1388

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

Analysis and Performance Enhancement of
Wireless Power Transfer Systems With
Intended Metallic Objects

Hui Wen Rebecca Liang

Abstract—While detection of foreign or unintended metallic
objects is an important topic for wireless power transfer (WPT),
operation of WPT systems with intended metallic objects is largely
an unchartered territory. This article presents a methodology for
analyzing the effects of intended metallic object on a WPT system
through the study of the magnetic field distribution and the use
of a reduced-order equivalent model of the systems for compar-
ing the WPT system with and without the metallic object. The
methodology is applied to a metallic corona ring of low resistance
used with a WPT system. The analysis quantifies how an intended
metallic object could change the magnetic coupling between the
transmitter and receiver coils, and alter the equivalent resonant
tank parameters of the WPT system. Recompensation of the reso-
nant tank can only enhance the power transfer capability but not
the energy efficiency. The theory and practical verification of a
new performance-enhancement method based on a combination
of recompensating the resonant tanks and maximizing the equiv-
alent mutual inductance of the Tx and Rx coils is presented. Such
methodology provides a general approach to analyze WPT systems
with or without relay resonators in the presence of intended metallic
objects.

Index Terms—Metallic objects, wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) has already reached the
W commercialization stage in some applications, such as
industrial manufacturing facilities [1] and smart-phones [2], and
is currently being extended to medical implants [3] and electric
vehicles [4]. Recent research into various new WPT structures,
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Fig. 1.
tems [13].

Schematic of the wireless power transfer system for power sys-

such as wireless bearings [5] and ball-joints [6] structures, also
offer new opportunities to widen the WPT application scope.
Foreign metallic object detection (FoD) has been raised in
WPT industry as an important topic, particularly for wireless
charging pads for consumer electronics and electric vehicles.
FoD techniques proposed by the industry are primarily based
on the detection of the change of mutual coupling or power
difference between input and output [7]-[11]. The purpose of
such detection is to stop the wireless charging once foreign
objects are detected. However, operation of WPT systems with
intended metallic objects is largely not addressed in the existing
literature.

This article addresses anew research discipline of studying the
effects of intended metallic object in WPT systems. With the fast
emerging smart grid technology demanding more distributed
sensors to monitoring the power systems, one recent innovation
is the utilization of the domino WPT systems [ 12] in the form of a
high-voltage (HV) insulation rod (see Fig. 1) for powering online
monitoring systems mounted on the top of the HV transmission
towers [13]. With the use of a current transformer to harvest
energy from the magnetic field around the transmission cable,
HV insulation rods with coil-resonators embedded inside the
insulation discs (see Fig. 2) for WPT applications have been
proposed as a “weather-independent” stable power supply for the
monitoring system mounted on the HV transmission tower (see
Fig. 3). For a transmission voltage above 230kV, metallic corona
ring is usually used with the insulation rod to avoid corona dis-
charge. This corona ring is typically made of aluminum and is a
form of intended metallic object used with the HV insulation rod
with WPT capability. This article presents a new methodology of
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Fig. 2.

Corona ring JYH-250 and its position in an insulation string.
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systems on top of the HV transmission tower.

Use of insulation rods for WPT transfer to power online monitoring

analyzing the effects of the metallic objects through the study of
the magnetic distribution and the use of a reduced-order model.
The study focuses both on the power transfer capability and
system energy efficiency. The methodology can be applied to
WPT systems with or without relay resonators.

II. ANALYSIS OF WPT SYSTEM WITH INTENDED
METALLIC OBJECT

Fig. 3 illustrates the application concept, in which energy is
harvested from the transmitting end (1), then wirelessly trans-
ferred through the relay resonator embedded in the insulation
string to the receiving end (2). The corona ring JYH-250 used
in this study is made up of material Al-1050 with over 99%
aluminium and a relative magnetic permeability of 1.000022.
It can therefore be modeled as an inductor with inductance L~
in series with resistance R. In the initial study, we focus on
the transmitter coil and a receiver coil with the corona ring
placed in the middle (see Fig. 4). The analysis will be extended
to a multiple-coil system with relay resonators (included in
Appendix).

A finite-element simulation of the magnetic field distribution
in atwo-coil WPT system with and without the corona ring is first
conducted to highlight the problems introduced by the metallic
object. Fig. 5(a) and (b) shows the finite-element simulation
results using ANSYS Maxwell for a two-coil WPT system with
and without an aluminum corona ring. Tx and Rx stand for the
transmitter and receiver coils while C stands for the corona
ring. It can be observed that the magnetic field distribution is
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Fig. 5. Finite-element simulation of a two coil system (a) without ring (TR
system) and (b) with ring (TCR system).

(© (d)

Fig.6. TCR system. (a) Original system. (b) Equivalent reduced-order model.
(c) Positioning and distance of coils and ring. (d) Hardware setup.

obviously affected by the metallic ring. By comparing the two
diagrams, it can be observed that the magnetic field induced
around the Rx coil is weaker with the metallic ring than without
the metallic ring. It is therefore necessary to quantify this effect.

A. System Description

To understand how corona rings affect system performance
when it is included in a domino WPT system, we must first
understand how it affects a two-coil system. Considering a
2-coil transmitter—receiver (TR) system such as the one shown
in Fig. 6(a) by ignoring the ring C in between transmitter Tx
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and receiver Rx, the impedance matrix can be expressed as
(1), where Zr = j(wLy — 54=) + Ry and Zg = j(wLgr —
ﬁ) + Rg. Lt and Lp refer to the transmitter and receiver
coil inductance, respectively. Cr and Cg are their correspond-

ing compensation capacitance according to (wLp — ﬁ) =

(wLp — ﬁ) for maximum power transfer capability [14].

R and Ry, are the respective parasitic resistances, Ry, the load
resistance, and M g is the mutual inductance between the two
coils. w = 27f, where f stands for the operating frequency

Zr JwMrr

. - (D
JwMrr Zrp+ Rp

Zrr =

This 2 x 2 matrix is useful in determining the characteristics
of a two-coil WPT system. For any given input voltage Vi,
the phasor currents It and Ig in Tx and Rx could be found by
performing simple matrix calculation

Vin | _ It
[0]—ZTRx{IR : 2)
The system energy efficiency of a TR system can be expressed
as

. PO - IRZRL
~ Po+Pr+Pr  Ip*Rr +Ig*(Rr + Rp)
R

-— . 3)
(ﬁ) Rr+Rr+ Rp

Nrr

Po = IR*Ry, is the output power, Pr = It*Ry and Pp =
Ir?Rp, are the power loss caused by the coil resistors R and
Rp. It can be seen from (3) that the ratio of rms currents I7/Ip
is very important in the efficiency of system.

In the case where a corona ring is added in between Tx
and Rx like in Fig. 6(a), the impedance matrix turns into a
3 x 3 matrix as in (4), where Z1 and Zp are as mentioned
before and Z¢ = jwLc + Re. Lo and R stand for the corona
ring inductance and series resistance while M ¢ and M ¢ are
the mutual inductance between the ring and Lp or Lr. The
system characteristics are described by (5). It and Ig’ both
have apostrophes to distinguish them from It and Ig in the
matrix shown in (2) since different results are expected due to
the interference of corona ring

Zr JjwMrc  jwMrr
Zrcr = |jwMrc Zc JjwMpc (€]
JjwMrr jwMprc Zr+ RL
Vin It
0 = ZTCR X IC . (5)
0 Ir’

Efficiency for this transmitter-corona ring-receiver (TCR)
system can be written as

Po
Po + Pr+ Pr+ Pc
_ IR”Ry,
~ Ip"2Rp + Ir"(Rr + Rr) + Ic*Re

Nrcr =
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TABLE I
SYSTEM PARAMETERS FOR A 2-COIL SYSTEM WITH/WITHOUT CORONA RING

Coil and ring specifications

Transmitter (Tx) Corona Ring Receiver (Rx)
Ly 48.6 pH L 341 nH Ly 48.6 pH
Cr 52.2nF Cr 52.2 nF
Rr 170 mQ ke 2ma Re 170 mQ
Before ring insertion
(without corona rin&)
Distances between coils (mm)
drr 150
Mutual inductance M,; (nH)
My 3.09
After ring insertion
(with corona ring)
Distances between coils and ring (mm)
dre 100 ‘ dre 50
Mutual inductance M,; (nH)
M 3.09
Mrc 0.59 ‘ Mz 1.38
_ Ry 6
 (15)’Ry + Rr + R+ (45)°Re ©
TR TR

where Po = I2Ryis the output power, Pr = I7'> Ry, Pr =
Ir?Rp,and Po = Io% R are the power loss caused by the coil
resistors R and Rp, and the ring resistance R ¢.

The system parameters are listed in Table I with and without
the metallic ring. Both Tx and Rx coils are identical and com-
pensated at 100 kHz (Cr = Cr = 52.2 nF). The corona ring
is modeled using the parameters obtained by ANSYS Maxwell,
Lc=341nH and R = 2 m(). In the case without ring, distance
drr between the two coils Tx and Rx is 150 mm, which is equal
to drc + dre. Distances drr, dpe, and dio are depicted in
Fig. 6(c).

B. System Analysis via the Reduced-Order Equivalent Model

A reduced-order model is introduced here to aid in the com-
parison of the two systems with and without the metallic ring.
First, the input impedance of the TR system can be found by
dividing the input voltage by input current Zj,tr = Vin/IT,
which results in

(,«.}2]\471}32

Zintr = Zr + i,
T Zr v Ry

(7

Solving for Vin/It from (5), the new input impedance for a
TCR system Z;,,tcr could be arranged in a similar fashion

, 2
w?(Mrg — joirghnc)

Zp+ Mac” 4 Ry

w2 Mpe?

Zin =7
TCR T+ Zc

®)
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Observing the above equation, the matrix in (4) can easily be
rearranged as the reduced-order model

ZTCRfeq

7y — UwMrc)® jwMrcjwMpc

_ Zo
]WMTR _ JWMT%éWMRO ZR

JwMrp — =
(jwMpc)®
_ Y Z(J;?C + RL
9
It can be seen that the effect of the ring can be mapped onto Z .,
Zr, and mutual inductance M rg. Substituting Z7 = j(wLy —

o&7) + R, Zp = j(wLr — &) + Rg, and Zo = jwlc
into the above matrix gives the following result:

ZTCR_eq

jwMrg'+ Rrr'
jwLr' — 5&=) + R’ + Ry,
(10)

JwLy' — ﬁ) + Ry
jwMrr'+ Rrr'

where LT/ L R/, R T/, and R R’ denote, respectively the equivalent
Tx and Rx coil inductances and parasitic resistances after a
corona ring is placed in the system. While M " stands for their
equivalent mutual inductance, RTR' is an introduced parameter
to indicate that the equivalent induced voltage on Tx (Rx)
contains a part that is in phase with the Rx (Tx) current. These
parameters are derived as

Mrc? 1 Mrc?
Ly =Ly — . ~ — 11
T T Lo 111/02° T To (11)
Mpc? 1 Mpc?
Lrp' =Lgp— . ~ Lgr— 12
R R Ie 131/Q0° R To (12)
MrcMgco 1
Mrr' = My — .
TR TR LC 1+ 1/QC2
MrcM
~ Mpp — HTCHPRC (13)
Le
Mrc*R 1 Mrc®R
Ry’ = Rr+ TCQC- QQRTﬂ-LQC
Lo 1+1/Q¢ L¢
(14)
Mgpc®R 1 Mgc*R
Rr' = Rp+ RCQC- 2%RFH-L2C
Lo 1+1/QC L¢e
(15)
Rl — MpcMrcRo 1 _ MrcMgpcRce
T Lc? 14+ 1/Qc? Lc?
(16)

where Q- = wLo/Re. Note that Qo>>1 for the case with
metal ring and thus, WlQCZ ~1. The corresponding current

and voltage matrix can be modified as
% It/
|: (I)N:| —_ ZTCR,eC[ X |:IF’I;,:| .

This reduced-order (2 x 2) equivalent model is mathemati-
cally identical to that represented by the original 3 x 3 matrix
in (4) and (5). Direct comparison of the system matrix elements

a7
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TABLE II
REDUCED-ORDER EQUIVALENT MODEL PARAMETERS
FOR A 2-COIL, 1-RING SYSTEM

Self-inductance Ly (nH)

Ly’ (Ty) 47.58 uH Lx’ (Ry) 43.02 pH
Cr (brc*): 52.2 nF
Cy’ (arc**): 47.2 nF Cr 322 nF
Ry’ 176 mQ Ry’ 202.8 mQ

Distances between coils and ring (mm)
drr 150

Mutual inductance Mg’ and factor Rrgr’

My’ 0.712 uH
RTR’ 14 mQ

“b.re: before recompensation.
**a.rc: after recompensation.

in (1) without the metallic ring, and those in (10)—(16) with
the metallic ring can therefore provide important information to
quantify the effects of the metallic ring on the WPT system.

Several important concluding remarks can be made as follows.

1) Equations (11) and (12) indicate that the equivalent self-
inductance of the transmitter coil and receiver coil are re-
duced by factors depending on their respective mutual cou-
pling coefficients with the corona ring (Mr¢c and M o)
and the self-inductance of the corona ring (L¢).

2) The mutual inductance between the transmitter and re-
ceiver coil in (13) is reduced by a term depending on L¢
and the product of Mrc and Mpc.

3) As energy efficiency is proportional to the product of the
mutual coupling coefficient and the quality factors of the
windings, (13) quantifies how the presence of the metallic
object could affect the distribution of the magnetic field
and provides the measure of the reduction of the mutual
coupling coefficient.

4) Minimizing the negative term in (13) can mitigate the
negative effects of the intended metallic object on energy
efficiency.

5) Equations (14) and (15) show that the equivalent resis-
tances of the transmitter and receiver coils are increased
by factors depending on the coupling coefficients with the
corona ring (Mr¢c and M), the self-inductance of the
coronaring (L), and the series resistance of the ring (R ¢).

6) The increase in equivalent R 7 and R i results in additional
power loss.

7) The equivalent induced voltage on transmitter (receiver)
coil has an additional component that is in phase with the
receiver (transmitter) current and scaled by the factor in
(16).

The equivalent parameters calculated according to (11)—(16)
for the circuit parameters in Table I are presented in Table II.
Note that L, is reduced more significantly when compared to L -
due to the smaller distance (and thus, higher mutual inductance
MR ) in between the receiver and the ring. The increase in R 7 is
much smaller when compared to R i for the same reason. Mutual
inductance drops to Mg = 0.712 pH, which is only 23% of
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its original M rr = 3.09 pH in the TR system. Moreover, since
lwM R | > >R7R, the effect of Rrg is neglected in all the
following analyses.

Next, to find the optimal operating frequency for maximum
efficiency in a TR system, one can search the condition to
maximize the current gain Ip/I 7 in (3)

In _ W CrMrr .a8)
It Jw?CrLr — 1) + WCR(RR + RL)

The condition for maximizing Ir/I7 in (3) can be obtained
by differentiating (18) with respect to w and then, equating it to
zero so as to determine the optimal operating frequency as

Wopt_TR _ 1
2m QW\/LRCR—CRz(RL+RR)2/2
19)
For TCR systems, equations like the above can be written
in the same fashion but replacing Lr with LR', Ry with R R’,

and M i with M TR/. Note that the efficiency in (6) can first be
rearranged as the following with R neglected:

Po _ Ir”Ry
Po + PT/ + PR, - ITIQRT, + IR/Q(RR/ + RL)

= L (20)

(§gi)2RT'+RR’ + Ry

f opt_TR —

TITCR_eq ~

The I}, /1], ratio above can be obtained as (21) and the new
optimal operating frequency as (22) in the following:

’ 2 /
% ~ w CrMrr @1
T S CrLy — 1) + WCr(RR + Ry))
1
fopthCR ~ (22)

QW\/LR/CR — CR2(RL + RR/)2/2

Note that the operating frequency for the maximum efficiency
is merely dependent on the secondary-side compensation and in-
dependent of primary-side compensation, regardless of whether
the system is interfered by the metal ring or not.

Comparing (18)—(22) leads to the following important
remarks.

1) Equation (20) indicates that it is necessary to minimize
the ratio of I /I}; or to maximize I}, /I}. in (21) in order
to maximize the energy efficiency in a WPT system with
intended metallic object.

2) Minimizing R and R canincrease the energy efficiency
in a WPT system with intended metallic object according
to (20).

3) The metallic object will cause the maximum efficiency to
occur at a higher operating frequency (i.e., fopt_TCcR >
Jopt_Tr) due to the smaller equivalent self-inductance of
the receiver coil as reflected from a comparison of (19)
and (22).

4) The change of the optimal operating frequency by the
metallic object will affect the power transfer capability
unless the system is recompensated.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

5) Equation (21) shows that to maximize I}, /I’ for maxi-
mum energy efficiency is to maximize M., if the receiver
parameters do not change.

III. PERFORMANCE ENHANCEMENT FOR SYSTEM WITH
INTENDED METALLIC OBJECT

This section presents a new twofold performance-
enhancement methodology based on the combination of
recompensating the resonant circuit and redesigning the
transmitter coil for WPT system with intended metallic object.

A. Recompensation of C: Reshaping Power Capability

The reduced-order model based on (10)—(16) reflects the
effects of metallic ring on the modified self- and mutual
inductances of the coils. This problem is simplified to the
compensation of a simple 2-coil system. The TCR system
needs to be recompensated with new transmitter-side capacitor
CT so that (Wopt_TCRLT/ — m) = (wopt_TCRLR, —

1 . . !
m) The recompensation capacitance, denoted as Cr,
is derived as

Cr

Cr' = )
4 Cr(L7" — LR wopt_Tcr? + 1

(23)

The recompensation of the resonant circuit reduces the
impedance of the power flow path, and therefore, will enhance
the power flow capacity at the new operating (maximum ef-
ficiency) frequency fopt_Tcr. The capacitor re-compensated
according to (23) for the system in Tables I and II is listed in
Table II.

B. Redesigning Transmitter Size to Maintain High M rr Value

Recompensation of C illustrated previously only improves
the power transfer capability. But the energy efficiency can be
further and significantly improved by redesigning the transmitter
coil by minimizing the reduction of M., in (13). The reduction
of energy efficiency caused by the metallic ring depends highly
on the parameter M TR/. Notice that although the increase in
R7 and Rp puts on additional power loss, the effect of both
these parameters on efficiency are outweighed by the decreased
I /17 ratio in the case with metal ring. The study in this article,
therefore, focuses on the improvement of M TR/.

Since all receiver-side parameters {L R/, Cr,Rr.Mgrc,drc}
are kept fixed, the optimal frequency f,p¢ rcr in (22) will not
change if M TR' is changed. Equation (21) further states that the
ratio of rms currents I /I 7 is proportional to Mg’

Iz

- X MT R/ (24)

It
since { fopt Tcr, Lr',Cr, R, Ry} are fixed variables. Next,
substituting (21) into (20), the energy efficiency is merely depen-
dent on M TR/Z/ R, in which, the effect of M TR/ is significant
due to its square function. Maximizing M r  will increase the
energy efficiency.
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(b)

Fig. 7. Indication of ring and transmitter radius. (a) Ring outer radius royt,
inner radius riy, and average radius rayg. (b) Transmitter with same radius as
rin. (c) Transmitter with radius 0.7 times that of rjy,.

A/MTR

0 20 40 60 80 100 120
drc (mm)

Fig. 8. Variations of the mutual inductance reduction term with dr¢ for a
range of dimension ratio X.

Rearranging (13) as

A
Mrr' =M 1-
TR TR( MTR>

where A = MpcMpe/Le. From (25), there are two ways to
increase M R’ .

1) Increase M p.

2) Lower the ratio A/Mpp, which is an indication of the
amount of drop on M rr due to ring insertion. A small
ratio implies that the equivalent mutual coupling is less
affected by the ring.

In the study mentioned in this article, we discover that energy
efficiency in a WPT system with intended metallic object can
be enhanced through increasing M7, by:

1) reducing the transmission distance drg in order to in-

crease MrR;

2) redesigning the dimension ratio of the transmitter coil and
metallic ring away from unity in order to reduce Mr ¢ in
A.

On the surface, shortening the distance drr between the Tx
coil and Rx coil will reduce dpc which may increase Mpo
and become detrimental to the energy efficiency. However, this
issue can be avoided by redesigning the transmitter coil with a
dimension different from that of the metallic ring. Let the ratio
of the diameters of the transmitter coil and the corona ring be X.
An example of a coil with a ratio X = 0.7 is shown in Fig. 7.

Fig. 8 shows the theoretical results of how the ratio A/ Mrp
changes with the distance d ¢ from 0-110 mm while dr¢ is
kept constant at 50 mm for a TCR system for a range of X
from 0.6 to 1.5. All other system parameters are the same as the
examples in Table II. X = 0.7 means that the transmitter coil

(25)
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MTR'

MTR' (uH)

0 20 40 60 80 100 120
d1C(mm)

Fig. 9. Variations of the equivalent mutual inductance with d7¢ for a range
of dimension ratio X.

diameter is 0.7 times the ring inner diameter (7, ). The example
used in the previous sections are when X ~ 1; its curve is in
solid dark green in the charts. For the ring used in the article,
Fig. 2(a), r; = 10.25cm, the ring’s outer radius 7oy ~1.2r,
and average radius raye = (Fout+7in)/2 = 1.1ri,. From Fig. 8, it
can be observed that as X departs from unity and dp < decreases,
the negative reduction term of the equivalent mutual inductance
in (13) decreases too. For example, when X = 0.7, the mutual
inductance reduction term is reduced to 0.7 for a d ¢ of 20 mm.
Fig. 9 shows the corresponding equivalent mutual inductance of
the WPT system with the metallic ring. Comparing the cases of
X=07and X =1.0 at dp¢c = 20mm, M’TR can be increased
from 0.85 to 1.7 uH.

IV. EXPERIMENTAL RESULTS

The scientific principles to enhance the performance of a WPT
system with intended metallic object can be summarized as: 1)
recompensating the resonant tank based on the reduced-order
model and 2) redesigning the transmission coil to maximize
the equivalent mutual inductance M7}, as explained in the
previous section. This section provides the experimental proof
of these principles. A hardware prototype is set up to evaluate
the theoretical predictions and practical measurements.

A. WPT TCR System

Fig. 6 shows the first hardware setup for a TCR system. Tx
and Rx coils are single-layered 11-turn winding with coil radius
= 10cm. The corona ring in the setup is the JYH-250 shown
in Fig. 2 with r;, of 10.25 cm and outer radius 7,4 of approxi-
mately 12.3 cm. Fig. 10 shows the energy efficiency and power
transfer capability of the original 2-coil system measured under
VIN pk-pk = 5V without the metallic ring with the following
parameters: drrp = 150 mm. Maximum energy efficiency of
about 80% occurs at about 100 kHz at which over 4 W of power
can be transferred.

Then, a corona ring is inserted between the Tx and Rx coils
with dpe = 100 mm and dgc = 50 mm. Fig. 11(a) shows the
corresponding energy efficiency and power transfer capability.
It is noted that the maximum energy efficiency has shifted from
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Fig. 10. Theoretical and measured efficiency and power plots of a two-coil
system without corona ring (TR system). Circuit parameters: Ly = L =
48.6 uH, M7 = 3.09 uH, C7 = Cr = 52.2 nF, fopt_TR = 100 kHz.
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Fig. 11. Theoretical and measured efficiency and power plots of a two-coil
system with corona ring (TCR system). Circuit parameters: L7 = Lrp =
48.6 pH (L7 = 47.58 puH, Lp' = 43.02), Lg = 341 nH, Mg = 3.09
pH (M7g = 712 nH), M = 0.59 pH, Mpc = 1.38 pH, Cp = 52.2 nF,
Ry =170m$, Ry = 170 mQ (Ry =176 mQ, R’ = 202.8 m), fopr TR =
106.3 kHz and transmitter compensated capacitors are (a) not recompensated:
C7 = 52.2 nF and (b) recompensated: CT/ =47.2nF

100 kHz to about 106 kHz and is reduced from 80% to 45%.
Also, the power transfer is reduced significantly from over 4 W to
less than 0.1 W. The frequency shift of the maximum efficiency
point is expected from (22).

After recompensating the resonant tank at the new optimal
frequency of 106 kHz, Fig. 11(b) shows the modified energy
efficiency and power transfer capability plots. It is interesting
to note that the maximum energy efficiency remains at 45% as
predicted, but the power transfer can be higher than 5 W. Figs. 12
and 13 shows the in/output current and voltage waveforms before
and after recompensation at 100 and 106 kHz.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

@ (b)
Fig. 12.  Waveforms of a two-coil TCR system without recompensation and
load resistance of 0.5 €. (a) 100 kHz [CHI1: 5 V/div, CH2: 10 A/div, CH3:

500 mV/div, CH4: 2 A/div]. (b) 106 kHz [CH1: 5 V/div, CH2: 2 A/div, CH3:
500 mV/div, CH4: 1 A/div].
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Fig. 13.  Waveforms of a two-coil TCR system after recompensation and load
resistance of 0.5 . (a) f = 100 kHz [CHI1: 5 V/div, CH2: 1 A/div, CH3:
100 mV/div, CH4: 200 mA/div]. (b) 106 kHz [CH1: 5 V/div, CH2: 5 A/div,
CH3:2 V/div, CH4: 5 A/div].
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Fig. 14. Theoretical and measured efficiency and power plots of a two-coil
system with corona ring (TCR system). Circuit parameters: L7 = 30 uH, Lr
=48.6 uH (L7 = 269 uH, L = 42.9), L¢ = 341 nH, Mg = 6.0 uH
Mpg =18 pH), Mpe = 1.0 uH, Mpe = 1.4 pH, Cr = 843 nF, Cp =
522 nF, Ry = 140 mQ, Rp = 170 mQ (R7 = 157 mS, Rr' = 202.8 mQ),
Jopt_Tcr = 106.4 kHz.

To further increase the energy efficiency, we choose a new Tx
coil with X = 0.7 for demonstration of the proposed principles.
The test conditions are: X = 0.7, dpc = 20mm and dog = 50
mm. The energy efficiency and power transfer capability plots
are shown in Fig. 14. The energy efficiency can now be raised
to over 70% and the power transfer capability is about 6 W.

B. WPT System TCR System With a Relay Coil-Resonator

A set of experiments have also been conducted for a three-coil
system with and without corona ring, positioned as shown in
Fig. 15. The relay coil is designed with inductance Lrc = 48.6
1H and compensated with Crc = 52.2 nF at 100 kHz. Other
circuit parameters are listed in the caption of Fig. 16.
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Fig. 15.  (a) Arrangement of a TCR system with a relay coil-resonator and its
(b) hardware setup.
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Fig. 16. Simulated and measured efficiency and power plots of a three coil
system without corona ring. Circuit parameters: LT = Lrc = Lrc = 48.6
pH, M7r = 1.09 pH, Mpc-p = 6.52 utH, Mpc-7 =3.09 uH, C7 = Cp =
Crc =522nF
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Fig. 17. Simulated and measured efficiency and power plots of a three
coil system with corona ring between the Tx and the relay coil. Circuit pa-
rameters: Ly = Lro = Lg = 48.6 puH (L7 = 47.7 pH, Lpc = 424,
Lp = 482), Lc = 341 nH, Mrp = 1.09 pH, Mrc = 0.57 pH, Mpc
= 0.36 uH, M. ¢ (mutual between relay and ring) = 1.45 uH, Mrc-Rr
= 6.52 pH, Mrc-7 = 3.09 pH, Cr = Crc = 52.2 nF and transmitter
capacitance (a) not recompensated Cr = 52.2 nF and (b) recompensated
Cy =481F.
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Fig. 16 shows the efficiency and power for the 3-coil system
without the ring. Maximum efficiency occurs in the vicinity of
100kHz, which is the resonant frequency of the three coils. With
the insertion of the ring, the maximum efficiency frequency is
shifted to approximately 106.9 kHz, as shown in Fig. 17(a). This
frequency is the equivalent resonant frequency of the relay coil

1/(2m\/ Lrc'Cre) instead of the receiver equivalent resonant
frequency 1/(2m\/Lg'CR), calculated as 100.3 kHz. Further-
more, to “shift” the power curves, the transmitter capacitance is
recompensated with C 7 =48 nF, resulting in the performance
shown in Fig. 17(b).

After extending the analysis and verification to a WPT
system with relay coil-resonator, the theory can be gener-
alized to analyzed WPT systems with multiple relay coil-
resonators. Such theory and design guidelines are included in the
Appendix.

V. CONCLUSION

This article explores the largely unchartered research area
of WPT systems in which the presence of intended metallic
object is inevitable. Such metallic objects increase the system
matrix by one order. By reducing such matrices by one order
mathematically to form a reduced-order model and comparing it
with the original matrix without the metallic object, the effects of
the metallic object can be theoretically quantified. The analysis
indicates that the reduction of energy efficiency and power
transfer capability caused by the metallic object of low resistance
is due more to the redistribution of the magnetic field that de-
creases the mutual coupling between the transmitter and receiver
coils than to the conduction loss in the metallic object. Such
effects are reflected in the reduction of effective mutual coupling
between the transmitter and receiver coils. Due to changes in the
equivalent system parameters, the optimal operating frequency
for maximizing energy efficiency and power transfer capability
is also shifted by the metallic object.

The analysis leads to new engineering principles for enhanc-
ing the performance of a WPT system with intended metallic
object of low resistance. The twofold principles involve the
combined use of: 1) recompensating the resonant circuit to the
shifted resonant frequency, and 2) redesigning the transmitter
coil to maximize the equivalent mutual inductance between the
transmitter and receiver coils. While the reduced-order model
provides information for the new compensation capacitor for
the resonant circuit, the equivalent mutual inductance between
the transmitter coil and receiver coil (M}, ) can be maximized
by shortening the distance between the transmitter and receiver
coils and simultaneously selecting a dimension ratio X (i.e.,
a ratio of the diameter of the transmitter and metallic object)
away from unity in order to reduce the mutual coupling of the
transmitter and the metallic object. The novel methodology has
been successfully applied to WPT systems with and without
relay resonators. The theory has been extended to WPT systems
with N relay resonators and the extended theory is included in
the Appendix.
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APPENDIX

In this appendix, the analysis and recompensation methodol-
ogy are generalized to N-coil systems. Reduced-order model is
provided for both 1-ring and 2-ring systems in Section A and a
compensation methodology is provided in Section B.

A. Reduced-Order Models

Fig. 3 shows an N-coil WPT system with two corona rings,
whose self-inductances are denoted as L¢q and Loo. My o

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

the case with HV insulation strings on HV transmission towers.
Note that in the following analyses, R ¢ is considered as zero for
simplicity.

When there is only one ring in the system, in which we
consider only the corona ring near Tx, the system characteristics
can be described with the matrix expression in (26), shown at
the bottom of this page. The reduced-order model matrix for this
1-ring, N-coil system is found to be (27), shown at the bottom
of this page, in which

. . 2
(M. o) will later be used to denote the mutual inductance L — 1, My for di lel
= — , t 29
between the kth coil and Ly (Lo2). One ring is placed between ok Rk o dlagonal elements (29
Tx (transmitter coil) and the first repeater; the other ring is
between Rx (receiver coil, which'is the Nth coil in the string) and Mkj/ = My, — MkCleCl’ for any k # j. (30)
the last repeater (the (N—1)th coil). This is used to demonstrate Lea
[j(Wli — 567) 1
+Ry JwMict JwMiz JwMy(n-1) JwMin
[Vin ] JwMic1 JjwLc JwMac JwM(n-1c1 JwMnci [ ]
0 JwMi JwMoct  j(wLs — %02) Ic
0 +Ry = JwMsy(n-1) JwMan I, 26)
0 JwMyn-1) jwMN-nc1 jwMyn-1) -+ JWwLn-1— g5—) . Iin-1)
L 0 ] +RN1 JwM(N-_1N In
JwuMin JwMnct JwMan jwMn_1yny  J(wLy — ﬁ)
L +Ry + Rp |
v (Wl = 5&7) + R jwMy' JwMy(n_1y’ JwMy' /
(I)N jlegl j(ngl — %Cz) + RQ e jWM2(N71), jWMQN, I;
(.) jWMl(Nfl)/ jwMQ(Nfl)’ oo j(wLN_ll - #N—l) + RN_l jWM(Nfl)N, I ’
. M ! . M ! .. . M ! . L !/ _ 1 (Nil)
0 Jwiii N JwiiaN JWM(N-1)N Jj(wLn ch) In
L +Ry + Ry,
(27)
Vi
0
0
0
0
L O -
(WL — o) ]
+R JwMic1 JwMia JwMy(N-1) JwMico JwMin S
JwMic1 JwLc JwMac ) jWM(N—l)Cl JwMcic2 JwMnc I !
JwMiz jwMacr  j(wls — %02) + Ry - JwMa(n-1) JwMaco JwMan 101
2
JuMin_1y JwMN_1)c1 JwMa(n_1) - JWwLn-1 — ﬁm) I '
. . (N-1)
+RN-1 JwMin-1c2 JwMnn-1)N Ies
JwMica JwMcic2 JwMaca JwM(Nn_1)c2 JwLca JwMnc2 In
JwMin JwMnc JjwMan JwM(n-1)N JwMnc2  j(wLy — ﬁ) - B
L +Ry + Rp,
(28)
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Similarly, a 2-ring, N-coil system can be described using the
matrix expression in (28), shown at the bottom of previous page.
To obtain its reduced-order model, L o- and all its related mutual
inductance M) oo need to be rewritten as

M 2
Loy = Loy =~ 31)
c1
My.c1 M,
Myco' = Mico — 7]662 2 (32)
c1

The equivalent model of the whole system is then obtained
also as in (27), but with equivalent self- and mutual inductance
parameters derived as

2 2
Myc1” Mo

Ly = Ly, — — , for diagonal elements
Lca Leo
(33)
Myc1 M; Moo’ Moo’
Mkj/ _ Mkj - kC1V5C1 kC2 /]CQ ,fOl" any k 75 j

Lc Lo

(34

Simulations have been carried out to prove the above reduced-

order models to be correct. Notice how the equations follow the

same patterns as in the two-coil system, enabling this model to
be further extended to multiple ring systems.

B. Recompensation

In practical domino systems utilized in HV insulators, in-
ductors and capacitors are embedded in insulation discs and
then assembled into a string. Corona rings are then added to the
sides of the string. The whole system is fixed at this stage and
the only remaining variables for adjustment are the Tx and Rx
compensation capacitors and load resistor. Therefore, we can
assume all coil inductance, repeater compensation capacitance,
and distances between any two coils to be fixed. There are some
important factors that have been observed and will become the
basis of transmitter and receiver capacitor compensation later.

1) Efficiency is dependent on compensation capacitor C for

the receiver Rx (last coil in system), but independent of Cy
for the transmitter Tx (first coil). For any Cy;, efficiency
varies with different operating frequencies and load re-
sistances Ry . Efficiency of the system can be expressed
as

n={Cn, R, f}.

Every Cy corresponds to an optimal efficiency 7op¢ at
different frequencies f,p¢ and loads Ryopt. The value of
Nopt 18 different for different Cy

Tlopt = {CN7 RLopt7 fopt}~

Output power is dependent on both Cy and C;. Similar to
efficiency, it can be expressed as

Po ={C1,Cn,Ryr, f}.

For a fixed set of Cy, Ry, and f, there exists a value of Cy

that results in the maximum output power Popax-
These principles apply for any domino system with or without
corona ring. Due to the independency of efficiency on Cy, it

(35)

(36)

(37)

NO

Reaches a

Adjust G .
J N maximum 7oy, 2

Adjust C,
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NO

Reaches a
maximum Pq?

Compensation
completed

Fig. 18.  Suggested compensation procedure for domino WPT systems.

is better to compensate Cy before C; for domino systems.
A diagram of suggested compensation procedures for domino
WPT system with fixed resonator parameters is shown in Fig. 18.
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