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Abstract—With the rapid development of industrial and service
robots, the cross-joint dynamic wireless power transfer (WPT)
technology has attracted more and more attention. Unfortunately,
the current range of motion angles that can achieve WPT cov-
erage is limited, with the maximum coverage spanning from an
axial angle θ ranging from 0° to 75° and a circumferential an-
gle ϕ of 360°. Currently, the realization of an omnidirectional
WPT (omni-WPT) system remains elusive. This article pioneers
in highlighting that maintaining constant coupling polarity (CCP)
between the transmitting (Tx) and receiving (Rx) coils throughout
the entire relative motion range is a fundamental requirement
for achieving omni-WPT. Leveraging this insight, the cross-joint
WPT with an omnidirectional operating angle is achieved for the
first time. Subsequently, guidelines for designing a coupler based
on CCP are provided, balancing the need for high transfer effi-
ciency and low coupling fluctuation. To validate the effectiveness, a
13.56 MHz cross-joint omni-WPT system withθ ϵ [0°, 180°],ϕ ϵ [0°,
360°] is designed, constructed and tested. The experimental results
show that high efficiencies of more than 90% are achieved with
low efficiency fluctuation of 1.73%. Meanwhile the output power
fluctuation on the load is only 4.89%.

Index Terms—Dynamic loads, dynamic wireless power transfer
(WPT), magnetic resonance, omnidirectional WPT (Omni-WPT),
robotic joint, robustness.

I. INTRODUCTION

IN RECENT years, dynamic loads on robotic arms have
been widely found in industrial applications. More and more

attention has been paid to the safe, efficient and stable power
supply of these dynamic loads [1], [2], [3], [4]. At present, slip
rings and brushes are the main power supplying devices used
for dynamic loads [5]. However, due to the friction generated
during operating, these devices are prone to metal debris and
lead to accidents [6], [7]. Furthermore, the adhesion between
brushes and dynamic loads at low speeds will result in resistance
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changes and parasitic torques that compromise the stability of
the system [8]. As a result, these devices need to be replaced
frequently, which leads to a significant cost increase [7].

To solve these problems, wireless power transfer (WPT)
has been suggested as the most feasible strategy [2], which
utilizes the magnetic or electric fields [9], [10], [11], [12]. WPT
power supply eliminates the friction effect and improves the
system’s reliability and longevity. However, during operating,
the significant variation of coupling between the transmitting
(Tx) and receiving (Rx) sides results in a dramatic fluctuation of
transfer efficiency and output power, which is the main obstacle
of applications.

Robust circuits have been suggested to solve this issue. The
operation principle is to compress the input impedance change
range, in which the input impedance is seeing from the source to
its load, and the change is caused by coupling fluctuations. One
common method is to add one or more impendence matching
networks (IMN) to the original systems [13], [14], [15], [16],
such as the series LC circuit [17], T-type circuit [18],Π-type [19],
and tunable IMNs [19], [20], [21]. Other robust circuits without
using IMN have also been proposed to against coupling fluctu-
ation. Liu et al. [22] proposed a reactance compression design
to compress the variation of reflected reactance. Aldhaher et al.
[23] proposed adding ac inductors in Tx. These robust circuits
can only mitigate the effects caused by coupling fluctuations
in some degree. In particular, when the coupling coefficient
changes from positive to negative, this way is noneffective.
Moreover, the complexity of the circuit is increased and the
reliability of the system is reduced.

Robust couplers are another method to reduce the variation
of coupling coefficient. This method has simple structure so
the WPT system is efficient. Couplers for dynamic WPT with
single-degree-of-freedom (single-DOF) are suggested [2], [3],
[4], [5], [6], [7], [24], [25], in which the circumferential angle
ϕ is take from [0°, 360°] with the axial angle θ being fixed at
0°, as shown in Fig. 1(a). These couplers can only supply power
across rotating axes. In recent years, multi-DOF WPT systems
that allow for simultaneous rotation of circumferential angle ϕ
and axial angle θ, as shown in Fig. 1(b), are proposed in [10] and
[11]. In [10], a magnetically coupled multi-DOF WPT system
achieving rotation ofϕ ϵ [0°, 360°] and θ ϵ [0°, 75°] was obtained
with an ac-ac efficiency of 81% at 585 kHz. A capacitive WPT
system was also proposed in [11], which realized an ac–ac
efficiency of 80% at 6.78 MHz during rotation of ϕ ϵ [0°, 360°]
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Fig. 1. (a) One degree (ϕ) of freedom rotation. (b) Multidegree (θ and ϕ) of
freedom rotation.

and θ ϵ [0°, 26°]. It can be found that the supply power ability
in the axial angle of these designed structures is limited.

In order to achieve omnidirectional operating with ϕ ϵ

[0°, 360°] and θ ϵ [0°, 180°], this article proposes a highly robust
omnidirectional coupler (omni-coupler) based on the concept of
keeping constant coupling polarity (CCP). Through analyzing
the spatial characteristics of the magnetic field generated by
the coil, the coupling structure with CCP is determined. The
relationship between the coupling fluctuation deviation (CFD)
and the coupler design, including parameters of Tx and Rx coils
and their relative motion trajectories, is studied in detail. Finally,
the coupler is determined by the tradeoff between the high
transfer efficiency and low coupling fluctuation.

The rest of this article is organized as follows. In Section II,
the CFD is introduced to quantify the stability of the coupling
coefficient in the full operating angle. In Section III, after giving
the design guideline, the optimal coupler with omnidirectional
WPT (omni-WPT) is designed for a practical robotic arm operat-
ing at the industrial, scientific, and medical (ISM) band. In order
to prove the validity of the proposed omni-WPT, a prototype is
fabricated and tested in Section IV. Finally, Section V concludes
this article.

II. ANALYSIS OF THE OMNI-COUPLER

A. Necessity of Constant Coupling Polarity (CCP) for
Omni-WPT

Here, the coupling polarity is introduced first and then the
discussion on why the CCP is necessary for achieving omni-
WPT is made.

In the WPT system, the voltage on the Tx coil is

UTx = jωLTxITx (1)

where ω is the angular frequency of the work, LTx is the self-
inductance of the transmitting coil, and ITx is the current of the
transmitting coil.

The output voltage of the receiving coil is

URx = jωMI1 = jωK
√

LTxLRxITx (2)

whereM = K
√
LTxLRx is the mutual inductance between the

transmitting and receiving coils, K is the coupling coefficient
between the transmitting and receiving coils, and LRx is the

Fig. 2. Conceptual diagram of robotic arm.

self-inductance of the receiving coil. By solving (1) and (2), we
obtain

K =
URx

UTx

√
LTx

LRx
. (3)

Therefore, when the voltage URx on the Rx coil is in phase
with the voltage UTx on the Tx coil, the coupling coefficient
K > 0, indicating a positive polarity. Conversely, if they are
in antiphase phase, the coupling coefficient K < 0, indicating
a negative polarity. The meaning of CCP is that the coupling
coefficient between the transceiver coils is always positive (K >
0) or always negative (K < 0) during relative omnidirectional
rotation.

Any reversal of the coupling polarity of the transceiver coils
during relative omnidirectional rotation would lead to the impos-
sibility of realization of an omni-WPT system. If the coupling
polarity changes during rotation, based on the continuity of the
coupling coefficient function, it would indicate that at a specific
position, the coupling coefficient is zero. According to (2), the
output voltage URx of the Rx coil would be 0 at this time, which
would create a transmission blind spot and effectively prevent
the achievement of omni-WPT.

B. Proposed Coupler and Main Parameters Effecting
Coupling Coefficient

The omni-WPT coupler for robotic arm is presented and
main parameters effecting coupling coefficient are analyzed for
achieving the robust coupler. A typical robotic arm is shown
in Fig. 2, which consists of a forearm and a rear ram, with
the rotation point O1. The covering angle between the axis of
forearm and the axis of rear arm is [θ, ϕ]. The omnidirectional
motion means the circumferential rotation angle ϕ ϵ [0, 360°]
and axial rotation angle θ ϵ [0, 180°].

The proposed coupler that can obtain omni-WPT is shown in
Fig. 3. Note that the end of the Rx coil, indicated by a black dot,
is specified as its positive direction. The magnetic field produced
by Tx coil is also shown in Fig. 3. It can be seen that the flux
generated by Tx coil always flow in the positive direction of
Rx coil when θ changes from 0° to 180°, which means that
the coupling polarity of proposed coupler will keep constant,
i.e., CCP is achieved. This feature provides a prerequisite for
realizing robust omni-coupler. In practice, Tx and Rx coils could
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Fig. 3. Magnetic field analysis of omni-coupler at ϕ = 0° and θ ϵ [0°, 180°].

Fig. 4. Equivalent circuit of omni-WPT system.

be wrapped around the rear arm and forearm respectively, as
shown in Fig. 2. Due to the circumferential rotational symme-
try of the magnetic field produced by Tx coil, only one fixed
circumferential rotation angle ϕ = 0° is analyzed hereinafter.

The equivalent circuit of the proposed omni-WPT system is
depicted in Fig. 4. Lm, Rm , and Cm (m represents Tx or Rx) are
the self-inductance, coil loss and series capacitors of Tx and Rx
coils, respectively. Here, Cm is used in Tx and Rx coils to form a
resonant tank at operating frequency f. Vin is the ac source with
internal resistance Rs. Rload is the equivalent resistance of the
WPT system’s load. M is the mutual inductance between Tx and
Rx coils. The coupling coefficient between Tx and Rx coils K is
determined as

K =
M√

LTxLRx

. (4)

The robust WPT would be achieved when the coupling coef-
ficient K is stable [7], [26], [27].

A Cartesian coordinate system (XOY) is established to find out
the parameters effecting the coupling coefficient K, as shown in
Fig. 5, in which the origin O is located at the center of Tx coil
and the Y-axis is placed along the Tx coil’s axis. Here, P1 and P2

are the centers of the Rx coil when θ is 0° and 180°, respectively.
The trajectory of the center of Rx coil rotating around Tx coil is
shown as the red dotted line. The structural parameters are given
in Table I. In the XOY plane, the trajectory can be described
by a semicircle with a diameter of line segment P1P2 and
the origin of O1. Here, the position of O1 can be expressed
as ((2r+d+D1)/2, (L+D2)/2)). And the line segment O1P1 is
radius of the trajectory (namely R), which can be expressed as

(2R)2 = (2r + d+D1)
2 + (L+D2)

2. (5)

Fig. 5. Schematic diagram of ϕ = 0° and θ ϵ [0, 180°].

TABLE I
DEFINITION OF STRUCTURAL DESIGN PARAMETERS

Factors that affect Lm are radius r, length L, wire diameter d
and number of turns N of the coil. In addition, the M and the Lm

are both proportional to N2 [28], which means that turns N does
not affect K.

According to (4), the parameters effecting K are the same as
to the parameters effecting the mutual inductance M and Lm.
Therefore, the parameters that affect the coupling coefficient K
can be summarized as

{D1, D2, L, r, d} .

C. Analysis of Coupling Fluctuation Deviation (CFD)

In order to facilitate the calculation of the coupling coeffi-
cient K, the parametric equation expressed in the XOY plane
is deduced by coordinate system transformation. A coordinate
system X1O1Y1 plane is established on the rotation point O1,
whose coordinate axes are parallel to the axes of XOY plane as
shown in Fig. 5. In the X1O1Y1 plane, the parametric equation
describing the position and the direction of Rx coil during
rotation can be expressed as{

X1 = R cos(π − θ) cosα+R sin(π − θ) sinα
Y1 = R sin(π − θ) cosα−R cos(π − θ) sinα

(6)

where the angle α ϵ (090°) is between the vector
−−−→
O1P2 and X1

axis, which can be expressed as

tanα =
L+D2

2r + d+D1
. (7)
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Therefore, the equation of trajectory in the XOY plane be
expressed through translating the X1O1Y1 plane as follows:{

X = X1 +
2r+2d+D1

2

Y = Y1 +
L+D2

2

(8)

where (2r+d+D1)/2 and (L+D2)/2 are the translations values
of horizontal and vertical coordinates, respectively.

Bring (5)–(7) into (8), the parametric equation of the trajectory
in the XOY plane can be rewritten as (9) shown at the bottom of
the this page.

The CFD is defined to quantify the stability of the coupling
coefficient in the full rotating zones

CFD =
Kmax −Kmin

2Kave
× 100%. (10)

Here, Kmax, Kmin, and Kave represent the maximum, min-
imum and numerical average of coupling coefficient during
operation, respectively. The coupler has robust performance
when the values of CFD are smaller. The parametric trajectory
(9) could be used to analyze the impacts of parameters on
CFD [28].

In order to ensure the universality of the results, all dimensions
are normalized to the coil radius r, i.e., Dnor

1 , Dnor
2 , Lnor, rnor, and

dnor, respectively. The calculation formula for mutual inductance
M and self-inductance Lm is expressed as follows:

M(θ,Dnor
1 , Dnor

2 , Lnor, rnor, dnor) = N1N2M
′

=
N1N2

b1∑

g=−b1

b2∑

h=−b2

b3∑

l=−b3

b4∑

c=−b4

M0(θ,D
nor
1 ,Dnor

2 ,Lnor,rnor,dnor,g,h,l,c)

(2b1+1)(2b2+1)(2b3+1)(2b4+1)

(11)
where

M0(θ, x1, x2)

=
μ0

√
p(h, rnor, dnor)s(l, rnor, dnor)

π

∫ π

0

[
cos(θ)− cos(φ)y(δ,c,x2)

s(l,r,d)

]
Φ(θ, x1, x2)√

v(θ, l, c, x2)
3

dφ.

Here, M’ is the average mutual inductance per turn; N1 and
N2 are the number of turns of transmitting coil and receiving
coil, respectively. μ0 represents the permeability of vacuum. Lm

can be obtained by taking Tx and Rx coils to coincide in (11).
Calculating from (9)–(11), Fig. 6 shows CFD versus normal-

ized Dnor
1 , Dnor

2 , Lnor, with different dnor. The minimum CFD
obtained is about 47% within operating angle from 0° to 180°.
Compared the minimum CFD is about 31% within operating
angle from 0° to 75° reported in [10], this article significantly
improves the operating angle (about 140%) with little sacrifice
of robustness. It can be seen that the CFD is relatively stable
near its minimum value. Here, the zone in which the CFD being

less than 50% are defined as the available zone, which is marked
as black in the Fig. 6. Meanwhile, it is seen that the available
zones are observed when Lnor ≥ 2.5, which is independent
of dnor.

III. DESIGN OF THE OPTIMAL OMNI-COUPLER

As discussed above, the minimum CFD can be obtained by
different parameter groups, which means that the choice is
not unique for the respective of CFD. Therefore, the transfer
efficiency is taken into consideration to obtained the optimal
coupler, which would be determined by finding the most efficient
point in the available zone. In this section, after discussing the
coupling fluctuation and transfer efficiency, the design guideline
is presented.

A. Losses of the Coils

The coil-to-coil efficiency ηc is discussed in detail in [29] and
[30]. The maximum system efficiency (ηm) can be estimated
using (12) as described in [29], [30], and [31]

ηm = 1− 2

k
√
Q1Q2

(12)

where the quality factors Qi (i = 1, 2) of Tx and Rx coils can be
given as

Qi =
ωLi

Ri
(13)

whereω= 2π f, Li is self-inductance and Ri is the loss resistance
of Tx and Rx coils, respectively. Tx and Rx coils are identical in
this article, which means R1 = R2 = Rloss.

The loss of the coils Rloss is primarily caused by two factors:
ohmic resistance Rohm and far-field radio resistance Rr

Rloss = Rohm +Rr. (14)

Butterworth has conducted a series of studies to determine
the alternating current (ac) resistance of solenoids [32]. When
operating at very high frequency, that is, the ratio of the wire
diameter to the skin penetration depth ρ = d/τ is greater than
10, the ohmic resistance of a solenoid can be calculated using

Rohm = Rl

(
γ1 +

1

2

d

s
(γ2μ1 + γ3μ2)

)
. (15)

Here, d is the wire diameter, s is the distance of successive
wires. Functions γ1, γ2, and γ3 are dependent on d/s, while
μ1 and μ2 vary with L/2r. The ac resistance of uncoiled wire
Rl can be derived by solving the power loss equation [18], as
demonstrated∫ 2π

ω

0

i2Rldt =

∫ 2π
ω

0

∫ lw

0

i2

πτσd
dxdt (16)

⎧⎪⎨
⎪⎩
X =

√
(2r+d+D1)

2+(L+D2)
2

2

(
cos(π − θ) cos arctan L+D2

2r+d+D1
+ sin(π − θ) sin arctan L+D2

2r+d+D1

)
+ 2r+d+D1

2

Y =

√
(2r+d+D1)

2+(L+D2)
2

2

(
sin(π − θ) cos arctan L+D2

2r+d+D1
− cos(π − θ) sin arctan L+D2

2r+d+D1

)
+ L+D2

2

(9)
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Fig. 6. CFD versus normalized parameters Dnor
1 , Dnor

2 , Lnor through numerical calculation (9)–(11). (a) dnor = 0.05. (b) dnor = 0.1. (c) dnor = 0.2.
(d) dnor = 0.3.

where lw, τ , σ, and d are the total length, the skin penetration,
conductivity and wire diameter, respectively. And τ is defined
as

τ=

√
2

ωμσ
. (17)

In which μ is permeability and is often taken as 4π × 107.
The solution of (16) is

Rl =
lw
√
fμ

d
√
πσ

. (18)

The radio resistance Rr can be obtained by the well-known
formula [33]

Rr = 320π

(
N

π(2r)2

4λ2

)2

. (19)

Here, λ is the operating wavelength.

B. Transfer Efficiency

According to (12) and (13), the ηm can be expressed as

ηm = 1− 2Rloss

ωM
. (20)

Thus, at a certain operating frequency f, the ηm is determined
by M and Rloss. And an increase of turn N leads in an increase of
M and Rloss. In this article, two identical solenoids are employed
as Tx and Rx coils, i.e., N1 = N2. According to (11), the M can
be expressed as

M = N1N2 ×M ′

= N2 ×M ′

∝ N2
(21)

where M’ is the average mutual inductance per turn; N1 and N2

are the number of turns of transmitting coil and receiving coil,
respectively.

To determine the optimal value of ηm, M and Rloss are nor-
malized by N2 to obtain M0 and R0. Consequently, (20) can be
rephrased as follows:

ηm = 1− 2

ω

Rloss/N
2

M/N2
= 1− 2

ω

R0

M0
. (22)

Therefore, the ηm is positive correlation to M0/R0.

The transfer efficiency from Tx coils to Rx one is closely
related by their losses, which are further affected by the oper-
ating frequency f and the coil radius r. Therefore, the practical
operating frequency f and radius of coils r must be determined at
first. This is what is often done in practical applications. Due to
the typical diameter of a robotic arm is about 80 mm, r = 40 mm
is selected as the design example in this article. The operating
frequency f is chosen as 13.56 MHz, which is within the ISM
band from ITU radiocommunication sector.

By solving (11), (14)–(19) and (22), the values of ηm at
the maximum M0/R0 are presented in Fig. 7, which describes
the impact of Dnor

1 , Dnor
2 , Lnor on efficiency. It is worthy to

note that the value of N is chosen to maximize M0/R0, which
means that the N is same and optimized for the fixed dnor and
Lnor. It can be seen from Fig. 7 that the results of two cases
are unavailable. The first case is {dnor, Lnor} = {0.2, 0.5} or
{0.3, 0.5}. In this case, wire diameter dnor is too large while
the length of the solenoid Lnor is too short to form a solenoid.
The second case is dnor = 0.05 and Lnor ≥ 1.5, or dnor = 0.1
and Lnor ≥ 3.5, or dnor = 0.2 and Lnor ≥ 4.5. In this case, the
wire diameter dnor is too small and the length of solenoid Lnor is
too long, which results in the wavelength effects. That means the
inconsistent current direction along the solenoids appears would
lead to a sharp deterioration of mutual inductance [29], [34]. It
can be concluded from Fig. 7 that the ηm becomes smaller as
Dnor

1 orDnor
2 increases, and remains almost constant with varying

dnor and Lnor.

C. Design Guideline of Optimal Omni-coupler

Since normalized parameters are discussed rather than spe-
cific parameters in Sections II-C and III-B, the results of the CFD
are universal while the efficiency is determined by the radius of
solenoid r and the operating frequency f. As mentioned above,
r = 40 mm and f = 13.56 MHz are selected in this article.
The design guideline of optimal omni-coupler is summarized as
follow.

First, determining dnor. According to aforementioned analy-
sis, the values of minimum CFD and efficiency change slightly
as the dnor changes. However, the amount of space occupied by
wires and fabricating cost will increase with the increasing of
dnor. Therefore, a smaller value of dnor is preferable. But, a small
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Fig. 7. ηm versus variables Dnor
1 , Dnor

2 , Lnor through solving (11), (14)–(19) and (22). (a) dnor = 0.05. (b) dnor = 0.1. (c) dnor = 0.2. (d) dnor = 0.3.

Fig. 8. Contour map of CFD and ηm at dnor = 0.1 and Lnor = 2.5. : The
optimal point.

TABLE II
PARAMETERS OF OPTIMAL COUPLER

dnor will result in a long wire, which will lead to the wavelength
effect. Thus, dnor = 0.1 is selected here.

Second, determining Lnor and N. When dnor = 0.1, on the one
hand, the available zone appears only if Lnor ≥ 2.5, as shown in
Fig. 6(b); on the other hand, the efficient transfer can be achieved
only if Lnor ≤ 2.5, as shown in Fig. 7(b). Therefore, in order to
possess simultaneously low CFD and high transfer efficiency,
Lnor = 2.5 is selected here. Here, N is equal to 10.

Finally, determining Dnor
1 andDnor

2 . The contour map of over-
printing CFD and ηm at dnor = 0.1, Lnor = 2.5 is shown in Fig. 8.
The available zone and isoefficiency curves are shown in Fig. 8.
Through determining the most efficient point in the available
zone, the optimal parameters are found to be Dnor

1 = 0.07 and
Dnor

2 = 0.76, which is marked by a pentagram in Fig. 9.
According to the above analysis, the parameters of optimal

coupler for this design case (r = 40 mm and f = 13.56 MHz)
can be determined as given in Table II.

Fig. 9. Omni-WPT system under different rotating degrees (θ= 0°, 60°, 120°,
and 180°).

IV. FABRICATION AND MEASUREMENT

Based on the omni-coupler obtained in Section III-C, an omni-
WPT system for robotic arm, whose equivalent circuit is shown
in Fig. 4, is constructed and measured. The configuration of the
prototype is firstly introduced. Then, the transfer efficiency and
output power of the prototype are measured and analyzed.

A. Configuration of the Prototype

Based on the practical parameters as shown in Table II, an
omni-coupler is fabricated and a WPT system for robotic arm
is constructed as shown in Fig. 9. The Tx side includes an
inverter and a Tx coil. The Rx side consists of an Rx coil and
a lamp as the load. Normally, the robot arms used in factories
are made of plastic housing with metal frames for guaranteeing
the mechanical strength. Here, two metal frames being made of
aluminum alloy with a diameter of 10 mm are comprised in the
prototype. Since the metal frames are parallel to the magnetic
flux produced by coils, the magnetic field distribution of the
coupler is almost not change, which will be verified by following
experimental results. The housing of the robotic arms is made
of Poly tetra fluoroethylene and serves as the support for the Tx
and Rx coils. Two motors are used to provide the driving force
for the forearm (Rx coil) rotating along the axial angle θ and the
circumferential angle ϕ, respectively.
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Fig. 10. Efficiency fluctuation deviation (EFD) and average efficiency (AE)
of omni-coupler with respect to the different Rload.

Fig. 11. Transfer efficiency and output power versus axial rotation angle θ.
The values of θ ϵ [0°, 180°] and θ ϵ [0°, −180°] are obtained at ϕ= 0° and ϕ=
180°, respectively.

Measured by a vector network analyzer (VNA, Keysight
N5247A), the Rloss of the fabricated Tx and Rx coils are 1.59 Ω
and 1.55 Ω, respectively, the self-inductance Lm (m = Tx and
Rx) of the Tx and Rx coils are 7.28 and 7.19 uH, respectively.
According to (13), the quality factors Q of Tx and Rx coil are 390
and 395, respectively. The series capacitance Cm for resonance
tank of Tx and Rx coils are 18.9 and 19.2 pF according to

2πf =
1√
LCm

. (23)

B. Experimental Verifications

The measured CFD is calculated to be 49.8% which is in good
agreement with the calculation result of 46.7%. The slight de-
viation between calculation and measurement is mainly caused
by the disturbance on the magnetic field induced by the metal
frame, steering gear and the model manufacturing error.

To determine the optimal Rload, the efficiency fluctuation de-
viation (EFD) and average efficiency (AE) of the omni-coupler
with different loads is measured and shown in Fig. 10. The EFD

Fig. 12. Measured waveforms of the proposed omni-coupler under peak-to-
peak input voltage of 55 V, operating frequency of 13.56 MHz, and Rload =
25Ω for four rotating degrees; CH1: 30 V/div, CH2: 1000 mA/div, CH3: 30 V/div
and CH4: 1000 mA/div. (a) θ=0°. (b) θ=60°. (c) θ=120°. (d) θ=180°.

is defined to quantify the efficiency variation over the operating
angle, which can be calculated as

EFD =
ηmax
c − ηmin

c

2ηave
c

× 100%. (24)

Here, ηmax
c , ηmin

c andηave
c represent the maximum, minimum

and numerical average of efficiency during operation, respec-
tively. It can be seen from Fig. 10 that the minimum EFD is
about 2.5% in which Rload = 10 Ω. The AE can be calculated
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TABLE III
MEASURED COUPLING COEFFICIENT, VOLTAGE, CURRENT, AND POWER VALUES AT DIFFERENT ROTATIONAL ANGLES

as

AE = (η0◦ + η30◦ + . . .+ η180◦)/7. (25)

Here, ηθ (θ = 0°, 30° … 180°) is the measured efficiency of
the omni-coupler with different axial angle θ. The maximum AE
is about 91.6%, in which Rload = 35 Ω. Based on the tradeoff
between EFD and AE, the final Rload is selected as 25 Ω, which
has both high efficiency and high robustness.

The transfer efficiency and output power of the omni-WPT
system with ϕ = 0°, θ from 0° to 180° with interval 30° and
ϕ=180°, θ from 0° to -180° with interval 30° is shown in Fig. 11.
The results are measured under operating frequency of 13.56
MHz and the output load resistance of 25 Ω. The experimental
results as shown in Table III show that the transfer efficiency
of the omni-coupler is more than 90% and the EFD is just only
1.73%, which is calculated by (24). Meanwhile, the output power
fluctuation deviation (OPFD) under constant input voltage is
only 4.89%, which can be calculated as

OPFD =
Pmax − Pmin

2Pave
× 100%. (26)

Here, Pmax, Pmin, and Pave represent the maximum, min-
imum and numerical average of efficiency during operation,
respectively.

In addition, it can be seen from Fig. 11 that the experimental
values of the transfer efficiency and output power have nearly
consistent performance when circumferential angle ϕ is rotated
from 0° to 180°. In fact, the spatial position relationship between
Tx and Rx coils is unchanged after rotating along ϕ, and the
abovementioned consistent performance of experimental results
also prove this perspective. In other words, the proposed omni-
coupler can achieve simultaneously the circumferential angle ϕ
ϵ [0°, 360°] and axial angle θ ϵ [0°, 180°], i.e., omnidirectional
operation with a constant efficiency.

Input voltage/current and output voltage/current waveforms
are captured at four rotation degrees (0°, 60°, 120°, 180°) by
using oscilloscope at point PTX and PRX in Fig. 11, which are
presented in Fig. 12. The peak-to-peak input voltage is 55 V,
with the operating frequency of 13.56 MHz, and Rload of 25 Ω.
CH1 and CH2 are the input voltage and input current of the Tx,
and CH3 and CH4 are the output voltage and output current of
the Rx.

TABLE IV
COMPARISON WITH EXISTING WPT SYSTEMS OPERATING AT ROTATIONAL

FREEDOM

To demonstrate the advancements of the proposed omni-WPT
system for robotic arm, a comparison with recently published
WPT systems operating at rotational freedom are given in
Table IV. The omnidirectional coupler with efficiency fluctu-
ation 1.73% based on CCP concept has the largest operating
angle (axial rotation angle θ ϵ [0, 180°]) and highest transfer ef-
ficiency (>90%). It can be seen from Table IV that the proposed
omni-WPT system has significant advantages in operating angle
as well as transfer efficiency.

V. CONCLUSION

This article proposes an omni-WPT system with high robust
performance for robotic arm. After analyzing the influence of
parameters on CFD in detail, the design guideline for achieving
optimal coupler with advantages of high robustness and high
efficiency is given. To prove the validity of the proposed concept,
a prototype operating at 13.56 MHz is designed, constructed and
tested. Without additional complex control system, the omni-
WPT system realizes a stable transfer efficiency with EFD of
1.73%. The efficiency is higher than 90% during omnidirectional
motion, and the OPFD under constant input voltage is only
4.89%. For large angle omnidirectional rotating power supply
applications, the coupler design method provides a suitable
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option. The proposed omni-WPT system could be applied at
robotic arms and any other multi-DOF sceneries.
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