance nor the multiload
output along the power transmission chain is taken into account.

Ruiz et al. [26]-[28] study the application of bidirectional
WPT system in high frequency. Ruiz et al. [26] propose a
915-MHz gallium nitride (GaN) high electron mobility transistor
(HEMT)-based class-E rectifier. It can be used for dc+ac wire-
less power recovery. Taking the advantage of the time reversal
duality principle, the efficiency of the system is improved and
the sensitivity of the output network to load variation is reduced.
Reveyrand et al. [27] discuss the similarity between radio fre-
quency (RF) power amplifiers and rectifiers. With time-reversal
duality, high efficiency is achieved in both operation modes.
Del Prete et al. [28] present a battery-less bidirectional 2.45-GHz
circuit. When it is operating in oscillator mode, it can be a power
transmitter, while in rectifier mode, it can be an energy receiver.
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Fig. 1. BM-WPT system.

However, the above systems can only satisfy the requirement of
bidirectional power transmission, while they are not designed
for multistage power transmission.

Pacini et al. [29] present a tiny, omnidirectional 13.56-MHz
WPT system that is suitable for implantable applications. The
system pays specific attention to miniaturization and omnidi-
rectional capabilities. However, it is difficult to transfer power
reversely, because more converters should be added in the system
to satisfy reverse power transfer requirement. Due to parallel
connection topology is adopted in the secondary side, it is
difficult to choose which coil to transfer power reversely.

Aiming at multiple power output on repeater units,
Cheng et al. [30] designs a resonant compensation topology for
each repeater. The repeater units can transmit power to the loads
connected to them, and then to the subsequent repeater unit.
With the proposed compensation topology and an interleaving
slice-type coil design, the load currents are independent of the
loads. However, the system proposed in [30] cannot satisfy the
requirement of bidirectional power transmission. Because under
the condition of reverse power transmission, the system can-
not ensure load-independent characteristic. In addition, as this
method is not designed for rotation application with multidegree
freedom, the slice-type repeater coils have to be placed on a
straight direction.

Aiming at robot arm application, a coupling mechanism with
multidegree freedom and bidirectional transmission capability
is proposed to make it suitable for robot arm joint applica-
tion. The bowl-coupling structure and three-dimensional (3-D)
orthogonal ring coil arrangement are proposed. The coupling
mechanism can achieve stable mutual inductance when it rotates.
With a special resonant topology design for each stage, energy
can be injected or output freely on each stage. This topology
can guarantee that the output voltage is independent of load
variation. This method provides a more flexible implementation
method of multistage WPT system, which is adaptive for the
driving of multiple machines on multiple arms.

II. PROPOSED BIDIRECTIONAL MULTISTAGE
(BM)-WPT SYSTEM

Fig. 1 shows the BM-WPT system that is mainly applied
on the robot arm. Each joint consists of a primary coil of the
preceding stage and a secondary coil of the subsequent stage.

The circuit topology of the proposed BM-WPT system is
presented in Fig. 2. There are n + 1 stages in the system,
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Fig. 2. Operation modes and the schematic diagram of the proposed BM-WPT system. (a) Forward power transmission. (b) Reverse power transmission.

(c) Bidirectional power transmission. (d) Schematic diagram of the proposed BM-WPT system.
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Fig. 3. Equivalent circuit of the system. (a) Simplified circuit of the system.
(b) Forward power transmission. (c) Reverse power transmission.

which can be divided into three categories. LCC topology
(Lp1)1-Cp(1)1-Cp(1)2-Lp(1)2) is adopted in the Stage 1, LC
series topology (Lg,-Csy) is adopted in the Stage n + 1, and all
the other stages (from Stage 2 to Stage n) adopt both topologies
(Lp(i)l'Cp(i)l'Cp(i)Q'Lp(i)2 and Ls(i_l)-Cs(i_l)). Except Stage
1 and Stage n + 1, there are two coils in the other stages,
where the secondary coil is coupling with the primary coil
of the preceding stage, and the primary coil is coupling with
the secondary coil of the subsequent stage. The power can be
injected or output from any stage. When the power is injected
from Stage 1, it can be transferred in the forward direction. When
the power is injected from Stage n + 1, it can be transferred in

the reverse direction. When the power is injected from other
stages, it can be transferred in both directions. It can be seen
that each stage includes power source (or load), high-frequency
full-bridge converter, and resonance compensation network.
There are two modes in each stage: energy receiving and energy
transmitting. When the load receives energy, the converter works
as a rectifier and the energy is transmitted to the load through
rectifier and filter. In contrast, when the power source transmits
energy, the converter works as an inverter, and the energy is
transmitted to the resonance compensation network through the
inverter.

Typical converters include full-bridge converter, half-bridge
converter, and push—pull converter. Compared with half-bridge
converter, full-bridge converter has higher output voltage gain.
In the proposed bidirectional multistage WPT system, due to
each stage must satisfy the requirement of bidirectional power
flow, the converter works as the inverter or rectifier, while
push—pull converter cannot satisfy bidirectional operation. Fur-
thermore, the two splitting inductors used in the push—pull are
bulky, which will reduce the power density of the system. So
full-bridge converter is adopted in the system.

In the BM-WPT system, the voltage of the power source is
expressed as E;. A high-frequency full-bridge inverter work-
ing at a fixed frequency is utilized to produce a square-wave
voltage source for the following resonant tanks. The energy
is transmitted to each load through the resonance networks. In
order to analyze the system, some fundamental definitions are
proposed as follows: the resistances of each primary coil and
each secondary coil are expressed as Ry, ()2 and R ;), the mutual
inductance is expressed as M, and the relationship between the
dc voltage E; and the inverter output voltage U, () is

W2E; .
Uac(i):L(zzl,Q...n). (1)

™

When the loads receive energy, the ac equivalent impedance
of each load is Ry(;) = 8R;/m* (i=1, 2... n).
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TABLE I
FORWARD TRANSMISSION
The relationship -
7 i Soli) i i+
between the outpqt Dty = 7+1) (1‘ kL4 2“,[)
voltage of Stage i J; ( 7 ‘R )
and Stage i+1 P \T ) ()
ntl (/v2
Jol(i
Output power oo = Z Y
i=k+1 Rl(,)
TABLE I
REVERSE TRANSMISSION
The relationship . (;',,,(,-) wzf"f,-fle(H)Za(H)
between the output | Ywty = ; :
voltage of Stage i (@M, 1) Z,p+ Ry ((“’Lp(f—l)) +Rp<i—1)zZa<i—1)j
and Stage i-1 (l _ 2’ 3k—1)
e U2
Output power B ;= Zt—()
=Ry

If (2) is satisfied, the equivalent impedances of all resonant
networks will exhibit resistive

2

W2 = 1 1

1
Lp@Craiy1 — Lp@nCoin — La@Csi)
T jwlp(iyz = jwlpg)-

,t=12...n
JwCp(iy2

©))

III. MODELING OF THE BM-WPT SYSTEM

The equivalent circuit of the system is shown in Fig. 3. When
the power source U, transmits energy, the energy is transmitted
to the loads in both forward and reverse directions through
the resonance compensation network. The output voltage and
the output power of each stage are shown in Tables I and II. When
the power is transmitted forward, the output voltage is expressed
as Uyo(4), and when the power is transmitted in reverse, the
output voltage is expressed as Uy, ().

According to Fig. 3 (b), Zy(;41) is the total impedance after
the Stage i. In Table I, Zy;1 1) and Z¢(,, 1) can be expressed as
follows:

(‘“”:10(1'+1))2 (Zj(i42) + Rs(i41))

Z 5 =

fli+1

(i+1) (wMi+1)2 + Rp(i+1)2 (Zf(z+2) + Rs(i+1))
/Ry i =k k+1...n—1) 3)

Zi(n+1) = Rint1)- (4)

According to Fig. 3 (¢), Z, (i 1) is the total impedance before
the Stage i. In Table II, Zy(;—1), Za(i—1) and Z,(1) can be
expressed as follows:

(WMi—2)2Za(i—2)

Zii-1) = Rsi—2) + 5 ;
(WLpi-2))" + Rp(i-2)2Za(i-2)

< (i=3.4. k) 5)

Za(i-1) = Zyi-1y/ [ Rii-1y, (i =3,4...k) (6)

Za) = Ri)- (7
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Fig. 4. Design of the coupling mechanism. (a) Structure of the coupling
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Fig. 5. Coupling between the primary coil and the secondary coil.

IV. DESIGN OF THE COUPLING MECHANISM WITH
MULTIDEGREE FREEDOM

In the robot arm application, the mutual inductance between
the primary and secondary coils will vary with the rotation of the
joints. Therefore, to maintain the stability of the output voltage
of each stage, the sensitivity of the mutual inductance to the
dynamical rotation of the joints is supposed to be reduced. Based
on the above discussion, the bowl-coupling structure and 3-D
orthogonal ring coil arrangement with multidegree freedom are
proposed in Fig. 4.

It can be seen from Fig. 4 that the primary coil is designed
as a bowl structure, and the secondary coil is designed as a 3-D
orthogonal ring coil arrangement. Fig. 5 shows the coupling
between the primary coil and the secondary coil. The variation
of the mutual inductance with the rotation angle of the secondary
coil is analyzed through theory and simulation. Three secondary
coils are vertical to each other and the cross mutual inductance
among them is zero. Lg(;.1) is composed of Lg(i-1y1, Ls(i-1)2,
and L(;.1)3 in series, and Lg(;) is composed of Lg(4)1, Ls(i)2,
and L,(4)3 in series.

Fig. 5 indicates that the equivalent mutual inductance M., ()
at each stage can be expressed as follows:

M sy = |Mix + Mz + M3 . (3)

Fig. 6 illustrates the rotation direction of the secondary coils
and the reference direction of the secondary coils connecting.
The three coils in the XY, XZ, and YZ planes are marked as
Coil A, Coil B, and Coil C, respectively. When three orthogonal
secondary coils are connected clockwise, the reference direction
is positive and marked with “+” [it is marked in Fig. 6(a)],
otherwise it is negative and marked with “—”. Fig. 6 indicates
that when the secondary coil rotates in the XY plane, Coil A does
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Fig. 6. Rotation direction of the secondary coil and the reference direction of
the secondary coils connecting. (a) General view of the secondary coil. (b) Top
view of the secondary coil.

not change with the magnetic field orientation generated by the
primary coil, and as a result the mutual inductance between them
does not change. In addition, the primary coil is vertical to the
other two secondary coils, Coil B and Coil C, respectively, and
the mutual inductance between the primary coil and Coil B, as
well as that between the primary coil and Coil C are both zero.
According to (8), when the secondary coil rotates in the XY
plane, M., ;) does not vary and it is just the mutual inductance
between the primary coil and Coil A. Therefore, we need to
focus on the mutual inductance fluctuation when the secondary
coil rotates in the XZ and YZ planes.

The first and third quadrant angular bisectors of XY plane are
selected as the rotation axis for research (as shown in Fig. 6).
The rotation angle is recorded as 6. Because the magnetic field
orientation generated by the primary coil is vertical to the XY
plane, the effective area of the secondary coil in the magnetic
field direction is projected on the XY plane. If the areas of Coil
A, Coil B, and Coil C are recorded as A, B, and C respectively,
the effective area S during the rotation of the secondary coil can
be expressed as follows:

S = Acosf + Bcos45°sin @ + C cos 45° sin 0

(B+C)?

=1/ A2+ sin (0 + ¢) )

where the relationship between ¢ and the area of Coil A, Coil
B, and Coil C is expressed as

= arctan \/iA
v B+C |’

The derivative of the rotation angle 6 can be obtained from

©)

(10)

2
%: A2+%cos(9+so). (11)

Equation (11) indicates that when 6 varies from 0 to m-2¢p,
dS/d# undergoes a corresponding variation from 0 to the peak
value and then to 0 again. dS/df approaches the peak value when
0 approaches 7/2-p, which indicates that the effective area of
the secondary coil and M., (;) reach the maximum, and the
minimum values occur at @ = 0 and 6 = 7-2¢p. If the rotation

angle of the secondary coil is #€[0, 7], to reduce the fluctuation
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TABLE III
RESULTS OF THE COMSOL SIMULATION

Secondary coils M, (uH)
A B C 6=0° 15° 30° 45° 60° 75° 90°
+ 4+ + 2.93 1.94 0.86 0.21 1.23 2.13 2.82
+ + - 2.93 2.70 2.27 1.68 0.98 0.18 0.57
+ - + 2.93 2.96 2.73 2.30 1.67 0.92 0.15
+ - - 2.93 3.68 4.14 4.29 4.06 3.63 2.92
-+ A 293 3.68 4.14 4.29 4.06 3.63 2.92
- + - 2.93 2.96 2.73 2.30 1.67 0.92 0.15
- - + 2.93 1.94 0.86 0.21 1.23 2.13 2.82
- - - 2.93 1.94 0.86 0.21 1.23 2.13 2.82
of M, () with 0, then

™ g

——p== 12

5 P35 (12)

™=
p= 5 (13)

The effective area of the secondary coil is the maximum at
6 = ~/2 and the minimum at § = 0 and 6 = ~. The ratio of the
maximum S, .« and the minimum S,,,;,, of area is
T _ Smax (%) _ Smax (%) _ )
Smin (0) Smin (’7) sin (%)
This is also the ratio of the maximum and the minimum of
M (iy- In the application of robot arm, if the secondary coil
rotates 90°, then v = 90°, ¢ = 45°, and then

(14)

V2A
t = tan4b° = =1 15
an ¢ an BrC (15)
If B= klA, C= kQA, then
ki + ko = V2. (16)

Magnetic field analysis is carried out on the coupling mecha-
nism with COMSOL software, and the area of the secondary coil
satisfies (16). According to the COMSOL simulation, when the
secondary coils rotate clockwise along the angle bisector of the
first and third quadrants of the XY plane, the simulation results
of different connecting methods are listed in the Table III, and
the variation of the equivalent mutual inductance M., with 6 is
shown in the Fig. 7.

It can be seen from Table III and Fig. 7, when “+——""or “— +
+” is selected as the connecting method of the three secondary
coils, the fluctuation of the equivalent mutual inductance M.,
with the rotation angle € is small. So “4+——"or “— + +”
(highlight in Table III) is adopted in the system. It can be
seen in Fig. 7 that M,,,,(;) undergoes a corresponding variation
from the minimum to the peak value and then to the minimum
again. When 0 = 45°, M,,,(;) reaches the top; when 0 = 90°,
M (i) reaches the bottom. The ratio of the maximum and the
minimum is

4.29

M:—:l.%m\/ﬁ.

17
M'r'm min 2.93 ( )

V. OUTPUT CHARACTERISTIC ANALYSIS

With the design of the above coupling mechanism, the mutual
inductance variation can be reduced. On the basis, the output
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Fig. 7. Magnetic field simulation of the proposed bowl-structure coupling
mechanism. (a) 0 = 0°, (b) O = 45°, (c) # = 90°, and (d) variation of M.,
with 6.
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Fig. 8. Model of the simulation and experiment.

characteristic analysis should be given to guarantee that each
stage has similar and steady output performance. A three-stage
BM-WPT system is taken as an example to analyze the influence
of the loads and the rotation angles of the secondary coils. The
model of the system is shown in Fig. 8.

When the system is powered by E5, R;; and R;3 are used to
receive energy, and the analysis and results of simulation are as
follows. The rotation angles of the secondary coils on the Joint
1 and the Joint 2 are expressed as #; and 65, respectively.

A. Analysis of the Output Voltages

Compared with the load, the resistance of the coil is small. If
the resistance of the coil is ignored, when the power is transferred
in the forward direction, the output voltage at each stage is

o Uactt)yMiMpq1... M4

i =k+1,k+1...n+1).

(18)
When the power is transmitted reversely, according to
Fig. 3(¢), Z4(i-1) is the total impedance before the Stage i. The

o) Ly Lyt -+ Lpio1)
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Fig.9. Variations of the output voltages with the loads and the rotation angles

of the secondary coils. (a) Forward transmission. (b) Reverse transmission.

impedance Z, ;1) can be expressed as

(wLy-n)” .

Zplio1) = 19
p(i—1) Za(i—l) (19)
The total impedance Z(;_1) can be expressed as
(wMi_1)2
Zi-1) = Rsi-1) + : (20)
ey Zp(i-1) T Rp(i-1)2
The induced voltage Uy (;.1) of the coil Ly (;.1)2 is
b wM; (} o(4

U = P i1V to() 1)

pa-1)  Zgi-1)

The output voltage Uy, (;-1) can be expressed as

L Up(i-1)Zp(i—1) ZLa(i-1)
(Zp(i-1) + Bp(i-1)2) wLp(i-)

to(i—1)

.
20,
_ Uto(i)"Mi—1Lyi-1)Za(i-1)

- { .
(wMi_1)2 24 1) T Roi) ((“}Lp('i—l)) +Rp(1—1)2za('i—1))

(22)

If the resistances of the coils are ignored, (22) can be simpli-
fied as

oo Uto(i) Lp(i-1)

. 23
to(i-1) M; 4 23

Therefore, if the power is injected from Stage k, the out-
put voltage at each stage in the reverse direction can be
expressed as

v ac(k) Lp(k—1) Lp(k—2) - - Lyp(i)
My 1 My, ... M,

(i=1,2... k—1).

(24)

Based on (18) and (24), the output voltages are independent
of the loads. The variations of the output voltages with the loads
and the rotation angles of the secondary coils are shown in Fig. 9.
Fig. 9 indicates that the output voltages are independent of
the loads regardless of the direction in which the energy is
transmitted. If the energy is transmitted forward, when 6, is
fixed at 45°, the output voltage Uy,3 varies from the minimum
18.6 V to the peak value 26.3 V and returns to the minimum 18.6
V when 65 increases from 0° to 90°. If the energy is transmitted

to(3)
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Fig. 10. Variations of the efficiency with the loads and the rotation angles of

the secondary coils. (a) Variation of the efficiency with the loads. (b) Variation
of the efficiency with the rotation angles of the secondary coils.

in reverse, when 05 is fixed at 45°, the output voltage Uy, varies
from the maximum 22.5 V to the lowest value 15.9 V and returns
to the maximum 22.5 V when 67 increases from 0° to 90°.

B. Analysis of the Efficiency

The efficiency of the simulation and experimental model can
be expressed as (25), shown at the bottom of this page.

Variations of the efficiency with the loads and the rotation
angles of the secondary coils are shown in Fig. 10. As can be seen
in Fig. 10 (a), when both #; and 65 are fixed at 0°, the efficiency
decreases with the increase R;; and R;3, and its minimum is
86% and the maximum is 92.2%. Fig. 10 (b) depicts that when
both Rj; and Rj3 are fixed at 20 ), the efficiency varies from
the minimum to the peak value and returns to the minimum
with the increase of 61 and 05, and its minimum is 87.8% and
the maximum is 91.3%. According to the simulation results in
Fig. 10, the efficiency is larger than 86%. Where

UJ2M12R11
0= + R, (26)
WQLZ(D + RllRp(1)2 !
w2L2
b= R—Z(l) + Ry1ye- 27)

VI. EXPERIMENTAL VERIFICATION

To verify the proposed method, an experimental demonstra-
tion platform that was charging for robot arm is shown in
Fig. 11. FPGA chip (EP2C5T144C8) was selected as the main
control unit and MOSFET SiHG32N50D as the main switching
components. The system consisted of three stages. LCC and
LC topologies were adopted in the system. In the design of
the experimental setup, the primary coils were bowl structure
with a diameter of 100 mm, and the secondary coils were
3-D orthogonal ring coil arrangement. According to the above
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Primary  Pickup  jin0y
Coil Coil

'v&r} coil  Pickup coil
;i | \ |

®)

Fig. 11.  Experimental setup and coupling mechanism. (a) Experimental setup,
(b) primary coil, and (c) secondary coil.

TABLE IV
EXPERIMENTAL PARAMETERS
Parameter Value Parameter Value
I 20V I 22V
E; 25V f 150 kHz
Lp(1)1 3.925 HH Cp(1)1 287 nF
Cony 18 nF Ly 66.4 uH
Rp(1)2 0201 Q LS1 SSMH
R 001Q Cy 205 nF
Lp(z)l 42]J.H Cp(z)l 268 nF
Cp(z)y_ 18.4 nF Lp(z)z 65.24 LLH
Rp(z)z 0208 Q Lsz 55 LLH
Ry 0.01Q Cy 205 nF

theoretical analysis, three rings of the secondary coils were
designed with diameters of 60, 53.7, and 47.0 mm, respectively.
The primary coils were wound 36 turns and the three rings
of the secondary coils were wound 4 turns, respectively. The
experimental parameters are shown in Table I'V.

The validity of the theory and the feasibility of the proposed

system were verified based on the following three aspects.

1) The system was powered by E5 with loads Ry and Rj.
The effects of 61, 62 and Ry, R3 on Uyio1 and Uyez were
researched.

2) The system was powered by E; with loads Re and Rs.
The effects of 01, 02 and Ry, R3 on Upyz and Uyez were
researched.

3) The system was powered by E3 with loads R; and Rs.
The effects of 61, 5 and Ry, Ry on U;y1 and U,,o were
researched.

4) The circuit of the experimental model is shown in Fig. 8.

w2 (W4Mf L2

2
s o) (B

2
s2+R;3) +M22R11R13a2"2)

T) =
272 2
(‘”6 MELE 1) ey (B

2
s2+R3) +W4Mlsz(1)2RzlL§(2)(Rs2+R13)+w2bQRzl (a2M§+Rle§(2)(Rs2+R13)) +a2b23p(2)2Rz1(Rs2+R13)) (Rs2+Ry3)

(25)
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Fig. 12.  Variations of the output voltages with 81 when 02 = 0°, Ry = R3
=20 Q. (a) 01 = 0° (b) 81 = 45°, (c) 61 = 90°. (d) Variation of the output
voltages with 67. (¢) Comparison between the simulation and the experiment
results.

A. E5 as the Power Source, R; and R 3 as the Loads

1) Variation of Uy,; and Us,3 With 6;: The experimental
results with E5 as the power source, Ry and R3 as the loads are
shown in Fig. 12, where 0 = 0°, Ry = R3 =20 2. Fig. 12(a)—(c)
shows the driving signal of S51, the current in the inductance
Lp21, and the output voltages Uyo1 and Ugyz when 6 varied, and
the dynamic process is shown in Fig. 12(d). The comparisons
between the simulation results and the experiment results are
shown in Fig. 12(e). Fig. 12(d) and (e) indicates that Uy,3 varied
slightly with the variation of 6. When 0° < 01 < 45°, U1
decreased from 22.2 to 15.9 V with the increase of ;. When
45° < 01 < 90°, U;o1 increased from 15.9 to 22.9 V with the
increase of f,. According to (24), M underwent a corresponding
variation from the minimum to the peak value and then to the
minimum again, and the maximum is 1.440 times the minimum.
The efficiency varies from 80% to the peak value 85% and
returns to the 80.2% with the increase of .

2) Variation of U,y and Ujp,g With 05 When E; was as
power source, Ry and R3 were as loads (Ry = R3 = 20 Q),
01 = 80° and 6, varied, the experimental results are shown in
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Fig. 13.  Variations of the output voltages with 02 when 67 = 80°, Ry = R3
=20 . (a) O3 = 0°. (b) O3 = 45°. (c) 62 = 90°. (d) Variation of the output
voltages with 02. (e) Comparison between the simulation and the experiment
results.

TABLE V
VARIATION OF OUTPUT VOLTAGES AND TRANSFER POWER WITH LOADS

R (Q) R (Q) Ua(V) Uw(V) Transfer power (W) Efficiency
15 20 19.2 22.8 50.57 82.4%
20 15 19.9 22.1 52.36 85.1%
20 20 20.1 22.8 46.19 86.4%
20 25 19.9 23.5 41.89 86.1%
25 20 20.3 22.9 42.7 82.8%

Fig. 13. Fig. 13(d) and (e) indicates that U;,; varied slightly
with the variation of 6. When 0° < 05 < 45°, Uj,3 increased
from 18.6 to 26.6 V with the increase of 5. When 45° < 05 <
90°, Uy decreased from 26.6 to 18.6 V with the increase of
2. According to (18), M2 underwent a corresponding variation
from the minimum to the peak value and to the minimum again,
and the maximum is 1.438 times the minimum. The efficiency
varies from 80.1% to the peak value 84.8% and returns to 80.5%
with the increase of 6.

3) Variation of Uy, and Uy,g With Ry and Rs: When Eo was
used as power source, the output voltages varying with Ry and
R3 are shown in Fig. 14 and Table V: U,y 11max =20.3 V, Uto1min
=192V, AUs1 = 1.1 V, Upomax = 23.5V, Ugogmin = 22.1V,
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TABLE VI
VARIATION OF OUTPUT VOLTAGES AND TRANSFER POWER WITH 61 AND 65

0, (°) 0,(°)  Uwn(V)  Ugs(V)  Transfer Power (W) Efficiency
0° 45° 18.1 25.8 50 81.3%
30° 0° 24 23.8 57.12 81.4%
30° 45° 24 33.8 85.92 84.0%
45¢ 90° 253 25 63.25 81.5%
90° 45° 18.5 26.4 51.96 80.5%
TABLE VII

VARIATION OF OUTPUT VOLTAGES AND TRANSFER POWER WITH LOADS

R(Q) R(Q) Uwn(V) Ugs(V) Transfer Power (W)  Efficiency
20 20 20.9 21.6 45.17 82.1%
25 20 21.8 21.9 42.99 80.4%
25 25 21.8 22.1 38.55 79.6%

AUy = 1.4 V. The output voltages varied slightly with the
variation of the loads, indicating that the output voltages were
independent of the loads.

B. E; as the Power Source, Ry and R 3 as the Loads

1) Variation of Uy, and Uy,s With 0 ; and 0 o: When E; was
used as power source, the output voltages varying with 6, and
05 are shown in Table VI. The loads of Ry and R3 were both 20
Q. The inductance L, (;)1 was designed to be equal to M; when
0; = 0° in the experimental system. According to (18), U3
increased with the increase of M>. It can be seen in Table VI that
Ujo3>Ujoa when 62>0 because M, was the minimum when
0, =0.

2) Variation of Uy,2 and Uy,3 With Ry and Rs: When Ey was
used as power source, the output voltages varying with Ry and
R3 are shown in Table VII: Ujoamax = 21.8 V, Ujoamin = 20.9'V,
AUs2 =09V, Usozmax = 22.1 V, Ujosmin =21.6 V, AUpy3 =
0.5 V. The output voltages varied slightly with the variation of
the loads, which shows that the output voltages are independent
of the loads.

C. Eg as the Power Source, R, and R as the Loads

1) Variation of Uyoq and Uy o0 With 0 7 and 6, When E3 was
used as power source, the output voltages varying with 6, and
5 are shown in Table VIII. The load of Ry and Ry were 20 2.
According to (24), U, decreased with the increase of M. It can
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TABLE VIII
VARIATION OF OUTPUT VOLTAGES AND TRANSFER POWER WITH 61 AND 02

0(°) () Ua(V) Ux(V) Transfer Power (W) Efficiency
0° 45° 16.5 17.2 28.40 80.1%
45° 0° 16.8 243 43.64 84.1%
90° 0° 23.7 24.4 57.85 83.3%
90° 45° 16.3 17.4 28.42 79.8%
TABLE IX

VARIATION OF OUTPUT VOLTAGES AND TRANSFER POWER WITH LOADS

R (Q) R(Q) Un(V) Uw(V) Transfer Power (W) Efficiency
15 15 19.7 20.1 52.81 88.7%
15 25 19.7 21.3 44.02 84.2%
20 15 20.3 20.1 47.54 85.0%
20 20 20.8 21.7 45.18 84.7%

My > A
" M“y Mo Eim)z
Lan  §Law §Las | D00
4 it —
Cipt Coz T Cos PEDH Loy
; Ry ;Rx(oz ; Rya %
JW\,J Rpeery
Rigeny
Fig. 15. Parallel connection of the secondary coils.

be seen in Table VIII that U1 < Uje When 61 >0 because M,
was the minimum when 6, = 0.

2) Variation of Uo; and Uy,e With Ry and Rp: When Es
was used as power source, the output voltages varying with Rq
and Ry are shown in Table IX: Upimax = 20.8 V, Uip1min =
19.7 V, AUo1 = 1.1 V, Uipomax = 21.7 V, Uip2min = 20.1 V,
AUy = 1.6 V. The output voltages varied slightly with the
variation of the loads, which shows that the output voltages are
independent of the loads.

Table X lists current research works on multistage WPT
systems. Compared with previous works, proposed method
in this article can realize dynamic rotation with multidegree
freedom and satisfy multistage and bidirectional transmission
requirements for robot arm application.

VII. DISCUSSION
A. Parallel Connection of the Secondary Coils

If the secondary coils are connected in parallel, the equivalent
circuit is shown in Fig. 15.

According to Fig. 15, if (28) is satisfied, the equivalent
impedances of the secondary side will exhibit resistive

_ 1
Coin = o7
1
Cstr2 = L0 (28)

Csi)3 = PLoms

When the secondary coils are dynamic rotation and the power
is transferred forward, the mutual inductances between the
primary coil and the three secondary coils are different. The
induced voltages on the three secondary coils are also different.
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TABLE X
COMPARISON OF RECENT WORKS ON MULTISTAGE WPT SYSTEMS
P Number of ~ Whether the coil can ~ Whether the repeater Bi-directional .
aper ; .. . Power level Efficiency
repeaters dynamic rotate can output energy transmission capability
[11] 1 None NO NO 2mW 71%
[12] 1 None NO NO 20W 55%
[13] 1 None NO NO 6mW 80%
[14] 1 None NO NO 3w 75%
[15] n None NO NO 123mW Not Mentioned
[16] n None NO NO SW 73.4%
[17] n 20° NO NO Not Mentioned 88%
[18] n None NO NO Not Mentioned 46%
[19] n None NO NO 30W 80%
[20] 1 None NO NO W 90%
[21] 1 None NO NO Not Mentioned Not Mentioned
[22] 1 None NO NO Not Mentioned Not Mentioned
[23] n None NO NO Not Mentioned Not Mentioned
[24] n None NO NO 1w 96.1%
[26] 1 None NO YES 1.6W 82%
[27] 1 None NO YES T™W >80%
[28] 1 None NO YES mW-level >50%
[29] 1 YES NO NO 2.5mW 13%
[30] n None YES NO 25W 83.9%
This n XY plane 3607, YES YES 85.92W >79.6%
paper Z plane 90
Secondary coil L,; Ferrite core TABLE XI
WITHOUT ROBOT EFFECT
Primary coil L,
My (uH) Lo | Ly
0=0° | 0=15° | 6=30° | 6=45° | 6=60° | 6=75° | 6=90° (uH)
4.67 5.83 6.49 6.57 6.10 5.17 448 [ 831 ] 62
TABLE XII
WITH ROBOT EFFECT
M, (WH) Lo | L
0=0° | 0=15° | 6=30° | 6=45° | 6=60° | 6=75° | 6=90° (nH)
4.65 5.81 6.47 6.55 6.08 5.15 447 [ 842 ] 65
h1r, b1, li 1 i lIpa 1 Pui 1 In
C1 C2
Fig. 16. COMSOL simulation models for comparison. (a) Without robot arm
effect. (b) With robot arm effect.
Lo M2 [, 1o lip Ti2 Ly 2 a1 2
Fig. 17.  Coil model considering stray capacitance.

If the primary coil is vertical to one of the secondary coils, there
is no coupling between them. Under the condition of (28), this
branch of the secondary coils will be short circuited, because the
resistance of the coil is very small. Parallel connection cannot
achieve the purpose of multidegree freedom to pick up power.
Therefore, parallel connection is not suitable for this system.

B. Influence of the Robot Arm on the System

The metal material in the robot arm is the main cause of
the robot arm effect. The metal in the robot arm may produce
eddy current, which will affect the self-inductance, mutual in-
ductance, and resistance of the coils. Therefore, the ferrite core
is used to shield the magnetic field to reduce the influence of
metal on the coil. Magnetic field analysis is carried out with
COMSOL software, the simulation model is shown in Fig. 16,
and the simulation results are shown in Tables XI and XII.

In the proposed system, the operation frequency of 150 kHz
is adopted. When stray capacitance is considered, the coil model
is shown in Fig. 17.

As can be seen in Fig. 17, ¢1, ¢2 ... ¢y, are the stray capaci-
tances of the coil, and they are below PF level. The impedance
of each stray capacitance can be expressed as

Zoi= ——. 29)
Jwe;
Due to these capacitances are very small, the impedances

of them are very large. Therefore, the capacitance branch is

equivalent to an open circuit, and the influence of the stray
capacitances on the system is little, then the equivalent circuit

of the coil is shown in Fig. 18.
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In the equivalent circuit of the coil, / and r can be expressed

as

n—1

1= (li1+1i2)+1n

i=1

(30)

n—1

r= Z (rLl + ’r‘iig) + T

i=1

3D

VIII. CONCLUSION

Aiming at WPT application on robot arm, a BM-WPT method
with a special designed coupling mechanism is proposed in
this article. In order to achieve stable mutual inductance when
the coupling mechanism rotates, the primary and secondary
coils adopt the bowl structure and the 3-D orthogonal ring
coil arrangement, respectively. New coupling mechanism design
reduces the sensitivity of the mutual inductance to the rotation
of the coils. Furthermore, the power can be injected or out-
put freely on each stage regardless of the direction in which
the energy is transmitted. The simulation and experimental
results have validated the effectiveness of the proposed WPT
system.
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