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Abstract —Wireless power transfer (WPT) can power loads
over large air gaps with relatively high efficiency, offering an
innovative and convenient charging way. Especially, three-coil
WPT shows the superiority, namely, the extended
transmission distance with high efficiency. However,
compensation networks in three-coil WPT still necessitate
investigation. In this paper, three compensation topologies
including S-S-S, S-S-P and N-S-S are investigated. Some
important  characteristics  including load-independent
constant voltage (CV), load-independent constant current (CC)
and zero voltage switching (ZVS) are concluded and
compared among different topologies. Detailed design
procedures of compensation networks based on three-coil
couplers are demonstrated. The fundamental analysis, coil
design, compensation topologies and experimental verification
are all presented and discussed in this paper.
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. INTRODUCTION

Wireless power transfer (WPT) is an outstanding
technology that can transfer energy via time-varying
magnetic fields [1]. Electrical apparatus equipped with
WHPT are able to beat conventionally contact-based methods
because of no physical contact between from the source to
the load. In other words, WPT can offer a versatile
energization manner that gets rid of troubles from messy
cables and the environmental constraint, which is gradually
popular in electric vehicles [2, 3], heating systems [4, 5],
light emitting diode (LED) driver [6, 7], consumer
electronics [8] and mobile device [9, 10]. Considerable
research efforts have been devoted to two-coil WPT due to
its simplicity, which usually consists of one transmitter (Tx)
and one receiver (Rx) [11-13]. In traditional two-coil WPT
systems, there are basic four topologies, i.e., series—series
(SS) [14], series—parallel (SP) [15], parallel-series (PS)
[16], and parallel—parallel (PP) [17] as shown in Fig. 1.
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Fig. 1: Four basic compensation networks in two-coil WPT
(a) SS. (b) SP. (c) PS. (d) PP.

Recently, three-coil WPT is gaining increasing attention
from researchers and engineers [18-21]. A typical three-coil
WPT system consists of three coils, i.e., a transmitter (Tx),
a relay coil and a receiver coil (Rx). In general, there are
four typical types of three-coil WPT systems including
type-A, B and C as shown in Fig. 2. The classification is
according to the value of the mutual inductance between the
Tx and the R, i.e., Mz and the relevant positions of three
coils. Detailed classification data is shown in Table. 1.

Table 1: One classification of three-coil WPT

Three-coil WPT
with Three-coil WPT with negligible M>
nonnegligible M>
TYPE-A TYPE-B TYPE-C TYPE-D
7,18, 19,
[22,23] [24, 25] [26, 27] 2[1 28, 29]

Specifically, type A is the scenario with the nonnegligible
M. By contrast, M, can be deliberately designed to be tiny
enough to a negligible level from type B to D. Type B is the
scenario where the relay coil is placed near the receiver. In
type B, the load impedance is able to be reflected to obtain
an optimal value, thereby realizing both arbitrary load
impedance to the optimal value as well as high power
delivery [24]. In terms of type C, the relay coil is placed to
be equidistant between the transmitter and the receiver with
the same distance to ensure expected mutual inductances
[26] or the desired voltage gain [27].

M2
v v
\‘:ﬁ Mm ‘ﬁfﬂ‘
il [ M
1l i
> H ||| Rl R ]| ™
(TR ‘
T I |
() (b)
M M
¥ < N
T |
i i
[ I ‘c"m‘m‘\
T RelayHH || Rx TX‘HHH Relay HHRX
| )
A (1 gl i
|l W i
() (d)

Fig. 2: Four typical types of three-coil WPT
(a) TYPE-A. (b) TYPE-B. (c) TYPE-C. (d) TYPE-D.
Il. COUPLING STRUCTURE DESIGN



In this paper, only type D is considered and adopted owing
to its intrinsic superiority, i.e., the extended transmission
distance with high efficiency [13, 14]. One normal practice
of type D is to shrink the size of transmitter coil with
extended transmission distance to achieve an exceedingly
small M,. That means the influence from M, can be
ignorable. Moreover, the relay coil from the type D saves
room since it does not take up much space between the Tx
and Rx compared to traditional two-coil structures [13].
Thus, the coupling structure in this paper consists of three
coils in total, namely, transmitter, relay and receiver are
demonstrated in Fig. 3. The airgap between Tx and relay is
Do while the airgap between relay and Ry is Ds. Particularly,
D represents the transmission distance from Tx to Rx, which
is also the sum of Do and Ds.
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Fig. 3: The scheme of the coupling structure

As illustrated in Fig. 4, the parameters of these three coils
are well designed by finite element analysis (FEA).
Essential parameters are taken into consideration including
inner diameter di,, outer diameter dow, wire diameter dy,
turn spacing S and turns N. Detailed parameter information
from the magnetic coupling structure is able to be found in
Table 2.
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Fig. 4: The diagram of the coil design

Table 2: Detailed parameters of the coil design

arameter dout din dw S N
Coil (mm)  (mm)  (mm)  (mm)

Tx 75 10 21 0.663 12

Relay 20 20 2.1 0895 22

Rx 150 150 2.1 0895 22

I1l. CIRCUIT ANALYSIS

The circuit scheme of an entire three-coil WPT system is
illustrated in Fig. 5. Vg is the input dc voltage from
regulated DC power supply. An inverter is adopted from the
transmitter side to generate 200kHz AC power into the
transmitter with an operating angular frequency .
Specifically, Ly, Ly, and L; are the self-inductances of the Tx,
the relay coil and the Rx with corresponding equivalent
series resistances Ry, Rr and R, respectively [28]. The
mutual inductance between the Tx and the relay coil is M;
while the mutual inductance between the relay coil and the
Rx is Ms. It is noteworthy that My, the mutual inductance
between the Tx and the Ry, is delicately designed to be
exceedingly small for simplifying analysis and reducing the
cross-coupling effect. The fundamental component of the
output voltage from the inverter can be expressed as [28]

Ny .
uy (t) = —%Lsinwt (1)
T
The corresponding fundamental phasor can be given as
22
T

A full-bridge rectifier is used after the receiver. R., denotes
the equivalent load from the rectifier, which is gained as [28]

Uy = ==V £0° )

Req =~ RL &)
T
The output voltage on the load is represented by V.. And
Uo is the RMS value of the input voltage for the rectifier.
The relationship between them can be expressed as

o

VL 2\/5 (4)
Three compensation parts are also shown with related coils,
which includes Tx compensation, relay compensation and
Rx compensation. It is necessary to utilize compensation
networks for minimizing VA rating and maximizing power
transfer capability, achieving load-independent constant-
voltage (CV) or current output (CC), improving efficiency
and impeding bifurcation phenomenon [30]. Currently, the
voltage-source inverter (VSI) is widely used for powering
WPT systems, resulting in P compensation cannot be
directly connected to the VSI [31]. Furthermore, relay coils
tend to be simple and non-configurable, therefore, only S
compensation can be connected with such a relay coil like
[71, [28], [32]. Accordingly, three compensation types are
concluded in Table.2, including S-S-S, S-S-P and N-S-S
compensation networks.
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Fig. 5: The entire circuit scheme of the proposed three-coil WPT system

Table 2: Summary of compensation networks

Type Equivalent Circuit Diagram
I, M. e Il o
+ im [ LMy LMy T
C, Ce C .
S-S-S ) 01 M, Ms Uo |:|REq
-0 iz _
o
I, ~~ . e o
P ot VO S VI VA Lo-Ms + |
C, Ci -
S-S-P : .
) U, -M; M; C,=—= Uo Reg
" iy -
o
Y, 1200 o S | EEDNECCRVeN Il o
+ LMy LeMeMs T =
C: Cn2 L
N-8-§ V4, -M; M3 Uo |:|REq
_on i _
o
A. S-S-S Type

The S-S-S compensation topology is able to fulfill the load-
independent output voltage [7, 28, 32]. For tuning the coils
and achieving CV output, the operating angular frequency
o should meet the equation:

[T
LG VLG VLG

According to [28], the voltage gain from the source to the
equivalent load from S-S-S compensation topology can be
written as

Uy M N
Uo M
By designing coupler deliberately, M; is equal to M in this
paper. Hence, the following relationship equations between
the source part and the load side can be simplified and
rewritten as

Ug =U (7)
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Req
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B. S-S-P Type

For tuning the coils and achieving CC output, the operating
angular frequency @ should satisfy the equation (5) too.
Then voltage relationship between the source part and the
load side can be yielded:

. Reg .
Ug=—2U 10
0= oL, L (10)
The output current flowing through R., can be derived as

i -1
© joly
The value of this output current is associated with the
operating frequency w, the self-inductance value of the Ry,
and output voltage of the inverter. That means it is desirable
to gain the objective output current by designing component
parameters deliberately. And the input impedance of S-S-P
is able to be gained as

(11)

2, 2
"Ly Req . 0)3L23

Req2 +0?Ly? Req2 + o Ly?

Zssp = U.l/l.l = (12)

It is noted that there is an imaginary component in Zssp,
thereby making the whole system inductive and improving
the VA rating.

C. N-S-S Type

The N from N-S-S represents there is no compensation
network from the transmitter part in this topology. Then, the
compensation network from the receiver part should take
the responsibility for tuning the transmitter part [33].
Therefore, the capacitor in the receiver side Cy; can be
expressed as

1
@? (L +L,)

Similarly, the load-independent output voltage can be
gained as

Cn2 = (13)

Up =U; (14)
This voltage is only related to the output voltage from the

inverter. Then, the current flowing through R., can be
derived as



o = iUl (15)
q
Therefore, the input impedance of N-S-S network can be
expressed as

Znss :Ul/l.l = Req (16)

IV. EXPERIMENTAL VALIDATION

An experimental platform has been built up to validate the
availability of the theoretical analysis as illustrated in Fig.6.
All the coils are made of 250-strand LITZ wire to form
inductors, which dramatically reduces the skin effect. The
operating frequency from the inverter is set to be 200kHz.
One switch and two resistive loads are used to verify
transient response when the load change happens.
Experimental waveforms are directly gained and analyzed
from oscilloscope Tektronix MDO3024. The two output
channels from power supply EZ Digital GP-1305DU are
connected in series to constantly provide 50V as the DC
input voltage to feed the inverter. And the measured
parameters of the entire prototype are shown in Table. 3.

Fig. 6: Experimental Prototype

Table 3: Measured parameters

L1 Ly L M1 M3
4.63uH  32.62uH  29.51uH  4.65uH 4.65uH
C1 Cr C2 Cn2 f
137.05nF 19.32nF  21.10nF  18.47nF  200kHz
R1 Ry R> Do D1
0.04Q 0.20Q 0.17Q 0.5cm 6.5cm

A. S-S-S Experimental Results

Fig. 7 depicts the essential waveforms from the inverter and
the output voltage on the load part. It is noteworthy that the
current slightly lags corresponding voltage, which indicates
ZVS can be achieved in this topology.
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Fig. 7: Essential Waveforms from the inverter and the output
voltage on the load in S-S-S type

Fig. 8 demonstrates the transient response of S-S-S
topology. Even though the output current from the load
experiences a sharp rise and down, the output voltage keeps
stable around 50V. Indicated by the oscilloscope, the
change of voltage is 2.4V. In other words, the voltage
fluctuation is 4.8% from 50.4 V to 48V while the load drops
by 50%.

Tek Prevu [ 1§ 1 |
(3] o)
/ °
L
Vi
B I
oL
B
[g_) 00V J[1 00s S00kS/5 7 J
o ! 5M points 0.00V

Fig. 8: Transient response when the load is changed from 40Q to
20Q and back to 40Q in S-S-S type

B. S-S-P Experimental Results

Fig. 9 illustrates the essential waveforms from the inverter
at the Tx side and the output voltage on the load.
Nevertheless, the equivalent impedance is inductive so that
i1 lags uz around 90 degrees. Therefore, the reactive power
cannot be ignored in this topology.
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Fig. 9: Essential waveforms from the inverter and the output
voltage on the load in S-S-P type
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Fig. 10: Transient response when the load changes from 40Q to
20Q2 and back to 40Q in S-S-P type

Fig. 10 manifests the measured waveforms of us, i1, Vi and
IL when the load is between 40Q2 and 20Q, respectively. The
current is changed from 1.19A to 1.14A with overshoots.



The oscillation of the current is 50mA. The output current
declines by 4.2% and the load falls by 50%.

C. N-S-S Experimental Results

The steady-mode waveforms of ug, i1, Vi and I, are shown
in Fig. 11 at R.=40Q, which illustrates that the current iy
slightly lags us. This manifests ZVS can also be achieved in
this topology.
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Fig. 11: Essential waveforms from the inverter and the output
voltage on the load in N-S-S type

Fig.12 depicts the transient response of N-S-S topology.
When the load is 40 Q, the output voltage is 45.6V. Then
the load is reduced to 20Q, and the output voltage becomes
44.8V. The voltage change is only 0.8V, which can be
directly detected from the oscilloscope. The output voltage
declines by 1.8% and the load falls by 50%.
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Fig. 12: Transient response when the load changes from 40Q to
20Q and back to 40Q2 in N-S-S type

V. CONCLUSION

In this paper, three compensation networks, namely, S-S-S,
S-S-P and N-S-S are studied for three-coil WPT systems.
Coupling  structure design, circuit analysis and
experimental verification are all conducted to investigate
key characteristics such as load-independent CC or CV
outputs and ZVS. All coils are designed by the finite
element analysis software carefully. A summary of the
compensation network is also demonstrated with equivalent
T-model circuits. Key waveforms with related description
have been shown and discussed. An experimental prototype
is managed to be built up and corresponding experimental
results successfully show the agreement with the theoretical
analysis. In the future, WPT systems equipped with these
compensation networks could be scaled down or up for
wirelessly charging consumer electronics or EVs.
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