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Abstract—Wireless power transfer (WPT) enables contactless
power transfer from the power supply side coil (7)) to the
receiver side coil (R,), which has a wide range of applications.
However, for a horizontally randomly moving R, high power
transfer efficiency (PTE) cannot be guaranteed as the relative
distance between 7, and R, affects the value of PTE. In this
paper, we designed a 4-layer 7, array with R, tracking algorithm
to track the position of R, and activate the 7, at that position
in the array. Therefore, the maximal and stable PTE could be
achieved for a freely moving R,, which has been demonstrated
in simulation experiments.

Index Terms—moving R., PTE, R, tracking algorithm, T,
array, WPT

I. INTRODUCTION

Inductive WPT is a contactless power transfer technique
through the mutual inductance of two coils, which is widely
used in medical and industrial applications [1]. As shown in
Fig. 1, a simple WPT system consists of a T, coil as the power
supply side and an R, coil as the power receiver side. The
equivalent circuit of the coil could be expressed by Fig. 2(b)
[1]. The inductance of these two coils are indicated as L
and Lo respectively, and the series loss of these two coils are
resistors 27 and Ro respectively. The parasitic capacitance
of both 7T, and R, could be neglected when the working
frequency of WPT is much lower than the self-resonant
frequency of 7, and R, [1] [2]. Series capacitors C; and
C5 are used to realize resonance in the primary circuit and
secondary circuit respectively. M is the mutual inductance
coefficient. V;;,, is the input voltage and Z,,; is the load.
Power is transferred from the power supply to the load through
mutual inductance of two coils.

In a dynamic WPT system, R, is free to move on the
horizontal plane. However, with a suitable load, PTE has strict
requirements on the relative geometrical position of 7, and
R.. As shown in Fig. 2(a), the vertical distance between T,
and R, is D and the lateral distance between T}, and R, is A
[1]. Under suitable and fixed D, the smaller the A, the higher
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the PTE [1] [3] [4] [5]. Under this condition, for a horizontally
moving R,, when T, is fixed, PTE decreases as R, moving
away from T, (A increases).
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Fig. 1. WPT model.

To achieve maximal and stable PTE in the dynamic WPT
system, we designed a T, array system with a R, tracking
algorithm which could obtain the real-time location of moving
R, and activate the closest T}, coil in the T, array. A maximal
and stable PTE could be achieved in the dynamic WPT system
by always keeping minimal A (with suitable D), which could
realize stable wireless charging for moving devices.
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(a) Link model between two coils.  (b) Equivalent circuit for PCB coil.

Fig. 2. Coil modelling.

II. METHODOLOGY
A. Square Coil

PCB square coil was used in T, array design. Fig. 3(a)
shows the geometry structure of the PCB square coil [6].
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It is a square coil formed by a spirally coiled wire. Some
important parameters are shown in Fig. 3(b) [1]. Fig. 2(b)
shows an equivalent circuit of PCB square coil, which includes
an inductor L with a series loss R and a parallel parasitic
capacitor C), between each track depending on the track
spacing s [1].
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(a) Geometry structure. (b) Coil parameters.

Fig. 3. Square PCB coil.

B. T, Array System

Fig. 4 shows the principle of the 7, array. Considering each
square as a PCB square T, spiral coil, R, (red square) moves
on T, array freely. With a suitable vertical distance D between
T, and R,, first a T}, is activated at (1,2)T which is located
exactly under R,. When R, moves away from (1,2)7 to
(2,1)T, a R, tracking algorithm could obtain the coordinates
of T, that R, is located on, and activate this T}, ((2,1)7).

Ty array T, array

R,
] 14,21 ©21

[0,0] [0,0]

Fig. 4. Working principle of square 7T, array.

R, tracking algorithm tracks R, by observing the change
of coupling factor k. k is defined as:

M

k= (1)
VLiLs
In Fig. 1, the PTE 7 equals to [7]:
_ Proaa _ (WOJ\4)2 Zout
P (Ry + Zow) { B (Rz + Zow ) + (woM)” }
2

Under resonant frequency wy, for a certain load, the PTE
achieves maximum when

3)

kopt =

where Q12 = % [7]. Therefore, we only need to find the

optimal k to achieve maximal PTE. k,,; could be obtained by

the geometry design of both T, and R, according to the load
impedance Z,,;. Fig. 5 shows that in Fig. 2(a), k¥ and PTE
have a similar downward trend as lateral distance A increases
from zero when k.o, < Kope, Which could be achieved by
setting a suitable fixed vertical distance D. In this case, the
position of R, is the T, coordinate that gives the maximal &
in T, array and this 7}, coordinate could provide the maximal
PTE.

A between T, and R, (cm) A between T, and R, (cm)

(a) k vs lateral distance A. (b) PTE vs lateral distance A.

Fig. 5. The relationship between k, PTE and A.

k in the topology described by Fig. 1 could be measured
by using reflected impedance Z,..y in the primary circuit:

(%" - Rl) (Ra + Zow )

Lngwg

k— \/Zref (RQ + Zout ) _ (4)

Lngwg

where Vm is the phase factor of input voltage and fl is the
phase factor of current in primary circuit.

However, a single layer T, array cannot generate a stable
k for moving R,. As shown in Fig. 6, if R, is located at the
junction of each T, coil (position 1, 2, 3), the coupling factor
k at these locations would drop to an extremely low value no
matter which coil is chosen. This is called weakly coupled
region. An additional layer of T, is added to compensate for
these areas, so that R, at locations 1, 2 and 3 are all located
in T, coil to provide a high coupling factor [8].

T, array T, array

Fig. 6. The location (1,2,3) of R, for low coupling factor k (weakly coupled
region) & k compensation by using an additional layer of 7.

A 4-layer square 7T, array system was designed which
covering all the compensation areas. Fig. 7 shows the design of
a 5x3 4-layer square 7T, array system. It contains four layers.
The first layer is a normal 3x3 T}, array. The second layer is
a 2x2 T, array and it compensates for the location type 1 in
Fig. 6. The third layer is a 1x3 T, array and it compensates for
the location type 3 in Fig. 6. The fourth layer is a 1x2 T}, array
and it compensates for the location type 2 in Fig. 6. A 5x3 4-
layer square 7T, array can be obtained by stacking these layers
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vertically in order. Hence, the magnetic field coverage is more
compact, which provides a more stable k£ for a moving R,. As
the T, coils in each layer also experience mutual inductance,
these T, coils capture the otherwise lost magnetic energy and
convert it into the induced current for secondary power transfer
to R, which played a focusing role to improve k.

L
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Layer4 (bottom)

Fig. 7. Each layer of 4-layer square 7, array system.

Fig. 8 illustrates a way to construct a coordinate system for
4-layer T, array, where 4 layers’ vertical structure shows that
the 4-layer T, array is formed by stacking these four layers
vertically. These four layers are represented by a different
colours. Extracting the centre of each square 7, coil, a
coordinate system could be obtained. Fig. 8 is a 5x5 4-layer
T, array system.
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Fig. 8. The coordinate system of 4-layer T}, array.
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C. R, Tracking Algorithm

As shown in Fig. 9, T, array could be considered as a black
box, where k is the output of the black box and the input of
the black box is the coordinate of 7}, in T} array. A discrete
negative feedback control system could be designed to obtain
the maximal £ by adjusting the coordinate of 7}, coil through
the deviation ratio between k,,; and k. Activating an arbitrary
T, coil and putting a R, onto this T, coil. Then detecting &k
with a suitable frequency and recording k¢ at initial time.
When R, moves away from initial 7}, coil, £ would decrease.
Then gain G could be calculated.

e G = round(g * (kop: — k)/kopt)

T, array

T. L ] Search the best direction
x xopt

Fig. 9. R, tracking algorithm (g is the amplification factor).
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Fig. 10. Optimal direction searching on a 4-layer square 77, array.

Fig. 10 shows the complete process of optimal direction
searching, where 4 layers vertical structure shows each layer
in a 4-layer square T, array. Firstly, a R, coil located at the
centre of T}, array with coordinate 7, = (z,y)". As R, moves
away from the current 7, and to the right, the algorithm will
try eight directions, centred on the current 7, coordinates
T, = (z,y)7, as the system is not able to determine the
position of R,. These directions are represented by vectors
(including remaining stationery):

1
1

()03 )(4 5)
(5)-(3)-(5)- (0 )(8) )

Then, an attempt in each direction gives a new T, coordinate
T.[i] where i =1 ~ 9.

dir =

T,[i] = Ty + G * dir[d] (6)

The algorithm measures k for each T, [i] and records them
as k[i]. Then finding an optimal 7 [¢] and updating a new T,
coordinate:

Te,,, = argmin ((kopt — kl[i]) /Kopt) @)
T 4]
Tw - Tmom (8)

New T, will be fed into T, array (black box) again to track
moving R,. This algorithm is performed by an external micro-
controller, and it is necessary to build effective communication
between the T, array system and the microcontroller.

III. RESULTS

The R, tracking algorithm was implemented into the Rasp-
berry Pi and simulated the 4-layer T, array using Simulink.
A connection was built between Simulink and Raspberry Pi.
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The Raspberry Pi acted as a feedback controller of T, array
which received k from the 4-layer T, array in Simulink and
then sent 7, coordinate back to it, as shown in Fig. 11.

Fig. 11. Raspberry Pi acted as a feedback controller.

T, and R, are all PCB square coil. TABLE I gives the
specification of 7T}, and R,, where we assumed these T}, coils
formed an unbounded 77, array. An initial coordinate of 7, was
set and then the R, was placed in the centre of initial 7). Then
R, was moving freely on 4-layer T, array. The moving speed
on X-axis was set as 0.01 ~ 0.02m/s; the moving speed
on Y-axis was set as (+)0.01 ~ 0.02m/s, which means R,
would move in a positive X-axis direction but up and down
direction randomly on Y-axis as shown in Fig. 12(d). g in
Fig. 9 was set as 3.2. Fig. 1 was the WPT topology in this
test and load was 3¢ working under resonant frequency. D
between T, and R, was 5cm.

TABLE I
COIL SPECIFICATION (7T, 1S ONE ELEMENT IN T3 ARRAY).

T Ry
do | 100 mm | 33.3 mm
d; 85 mm | 24.9 mm
w | 2.5 mm 1.2 mm
s 7.5 mm 0.8 mm
n 1 turn 2 turns

Fig. 12 shows the test results within 50 s. By implementing
R, tracking algorithm with 4-layer T, array, k£ could be
maintained around k,p; with a small variation (0.007) instead
of decrease to zero in the dynamic WPT system (Fig. 12(a)).
However, there exist extremely short periods of oscillations
in such a process which has been enlarged in Fig. 12(c)
(< 200ms). These were caused by the optimal direction
searching process as each T}, [i] was turned on to measure k
during the searching period. But due to the extremely short
direction searching time at a suitable k£ sampling frequency, the
periods of oscillations are also very short, which means that if
we connect a large capacitor in parallel at the load side, these
oscillations would hardly affect the normal operation of the
load. Fig. 12(b) shows that stable and maximal PTE could be
achieved in a dynamic WPT system by applying our method.

IV. CONCLUSION

To achieve maximal and stable PTE in dynamic WPT, a
4-layer T, array system with R, tracking algorithm has been
proposed to track randomly moving R,. We also discussed the
coupling factor stability advantages of 4-layer 7T, array system.
Meanwhile, the tolerance of short-period oscillations was also
illustrated. Through simulation experiments, we demonstrated
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Fig. 12. (a) k vs time within 50 s; (b) PTE vs time within 50s; (c) enlargement
of direction searching oscillation from 21s to 23's; (d) trajectory of moving
Rz within 50s (m).

that the R, tracking algorithm is effective, and the 4-layer
T, array can provide a stable coupling factor k (ignore
oscillations), thereby achieving stable and maximum PTE. The
size of T); array depends on the moving area of R,. For a small
moving area, the cost is acceptable. Overall, the combination
of 4-layer T array system and R, tracking algorithm could
provide a stable maximal PTE efficiently, which is a new
implementation for the power supply of moving load devices.
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