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Abstract—In this paper, a novel magnetic coupler of wireless
power transfer system for the solar wing driving of the space-
craft is designed. Compared with the traditional slip-ring power
supply, the proposed magnetic coupler is characterized by non-
contact, high efficiency, wear free, safety, and reliability. Particu-
larly, it can be applied to the rotating condition. To realize light
weight and small volume of the receiver, the magnetic coupler has
been optimized from both compensation topology and coil con-
figuration. First, a series-none topology is employed to eliminate
the bulky secondary-side compensation capacitor. Second, a new
nested solenoid coil with strip core is proposed to ensure miniatur-
ization, stable power transfer, and high efficiency. Finally, the ex-
perimental setup is built to verify the performance of the designed
magnetic coupler. Experimental results are well matched to sim-
ulations, demonstrating that the weight of the prototype is 1.3 kg
and the transfer power is 3 kW at an ac–dc efficiency of 92.7%.

Index Terms—Rotary magnetic coupler, series-none (S-0)
topology, solar wing driving, solenoid coil, strip core, wireless
power transfer (WPT).

I. INTRODUCTION

A T PRESENT, satellites and other spacecraft rely mainly
on conductive slip rings on the solar wings to supply

power for the equipment in the cabin. There are three problems
associated with the power transfer method.

1) The large friction of the conductive slip ring causes rapid
wear and tear. Local overheating may occur due to the
large contact resistance and subsequently cause mechani-
cal deformation. In the long term, wear and tear as well as
mechanical deformation will inevitably lead to unreliable
contacts, affecting the stability of power transfer.
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2) Carbon powder and metal debris resulted from wear and
tear of the conductive slip ring are scattered everywhere
due to the lack of gravity, causing unexpected current
conduction in the adjacent electrical components. Short-
circuit or partial secondary discharge which will affect
the reliability of the conductive slip ring may occur. For
example, the failure of U.S. Maritime Satellite Seasat on
October 9th, 1978 was caused by metal debris inside the
conductive ring assembly of the solar wings.

3) The conductive slip rings cause added complexity in de-
sign for standardization and modularity as well as on-orbit
assembly and on-orbit service. Frequent replacement of
the slip ring will also induce high maintenance cost.

Wireless power transfer (WPT) is considered as the most fea-
sible method for solving the problems inherent in the traditional
slip ring. Since there is no conductive connection and moving
parts, the life expectancy and reliability are greatly improved.
The research on WPT is relatively mature, and the applications
are extensive, including electronic products, industrial appli-
cations, medical electronics, and electric vehicles [1]–[8]. The
application to spacecraft has yet to receive wide attention from
researchers and government institutions.

In the coil design, Sofia et al. [9] proposed a low-power WPT
system to supply the centrifuge rotating body. The coupler of the
system consisted of two printed planar circular coils positioned
coaxially but the transfer efficiency of this method was low. Ab-
dolkhani et al. [10] presented a double-stator contactless energy
transmission system, which increased the coupling coefficient
from 0.65 to 0.81 and increased the power transfer capability
from 108 VA of the single stator design to 395 VA. Ditze et al.
[11] introduced an inductive transmission technology for pow-
ering rotating equipment. Transmission efficiency of 89.7% and
output power of 20 W were achieved.

The compensation topologies commonly used in WPT are
S-S compensation (primary-side series–secondary-side series),
S-P compensation (primary-side series–secondary-side paral-
lel), and LCC-S compensation (primary-side LCC–secondary-
side series). Among these topologies, S-S is the simplest and
most commonly used. S-P can be easily detuned by the load
variation and is used only in certain applications. The LCC-S
topology is relatively more robust against the load change but has
lower power transfer capability compared to the S-S topology
[8]. In [12], a similar series-none (S-0) topology was employed,
but the model was based on the differential equations. The effect
of load on power and efficiency was not analyzed.
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From the above discussion, it is concluded that existing re-
searches on WPT technology in space applications have the
following problems.

1) Low output power: A series of literatures investigate the
design principle of a rotating power transfer system for
space applications. However, most prototypes are de-
signed to validate the theory and few high-power models
are proposed [13]. Lee et al. [14] design and implement a
contactless maglev rotating power transfer system with
new rotary inductive-coupled structure for the testing
equipment on shaft of high-speed rotation applications.
Restricted by the dimension and relatively low operating
frequency, the output power of the proposed prototype
is less than 300 W, which cannot imply problems oc-
cur in a high-power design. In [15], a novel ball-joint
structure is used for the magnetic coupler. The stable sys-
tem performance against the displacement angle is high-
lighted. However, small size leads to low output power
and cannot be adopted for spacecraft. In short, small self-
inductance and few cores caused by limited dimension
reduce the system power capacity and lead to low output
power.

2) Low transmission efficiency: Low efficiency of current ap-
plications is mainly caused by the magnetic and electrical
parameters that are not optimized. As for magnetic param-
eters, Lee et al. [14] compared several magnetic couplers
with different ferrite cores. However, due to the lack of
the tradeoff between the coupling and weight, the cou-
pling coefficient is lower than most applications. Smeets
et al. [16] propose a rotating transformer based on a pot
core geometry. Because of different flux density distribu-
tion in magnetic circuit, some parts of the pot core are
redundant and a large assumption of core increases core
loss. Thus, core structure needs to be optimized to make
the flux density uniform and minimize the loss. For elec-
trical parameters, in [16], copper wire is adopted and the
number of turns is large. The serious proximity effect and
skin effect lead to relatively low efficiency.

3) High weight: Most rotary transformers are applied in seal-
ing rollers and space applications which have strict re-
quirements for weight. As discussed before, when the pot
core is applied, the weight is intuitively increased com-
pared to others. Therefore, the tradeoff between the cou-
pling and weight needs to be considered. In addition, S-S
topology is used in [10] and [17], of which the bulky com-
pensation capacitors increase the weight and complicity
of the receiver.

In conclusion, the research gap still exists and needs to be
investigated further in this paper.

1) The dimension of the magnetic coupler needs to be opti-
mized for high power density. Most of the rotating cou-
plers proposed in the current research are designed for
low-power situation. For high-power applications, the ar-
bitrary size increase is not the choice after optimization.
The size and power increase need compromise, which is
one of the key points of this paper. Moreover, research
on specific problems of high-power applications, such as

device stress, heating, and magnetic saturation, is still
limited.

2) The rotating coupler for spacecraft is a special applica-
tion because of its high coupling coefficient and compact
structure. Thus, in this paper, the compensation topology
that is suitable for high coupling coefficient and relatively
small self-inductance will be analyzed. Considering the
increasing coil resistance, the number of turns is opti-
mized for the tradeoff between mutual inductance and
coil resistance to realize the high efficiency. In addition,
appropriate Litz wire also needs to be selected to replace
the conventional copper wire in high frequency.

3) To reduce the weight of the rotating coupler, with the
magnetic circuit model and flux density distribution, un-
necessary core will be eliminated and the core configu-
ration is optimized without reducing power density. For
example, conventional pot core is characterized by its high
coupling coefficient while large assumption of core and
large weight, which is optimized in this paper. Moreover,
in this paper, the novel compensation topology will be
introduced to reduce electronic components.

Considering the issues of current research, the aim of this pa-
per is to design a magnetic coupler of WPT system with 10-mm
air gap and 3-kW power output capability for a lightweight solar
wing driving of the spacecraft. With solenoid coil with strip core
(SCSC-type) and S-0 topology, the proposed magnetic coupler
is lightweight, efficient, reliable, and stable. The remaining of
this paper is structured as follows. In Section II, system structure
and theoretical analysis are given. Modeling and magnetic field
optimization of the proposed SCSC-type coil are performed in
Section III. The experimental results are provided in Section IV.
The conclusion is presented in Section V.

II. SYSTEM STRUCTURE AND THEORETICAL ANALYSIS

The effects of mutual inductance and load resistance on effi-
ciency and power levels are analyzed using the equivalent model
of the resonant circuit. The results are then compared with S-S
topology. Based on theoretical analysis and circuit simulation,
the required mutual inductance, the secondary self-inductance,
and optimal loads for optimizing the transmission efficiency and
output power are determined, respectively.

A. System Structure

It is desirable to have a simple structure at the secondary
side due to rotating condition. Therefore, an S-0 topology is
proposed as the compensation topology of the magnetic cou-
pler. For the S-0 topology, the reflected imaginary impedance
from the secondary side is compensated at the primary side.
Furthermore, the receiver is greatly simplified without the com-
pensation capacitors. The diagram of the system is shown in
Fig. 1.

As shown in Fig. 1, Ii (i = 1, 2) are the primary or sec-
ondary resonant currents. Li (i = 1, 2) are the self-inductances.
Ri (i = 1, 2) are the coil internal resistances. RL is the load
resistance.
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Fig. 1. Circuit model of the designed WPT system.

Fig. 2. Equivalent circuit of S-0 topology.

B. Circuit Analysis

The equivalent circuit of S-0 topology is shown in Fig. 2. The
inverter is controlled to output constant current Is , where Us is
the inverter’s output voltage, Rs is the equivalent resistance of
the inverter, and ω is the operating frequency. The secondary
resistance Zs can be written as

ZS = R2 + Re + jωL2 . (1)

The equivalent load resistance Re is given by

Re =
8
π2 RL. (2)

The reflected impedance Zr from secondary side to primary
side is expressed as

Zr =
ω2M 2

R2 + Re + jωL2
. (3)

Combined with Zr , the primary-side impedance is given by

Zp = R1 + Rs + jωL1 +
1

jωC1
+

ω2M 2

R2 + Re + jωL2
. (4)

The resonance capacitor C1 can be obtained by (5), while Zp

is purely resistive, namely

Im (Zp) = jωL1 +
1

jωC1
− jω3M 2L2

(R2 + Re)
2 + ω2L2

2

= 0. (5)

Furthermore, C1 is deduced as

C1 =
(R2 + Re)

2 + ω2L2
2

ω2L1(R2 + Re)
2 + ω4L1L2

2 − ω4M 2L2
. (6)

Combined with (6), the real part of Zp can be given

Re (Zp) = R1 + Rs +
ω2M 2 (R2 + Re)

(R2 + Re)
2 + ω2L2

2

. (7)

According to the Kirchhoff’s voltage law, the system is
described as
⎧
⎪⎨

⎪⎩

(

R1 + Rs + jωL1 +
1

jωC1

)

İ1 + jωMİ2 = U̇s

jωMİ1 + (R2 + Re + jωL2)İ2 = 0.

(8)

The secondary resonant current İ2 is deduced as

İ2 =
jωMİ1

R2 + Re + jωL2
. (9)

Therefore, the system input and output powers are calculated
by

Pin
s−0

=
∣
∣
∣İ1

∣
∣
∣
2
Re (Zp) = I2

1

(

R1 + Rs +
ω2M 2 (R2 + Re)

(R2 + Re)
2 +ω2L2

2

)

(10)

Pout
s−0

=
∣
∣
∣İ2

∣
∣
∣
2
Re =

I2
1 ω2M 2Re

(R2 +Re)
2 +ω2L2

2

. (11)

Through the derivation of (11), the load that ensures the max-
imum output power is expressed as

Rpo u t max
s−0

=
√

R2
2 + ω2L2

2 . (12)

The maximum output power of S-0 topology can be expressed
as

Pout max
s−0

=
I2
1 ω2M 2

√
R2

2 + ω2L2
2

(
R2 +

√
R2

2 + ω2L2
2

)2
+ ω2L2

2

=
I2
1 k2Q2(R1 + Rs)

√
(1 + Q2

2)
(
1 +

√
(1 + Q2

2)
)2

+ Q2
2

(13)

where k is the coupling coefficient, Q is the quality factor of
the coils, and Qi (i = 1, 2) denote primary or secondary sides,
respectively, Q =

√
Q1Q2 , Q1 = ωL1

R1 +RS
, and Q2 = ωL2

R2
.
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The coil–coil efficiency is given by

η
s−0

=
ω2M 2Re

(R1 + Rs)
[
(R2 + Re)

2 + ω2L2
2

]
+ ω2M 2 (R2 + Re)

.

(14)

Through the derivation of (14), the load that ensures the max-
imum efficiency is calculated as

Rη max
s−0

=

√

R2
2 + ω2L2

2 +
ω2M 2R2

R1 + Rs
(15)

Therefore, the maximum coil–coil efficiency of S-0 topology
is deduced as (16) as shown at the bottom of this page.

It is obvious that the maximum output power point is not the
same as the maximum transmission efficiency point.

For comparison, the features of S-S topology are also ana-
lyzed, and the primary-side equivalent input impedance of S-S
topology is given by

Zin
s−s

= R1 + Rs +
ω2M 2

R2 + Re
. (17)

The output power, input power, and efficiency are, respec-
tively, expressed as

Pout =
∣
∣
∣İ2

∣
∣
∣
2

s−s

Re =
I2
1 ω2M 2Re

(R2 + Re)
2 (18)

Pin
s−s

=
∣
∣
∣İ1

∣
∣
∣
2
Re(Zin) = I2

1
(R1 + RS )(R2 + Re) + ω2M 2

R2 + Re

(19)

η
s−s

=
ω2M 2Re

(R1 + RS )(R2 + Re)
2 + ω2M 2(R2 + Re)

. (20)

Through taking the partial derivative, the maximum output
power and efficiency of S-S topology are calculated as

Rpo u t max
s−0

=
√

R2
2 + ω2L2

2 (21)

Rpo u t max
s−0

=
√

R2
2 + ω2L2

2 (22)

where the optimal loads are given by

Pout max
s−s

=
I2
1 (R1 + RS )ω2M 2

2(ω2M 2 + 2(R1 + RS )R2))
2

=
I2
1 k2Q2

2R2(k2Q2 + 2)2 (23)

ηmax
s−s

=
(ωM )2

(R1 +RS )R2
(

1 +
√

1 + (ωM )2

(R1 +RS )R2

)2

=
k2Q2

(
1 +

√
1 + k2Q2

)2 . (24)

From the derived formula, it can be seen that the efficiency
is affected by multiple parameters in S-0 topology. Besides the
mutual inductance M and the equivalent load Re , the secondary
self-inductance L2 also needs to be optimized in the proposed
S-0 topology. Note that L2 satisfies the following relationship:

M = k
√

L1L2 . (25)

Since the two parameters M and L2 are mutually dependent on
each other, the effects of M and L2 on efficiency are considered
together during the following coil design.

C. Influence of Mutual Inductance

First, the internal resistance of the primary coil and the sec-
ondary coil is assumed as 0.1 Ω to simplify the analysis in
simulation. The inverter is modeled as a constant current source
I1 and is set as 17 A, and the operating frequency is 85 kHz.
Based on the experience, the mutual inductance is selected in the
range of 10–80 μH. The secondary self-inductance associated
with the mutual inductance range is assumed to be 20, 40, 60,
and 80 μH, respectively. The load is adopted as 10, 20, 30, 40,
50, and 60 Ω, respectively. The efficiency curves with respect
to the mutual inductance variations of S-0 topology are shown
in Fig. 3.

By observing the efficiency curves, it can be concluded that
the efficiency of different secondary coils increases with mutual
inductance, which is consistent with S-S topology [18]. As the
mutual inductance approaches 50 μH, the increase in efficiency
with respect to the increase in mutual inductance becomes satu-
rated. For different secondary coils, the efficiency curves differ
in values, but the overall trends are consistent. Therefore, the
mutual inductance of 50 μH is considered.

Next, it can be observed that the output power is affected
by the primary resonant current by referring to (11). The power
requirement can be met by adjusting the magnitude of a primary

ηmax
s−0

=
ω2M 2

√

R2
2 + ω2L2

2 + ω 2 M 2 R2
R1 +Rs

2 (R2
2 + ω2L2

2) (R1 + Rs) + 2ω2M 2R2 + (ω2M 2 + 2R2 (R1 + Rs))
√

R2
2 + ω2L2

2 + ω 2 M 2 R2
R1 +Rs

=
k2Q2

2
√

(1 + Q2
2 + k2Q2) + k2Q2 + 1

(16)
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Fig. 3. Efficiency versus mutual inductance at different loads. (a) Secondary
self-inductance is 20 μH. (b) Secondary self-inductance is 40 μH. (c) Secondary
self-inductance is 60 μH. (d) Secondary self-inductance is 80 μH.

resonant current. Fig. 4 shows the variations of output power
under different loads and different mutual inductance when the
primary resonant current is 17 A. The red line indicates 3-kW
output power. The crossover points between the red line and
the six output power curves show the minimum required mutual
inductance for different loads. From observation, it is noted that

Fig. 4. Output power versus mutual inductance at different loads.
(a) Secondary self-inductance is 20 μH. (b) Secondary self-inductance is 40 μH.
(c) Secondary self-inductance is 60 μH. (d) Secondary self-inductance is 80 μH.

the output power levels of S-0 topology meet the requirement
under all loads when the mutual inductance is 50 μH.

D. Influence of a Secondary Self-Inductance

It is necessary to analyze the influence of the secondary
self-inductance on the efficiency of S-0 topology. The mutual
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Fig. 5. Efficiency versus secondary self-inductance under different loads.

Fig. 6. Output power versus secondary self-inductance at different loads.

inductance is assumed as 50 μH and the load is set as 10, 20,
30, 40, 50, 60 Ω, respectively. Then, the transmission efficiency
is calculated when secondary self-inductance varies, as shown
in Fig. 5.

It is known from Fig. 5 that the efficiency of S-0 topology
is decreased with the increase of the secondary self-inductance,
but the decreasing trend of the efficiency becomes slower as the
load resistance becomes larger. The effect of L2 on efficiency
is small. The difference between maximum efficiency (L2 =
10 μH and RL = 30Ω) and minimum efficiency (L2 = 60 μH
and RL = 10Ω) is only 3%. When L2 is reduced, the effect on
efficiency can be ignored approximately. Therefore, it can be
concluded that:

1) When the mutual inductance is confirmed, the lower the
secondary self-inductance is, the higher the efficiency is.
The larger the load, the less the efficiency is affected by
the secondary coil.

2) From the perspective of efficiency, S-0 topology is more
suitable for larger load. However, the output power capa-
bility of S-0 topology also needs to be considered.

3) The self-inductance cannot be reduced infinitely. It needs
to meet the required mutual inductance. The lower L2 will
lead to a higher L1 and increase the volume of the primary
coil.

The variation of output power versus the secondary
self-inductance is shown in Fig. 6. When the secondary
self-inductance is relatively small, the output power decreases
with the increase of the load. The output power is higher than

Fig. 7. Efficiency versus load at different self-inductance.

3 kW when the value of L2 is below 60 μH, and it will not output
3 kW when the value of L2 is larger than 60 μH. Therefore, the
secondary self-inductance cannot exceed 60 μH in order to meet
the practical power need.

From Figs. 5 and 6, it seems that smaller secondary self-
inductance gives higher output power and efficiency. However,
L2 cannot be reduced infinitely. According to (25), the lower L2
will lead to a higher L1 after M and k are confirmed. Obviously, to
meet the requirement of the mutual inductance, it is necessary
to increase L1 by increasing the number of windings or the
outer diameter of L1 when the value of L2 is small. This will
undoubtedly further increase the volume of the primary coil
since the dimension of the magnetic coupler is determined by
the largest one in the primary and secondary coils. Therefore,
the secondary self-inductance of S-0 topology is selected as
60 μH.

E. Influence of Load

The influence of the load on the efficiency is analyzed in
order to obtain the load that ensures the maximum transmission
efficiency of S-0 topology. The required output power of the
WPT system is 3 kW, the load resistance ranges from 20 to
60 Ω, and the required load-side dc bus voltage is 400 V in this
paper.

Fig. 7 shows the efficiency curves with respect to the load
variation when the secondary coils have self-inductance of 20,
40, 60, and 80 μH, respectively. It can be found that when the
load changes, a peak exists in efficiency, and the correspond-
ing load is the optimal load. The efficiency decreases with the
increase of L2 , but the optimal load resistance increases with
the increase of L2 . Thus, the optimum load of S-0 topology can
be determined after L2 is determined. In this paper, the mutual
inductance is set as 54.0 μH, and the secondary self-inductance
is 60.9 μH. Then, the efficiency and output power are plotted
under different loads.

From Fig. 8, it can be seen that the maximum efficiency of
S-0 topology is around 98.2%, and the corresponding load is
50 Ω. In Fig. 9, the output power curves are plotted against the
load when mutual inductance and secondary self-inductance are
fixed. The red line in Fig. 9 represents the 3-kW output power.
When the primary resonant current is 17 A, the output power
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Fig. 8. Efficiency versus load.

Fig. 9. Output power versus load.

of S-0 topology meets the requirements for load range from
20 to 60 Ω. As can be seen in Figs. 8 and 9, the optimal load
that ensures the maximum efficiency is 50 Ω, while the load
that ensures the maximum output power is 40 Ω. In the actual
design work, we need to maximize the efficiency when power
is met. For the wireless powering of the solar wing driving,
the requirement of the output power is up to 3 kW, and the
maximum power output is not pursued under the experimental
parameters. Therefore, for the S-0 topology, in order to achieve
the maximum efficiency of the system, 50 Ω is selected as the
actual load, which is consistent with the theoretical analysis
results.

F. Comparison of Different Topologies

In this section, the proposed S-0 topologies are compared
with the S-S topology. From (16) and (20), the denominator of
the efficiency η

s−0
of S-0 topology has an addition expression

(R1 + Rs)ω2L2
2 . Therefore, the efficiency of S-0 topology is

lower compared to S-S topology. The efficiency of the two
topologies is equal only when the secondary self-inductance is
close to zero

lim
L2 →0

η
s−0

= lim
L2 →0

ω2M 2Re

(R1 + Rs)
[
(R2 + Re)

2 + ω2L2
2

]
+ ω2M 2 (R2 + Re)

= η
s−s

.

(26)

Fig. 10. Efficiency versus load under different topologies.

Fig. 11. Efficiency versus mutual inductance under different topologies.

Efficiency curves of the two topologies under different load
are plotted in Fig. 10. From the graph, both S-S topology and
S-0 topology have a peak efficiency point. The optimal load of
S-S topology is 20 Ω, while the optimal load of S-0 topology
is 50 Ω. The S-0 topology has lower efficiency than the S-S
topology, but as the load increases, the efficiency difference
between the two topologies diminishes.

The variation of efficiency with respect to the mutual induc-
tance when both topologies are operating under each optimal
load is shown in Fig. 11. From the graph, the efficiency of S-S
topology is higher than that of S-0 topology when the mutual
inductance is less than 100 μH. On the contrary, the efficiency
of S-0 topology is higher than that of S-S topology when the
mutual inductance is more than 100 μH.

As can be seen from Figs. 10 and 11, S-S topology has more
efficient than S-0 topology but the difference between the two
topologies is not large, within 2%. As the load resistance or mu-
tual inductance increases, the efficiency difference will become
smaller. Since S-0 topology has no bulky resonant capacitors at
the secondary side, which greatly reduce the volume and weight
of the secondary side, it is easy to realize the lightweight of the
system. Therefore, the S-0 topology is employed in this paper.

III. SCSC-TYPE COIL DESIGN

Considering the particularity of the WPT system for space-
craft, the designed coil needs to work in a rotating state and fol-
lows the design principles of miniaturization, lightweight, high
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TABLE I
COMPARISON OF DIFFERENT TYPES OF COILS

efficiency, and high reliability. Based on the design principles,
four different coil models are analyzed, and both of their advan-
tages and disadvantages are compared. Then, the design process
is optimized from four aspects with the finite-element analysis
(FEA) software Ansoft Maxwell, i.e., with/without core, core
bonding direction, dimension of coil, and number of core. Fi-
nally, a new SCSC-type coil is designed and the detailed param-
eters are optimized.

A. Design Criteria

As the core of the whole system, the coil has apparent influ-
ence on transmission power and efficiency. The design should
meet the following principles.

1) The self-inductance and coupling coefficient of the pri-
mary and secondary sides should be given according to
the index requirements of the system.

2) The coil should be optimized in accordance with the
principle of miniaturization and lightweight, rather than
blindly adding cores on the premise of power output
capability.

3) The stability of the parameters under rotating condition
must be ensured to avoid large fluctuations of transfer
power.

4) The magnetic induction intensity in the core should be
severely restricted, so as to avoid the magnetic saturation
when the transmission power is high.

5) The power losses of the magnetic coupler mainly includ-
ing losses of the coil and the core should be minimized in
the design.

6) Electromagnetic compatibility (EMC) design is employed
refer to international standards, such as the International

Commission on Non-Ionizing Radiation Protection in or-
der to avoid the interference of strong electromagnetic
field.

B. Model Design

According to the actual requirements, the dimension of the
coil is limited to 200 × 200 × 200 mm. First of all, two kinds
of coils are proposed, which are pot-type and solenoid-type, as
shown in Table I.

According to Table I, it can be clearly seen that model 4 is bet-
ter than the other three models. First, the size is relatively small,
which is convenient to installation. Second, the weight and cost
are relatively low because of the use of strip core. Moreover,
the coupling coefficient is larger than model 1 and model 2,
which leads to good coupling performance. Therefore, model 4
namely the SCSC-type is finally determined as the coil model
in this paper.

C. With/Without Core

From the perspective of spacecraft application, the principle
of lightweight should be followed. Here, the design parameters
such as coupling coefficient, self-inductance, and mutual in-
ductance of the primary and secondary coils are compared and
analyzed. The simulation results are shown in Table II.

It can be concluded by analyzing the simulation results.
1) The coil without core on both of primary and secondary

sides makes the coupler simple and lighter in weight.
However, the problem is that coupling performance is
decreased sharply, and the mutual inductance cannot be
satisfied.
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TABLE II
COMPARISON OF DIFFERENT CORES EFFECT

2) The lack of core on secondary side leads to significant
reduction in coupling coefficient and in self-inductance of
primary and secondary coils, which is difficult to meet the
mutual inductance requirement.

3) The primary coil without core reduces coupling coefficient
and self-inductance of the primary and secondary coils
to a certain extent, which needs to be compensated by
increasing the number of turns. This increases the internal
resistance of the coil. Compared with the primary and
secondary coils with core, the quality factor Q of the coil
is decreased, which leads to the decrease of transmission
power and efficiency.

4) From the perspective of EMC, the primary side with core
is capable of constraining the magnetic field.

Based on the above analysis, the primary- and secondary-
side coils with strip distribution core (model 4) are employed in
this paper. Furthermore, it is necessary to optimize the bonding
direction, dimension, and number of the core.

D. Bonding Direction

For the SCSC-type coil, the bonding direction of the strip
core is further optimized. The different bonding directions of
four models are compared, respectively. The simulation results
are shown in Table III.

From Table III, it can be known that the coupling coefficient
of the four different core bonding modes are approximately
the same. The dimension of the coil is increased when the
narrow-surface bonding mode is used on the primary side, so the
primary-side core with the wide-surface bonding mode is pre-
ferred. For the bonding modes of secondary-side core, it shows
that the wide-surface bonding mode is slightly better than the
narrow-surface bonding mode, for example, the self-inductance
and mutual inductance are larger. However, the design of the
narrow-surface bonding mode is more conducive to the dimen-
sion reduction, so the primary-side core with the wide-surface
bonding mode and the secondary side core with the narrow-side
bonding mode (model 4) are finally utilized.

E. Coil Dimension

The dimension of the coil is optimized as follows. The air
gap is maintained at 10 mm, and the coupling coefficient is
simulated when the dimension is changed. The primary and
secondary self-inductances, mutual inductance, and flux density
distribution are shown in Table IV.

The dimension is expressed as ΦD × L, where D is the di-
ameter and L is the axial length. From Table IV, it can be seen
that when the air gap is constant, the larger the dimension is,
the greater the coupling coefficient is and the greater the self-
inductance and the mutual inductance are. However, the smaller
the size, the easier the magnetic saturation.

The smallest dimension of coil is expected when the mutual
inductance satisfies the requirement, meanwhile magnetic sat-
uration does not occur. The upper limit of the magnetic flux
density is set to 0.24 T in Table IV. If the dimension exceeds
Φ100 × 80 mm, magnetic saturation occurs because the num-
ber of core is too small. Otherwise, the failure of support frame
installation happens because the number of core is too large.
Therefore, Φ100 × 80 mm is adopted as coil dimension in this
paper.

F. Core Number

The optimization is carried out for the number of the primary
and secondary cores, where the flux density in the core serves
as an important reference. In this paper, PC95 ferrite core of
TDK Company is selected. The saturation flux of PC95 ferrite
core is 0.4 T. The upper limit of the flux density is set to 0.24 T
in Table V. According to the simulation results in Table V, the
following conclusions are obtained.

1) Magnetic saturation will occur while the number of the
secondary-side core decreases to 8 or less. The coupling
coefficient is slightly different, and the self-inductance
and mutual inductance of the primary and secondary coils
are mildly different when nine or ten pieces of core are
used on the secondary side. To lower the weight, nine
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TABLE III
EFFECT OF DIFFERENT BONDING DIRECTION

TABLE IV
COMPARISON OF DIFFERENT DIMENSIONS OF COILS

pieces of core are selected on the secondary side in this
paper.

2) It can be known that the primary-side core has a little
influence on the mutual inductance and magnetic satu-
ration. Therefore, the number of the primary-side core
can be determined based on the simulation results of
flux density. Meanwhile, it has effect on magnetic field
shielding due to the constraint of magnetic field. Through
simulation results, it is found that when the number of
the primary-side core is chosen as 10, the coil reaches
optimal.

Above all, the SCSC-type coil is proposed and the parameters
are optimized as below: Ten pieces of core are used on the
primary side, while nine pieces for the secondary side, of which
are equally spaced.

IV. EXPERIMENTAL EVALUATION

To verify the theoretical analysis and the design criteria, the
laboratory level experimental setup is built. It should be noted
that the prototype is only a demonstration device to verify the
feasibility of the proposed magnetic coupler.
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TABLE V
EFFECT OF CORE NUMBER

Fig. 12. Structural model of the proposed SCSC-type coil.

A. Prototype System

Based on the above analysis, a SCSC-type coil is proposed,
which consists of two nested placed solenoid coils and strip
distributed core attached to the coils. The FEA model is shown
in Fig. 12. According to the optimization results, a prototype
system is built, as shown in Fig. 13. In the system, the core
support frame is produced by three-dimensional printing and

Fig. 13. Prototype system.

the 0.1 mm × 500 stranded Litz wire is utilized to wind the coil.
The primary coil and core remain stationary, which are fed by
the constant current inverter for stable power supply, and the
secondary side (including secondary coil, rectifier, and filtering
capacitor) is combined with rotating load by the coupling de-
vice. The simulation and experimental parameters are shown in
Table VI.

It can be seen that the dimension of the rotary lightweight
SCSC-type coil is limited to Φ100 × 80 mm and the weight
is 1.3 kg, which meets the space application requirement. By
using the network analyzer Keysight E5061B, the electrical
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TABLE VI
PARAMETERS OF THE PROPOSED SCSC-TYPE COIL

parameters of the proposed coil are compared with the sim-
ulation results. The experimental coupling coefficient is 0.833
and the mutual inductance is 52.4 μH, which are lower than
the simulation results. Meanwhile, the primary and secondary
self-inductances are approximately the same as the simulation
results. Above all, the designed coil satisfies the demand for mu-
tual inductance in terms of transmission power and efficiency.

B. Stability Verification

As the interval of the primary core is 36°, only by observing
the stability of the parameters in the range of 36°, the variation of
the parameters in the full range can be inferred. In steps of 4°, the
self-inductance, mutual inductance, and coupling coefficient are
measured and compared with the simulation results, as shown
in Fig. 14.

By observing the changes of mutual inductance, pri-
mary/secondary self-inductances, and coupling coefficient, it
can be seen that the above parameters of the SCSC-type coil
vary smoothly in the rotating state. Therefore, the high stability
of the proposed SCSC-type coil is verified, which ensures the
constancy of power transmission.

C. Power and Efficiency Measurement

1) Load Variation: In order to verify the correctness of the
system design, an experimental study on output power and trans-
mission efficiency (ac–dc, i.e., from inverter’s output to load)
under different loads is carried out. As shown in Fig. 15, the
experimental results are measured by the Power Oscilloscope
Yokogawa PX8000 (yellow: inverter’s output voltage Us , green:
primary resonant current I1, blue: charging voltage Uo , and pur-
ple: charging current Io ).

The output power and efficiency are measured when the pri-
mary resonant current is 17.2 A and the values of load resistances
are 20, 30, 40, 50, and 60 Ω, respectively. The experimental re-
sults are compared with the theoretical calculation, as shown
in Fig. 16. The results show that the experimental results are
slightly lower than calculation because the power losses are
ignored during calculation. When the load is 50 Ω, the mea-
sured output power is 3.1 kW and the transmission efficiency is
92.7%. At this point, the output voltage is 393.5 V, which sat-
isfies the demand of space application (400-V dc bus voltage).
When the load is 40 Ω, the maximum output power is achieved
while transmission efficiency is not highest, which illustrates the

Fig. 14. Variation of parameters in the range of 36°. (a) Self-inductance and
mutual inductance versus rotation angle. (b) Coupling coefficient versus rotation
angle.

maximum output power point is not the same as the maximum
transmission efficiency point.

In addition, the measured operating frequency is 82.6 kHz,
which is different from the theoretical value of 85 kHz. The
main reason is that there are certain errors between the measured
values and actual values of resonance capacitors. Meanwhile,
the inverter has the function of automatic frequency tracking,
which can track the resonance point of the system in real time.

2) Power Measurement: The relationship between different
output power and the primary resonant current is analyzed,
and then, the experimental results are compared with theoret-
ical calculation, as shown in Fig. 17. It can be seen that the
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TABLE VII
PERFORMANCE COMPARISON OF EXISTING ROTARY WPT SYSTEM

Fig. 15. Experimental waveforms of the proposed magnetic coupler
(RL = 50 Ω).

experimental results are consistent with the calculation results,
which demonstrate that the system acquires different output
power capacities. If the output power needs to be adjusted, only
the primary resonant current needs to be controlled.

When the load is 50 Ω and other experimental conditions are
unchanged, the relationship of the experimental efficiency and
output power is also shown in Fig. 17. Obviously, under different
output power, the experimental efficiency is quite different from
the theoretical calculation results. In theory, efficiency does not
change with the output power, but, in practice, efficiency in-
creases when the output power increases. The main reason is
that the device loss is relatively fixed when the overall power
increases, so the efficiency is higher.

3) Rotation Stability: The output power of the system is
tested within the scope of the 36°, as shown in Fig. 18. Obvi-
ously, the system has good power output stability under rotating
condition.

Fig. 16. Output power and transmission efficiency versus load.

Fig. 17. Primary resonant current and transmission efficiency versus output
power.

The results also show that the efficiency is almost constant
with a little fluctuation. It is proved that the proposed rotary
magnetic coupler is characterized by high coupling capability,
high power output stability, and high efficiency.
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Fig. 18. Output power and efficiency under rotating condition.

Fig. 19. System efficiency analysis.

D. System Efficiency and Losses Analysis

When the system is measured at the power level of 3 kW,
the transmission efficiency is 92.7% (the coil–coil efficiency is
94.5% and the rectifier efficiency is 98.1%), as shown in Fig. 19.
The rectifier efficiency is high since the accuracy of the current
probe used in the test introduces certain errors.

The total losses of the magnetic coupler are measured to be
173 W and the loss of the rectifier is 71 W. Meanwhile, the loss
of the primary and secondary coils is 63 W and the resonance
capacitor loss is 59 W. Core loss is calculated to be 51 W since
it cannot be directly measured [19]–[22]. Through comparative
analysis, the specific proportion of each loss is obtained, as
shown in Fig. 20. From the figure, the proportion of rectifier
loss is the largest. Among the losses of the magnetic coupler,
coil loss accounts for the largest proportion, and the resonance
capacitor loss accounts for the lowest proportion.

The designed system in this paper is compared with the
existing rotary WPT systems, and the results are shown in
Table VII. It can be seen that the existing rotary WPT systems
are generally characterized by low-power level, low transmis-
sion efficiency, and large weight. The proposed coupler in this
paper only weighs 1.3 kg due to the implement of strip core.
When air gap reaches 10 mm, the output power is 3.3 kW at an
ac–dc efficiency of 92.7%. In summary, the proposed rotation-
lightweight coupler shows better performance, which has

Fig. 20. System loss ratio.

important theoretical significance and practical value in wireless
power supply for spacecraft.

V. CONCLUSION

A novel magnetic coupler of the WPT system for the solar
wing driving of the spacecraft is designed in this paper. The
coupler consists of nested SCSC-type attached to the coil. The
proposed SCSC-type coil enables the magnetic field to be con-
centrated in the coupler, which ensures strong coupling capabil-
ity, and, thus, achieves stable and efficient power transmission
under rotating condition. Also, multiple pieces of miniaturiza-
tion strip core are adopted, greatly reducing the core consump-
tion and weight. Furthermore, S-0 resonant topology is proposed
to reduce the complexity of the secondary circuit. The dimen-
sion and the weight of the magnetic coupler are limited within
the Φ100 ×80 mm and 1.3 kg, respectively. The experimental
results show that the system achieves 3-kW power transmission
with 92.7% efficiency at 10-mm air gap, which is suitable for
space applications. In practice, the function of information trans-
fer also needs to be involved in the system. Therefore, the next
step is to add the information transmission and then realize the
synchronous transmission of wireless power and information,
which is our later work.
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