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Coupling Extraction and Maximum Efficiency
Tracking for Multiple Concurrent Transmitters
in Dynamic Wireless Charging

Do-Hyeon Kim

Abstract—We propose a fast maximum efficiency tracking,
which instantly optimizes all. TX coils’ currents using runtime-
extracted mutual inductances, for simultaneously activated mul-
tiple TXs whose output levels are different each other. For fast
control, we propose a theory to runtime extract all the mutual
inductances between multiple TXs and an RX. Here, one prereq-
uisite of extracting the values of mutual inductances is to acquire
its relative ratios between the mutual inductances. It is proposed
that the relative ratio can be obtained by reflected resistances and
coil currents of each TX, which are ac quantities but can easily be
measured using dc input property of LCC inverter. Using the ratio
information in conjunction with RX dc output, the exact values
of mutual inductances can be extracted. The aim of the proposed
method is to enable fast (no iteration) maximum efficiency tracking
for multiple TXs, which entails the optimization of the relative
ratios among TX currents, as well as the RX load optimization.
A 200-W RX moves at 10 km/h, and the controller can track the
optimum target TX currents in response to time-varying magnetic
couplings

Index Terms—Dynamic charging, inductive power transfer,
maximum efficiency point tracking (MEPT), wireless power
transfer.

1. INTRODUCTION

YNAMIC wireless power transfer allows the receiver to

move on the array of transmitter coils while seamless
charging is not interrupted. One of the viable applications is
wireless charging of automated guided vehicle (AGV) that
moves along the designated track in factory or warehouse. By
installing wireless charger on the track floor, the AGV can be
runtime charged at 24 h without parking and stopping for manual
charging. [1]-[7].
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Fig. 1. Two requirements for maximum efficiency tracking for multiple TXs.
The first requirement is the traditional optimum load impedance matching. The
second requirement is to adjust the ratio between TX coil currents to be equal to
the ratio between magnetic coupling, Irx 1 : ITx 2 : ITx N = My : M2 :
Mp.

Meanwhile, maximum efficiency point tracking (MEPT) is an
important research area of wireless power transfer community
[8]-[17]. Tt adjusts its TX coil current output such that the
impedance presented to RX coil is transformed to optimum
load resistance, which maximizes overall efficiency. The MEPT
enables the maximum possible efficiency for given parasitic and
coupling parameters of coils because the overall efficiency is
greatly affected by load impedance of RX coil.

Unfortunately, the MEPT technique is not well established
for multiple-transmitter dynamic charging environment due to
following reasons. Figs. 1 and 2 illustrate the requirements
of maximum efficiency tracking for multiple-TX system. In
addition to load impedance optimization of traditional single-TX
MEPT, multiple-TX coils should be simultaneously activated
with the relative ratio between TX coil currents being equal
to the relative ratio between mutual inductances, as discussed
in [18]-[20]. These are regarded as truly maximum efficiency
point for multiple-TX environment. Another requirement is
fast tracking speed in order to accommodate moving object,
which becomes more complicated in multiple-activated-TX
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Fig. 2. Efficiency and load impedance versus I7x 1 and I7x 2 when
M7:Mo = 2:1. Solid black contour is efficiency and red dotted contour is
Ry, that are resulted from I7x 1 and I7x o. Solid green line is the set
of (Itx 1, ITx,2) coordinates, where the current ratio matches the mutual
inductance ratio. Maximum efficiency tracking for multiple transmitters requires
the optimizations of both the current ratio and R7,. Parasitic resistance of coils
is 0.15 €2 and fixed output of 200 W.

environment because the system needs to track the ratio of
mutual inductances as well as the traditional optimum load
impedance.

The optimum load tracking developed so far can be clas-
sified into a few categories. The most widespread is perturb
and observe (P&O) tracking. This perturbs the effective load
impedance seen by RX coil into higher (lower) value and ob-
serves the variation of efficiency. If the efficiency is increased,
then the controller further increases (reduces) the effective load
impedance [14]-[16]. This method is simple and robust. How-
ever, its tracking speed is rather slow because it is based on
iteration process. The methods presented in [15] and [16] took
a few seconds for the controller to converge to the optimum
point. The method presented in [17] performs P&O for multiple
transmitters at the speed of several hundred milliseconds.

One of the solutions to address the low-speed issue is linear
control [11] for series resonant inverter with exact LC tuning
at switching frequency. It is discussed that the voltage transfer
gain from inverter input to receiver output has a certain value if
the system is at maximum efficiency point. If there is deviation
from maximum efficiency point, an error signal is developed.
The controller detects this error signal and performs PI control
such that the error is removed. Since this method does not iterate
over operating status, it is faster than the P&O method. However,
Huang et al. [11] cannot be applied to LCC inverter because the
voltage transfer gain from LCC inverter to receiver output is not
affected by the load impedance variations. In other words, the
error signal is not generated in LCC inverter even if the load
impedance is deviated from optimum. This is due to the fact

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

that the TX coil current of LCC inverter is constant regardless
of load. Similar problem exists for series LC inverter where
the resonant frequency of LC is designed to be detuned from
switching frequency. This method still shows 300-ms delay.

Another method of MEPT is to extract a mutual inductance
between TX and RX coils. If coupling parameter is known, the
MEPT can be performed fast. To this end, various methods of
estimating the mutual inductance have been investigated. The
methods presented in [21] and [22] sense impedance and voltage
and proved that accurate estimation is possible. The method
presented in [23] observes the transient waveform of TX coil
current to estimate mutual inductance. This method does not
require the information on receiver-side property. However, it
should directly sense the resonant coil current and analyze the
envelope variations of TX resonant current. This is complex,
and the runtime implementation of this scheme is in fact not
demonstrated. The method presented in [9] estimates the time-
varying coupling coefficient in two steps. First step estimates
initial coupling using the information on receiver output voltage
and transmitter input. Second step estimates the latest coupling
coefficient by observing the variation of duty cycle of TX-side
dc—dc converter. This is simple in terms of sensing because
the resonant currents of coils are not measured, instead the dc
voltages and the duty cycle information of dc—dc converter are
sufficient for control. Unfortunately, it took 100 ms for coupling
estimation and additional 500 ms for converging to maximum
efficiency point.

Among the various MEPT and coupling estimation methods
discussed above, very few can actually be applicable to dynamic
charging with multiple-activated-TX environment. Majority of
them are developed for single-TX system except [ 17]—the opti-
mization of relative ratio between TX currents is not considered,
which is essential in achieving the truly maximum efficiency
with multiple-TX coils, as shown in Fig. 1. In terms of speed,
they took at least several hundreds of milliseconds to converge.

Coupling parameter extraction is useful for high-speed maxi-
mum efficiency tracking but extraction for multiple-activated TX
coils has not been well studied. Simple extension of 1-TX esti-
mation method into multiple-TX scenario is not feasible because
there are ambiguities in the extracted couplings. In other words,
suppose that there are two TX coils with mutual inductances
of M7 and M5 and coil currents of I; and I, respectively. The
RX open-circuit voltage Voc is Voc = jwMi1; + jwMsls.
For a specific set of Voc and TX coil currents, there exist
many possible combinations of M; and M that satisfy the
abovementioned equation. The mutual inductances cannot be
uniquely determined.

In this article, the M7 and M values are uniquely determined
by finding another equation, which is the relative ratio between
M; and M,. We propose that the ratio of M; and Ms can be
extracted by multiplying the ratio of reflected resistance and
the ratio of TX coil current. Although these are ac quantities,
in the case of LCC inverter, these quantities can be inferred
by dc input voltage and current of LCC inverter. Using the
extracted mutual inductances, the controller not only optimizes
the load impedance but also optimizes the relative strength ratio
between TX coil currents (i.e., ITX,l : ITX,Q : ITX,N =M :
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Fig. 4. (a) Combinations of M and Ms, which are obtainable by the fun-
damental mutual inductance equation. For multiple transmitters, the mutual
inductance equation cannot uniquely estimate the multiple mutual inductances.
(b) Extracting the ratio between M1 and M3 is proposed in Section II-B, in order
to uniquely determine an (M1, M2) point.

My : Ms). The control is based on the runtime coupling extrac-
tion, hence obviates the necessity of perturbation and observe
or iterations. This enables fast MEPT for multiple transmitters.
The developed method is applied to automatic guided vehicle
application for warehouse or factory at 10 km/h speed.

II. RUNTIME EXTRACTION OF TX-RX COUPLING FOR
MULTIPLE TRANSMITTERS

A. Bottleneck of Mutual Inductance Extraction for
Multiple-Transmitter System

Referring to Fig. 2, there are N-dimensional target variables
(Irx1, ITx2,-- -, Irx n) for system with number of N trans-
mitters. This demands faster tracking methods. Coupling coef-
ficient extraction allows faster tracking of maximum efficiency
point than P&O, as shown in Fig. 3. The traditional coupling es-
timation methods are fundamentally based on mutual inductance
equation, which relates the coil current of one side and resultant
voltage induction at the other side such as Vrx = jwMItx
and Vorx = jwMIrx [22], [9].

Unfortunately, the expansion of this equation to concurrently
active multi-TXs environment is not feasible. Fig. 4(a), green
trace, represents the possible sets of M; and M, that satisfy
the mutual inductance equation for two-transmitter example.
The M; and M5 cannot be uniquely determined. To resolve the
ambiguity, Section II-B proposes that the relative ratio between
M, and M> can be extracted using the TX-side voltage and
impedances, as shown in Fig. 4(b), red trace. Using both traces
of Fig. 4(a) and (b), the mutual inductances M; and My can
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uniquely be extracted in Section II-C. The extracted M, and M,
are to be used for maximum efficiency tracking in Section III.

B. Extracting the Ratios Between Mutual Inductances

The purpose of this section is to extract the My : My : ... :
My, :...: My ratio when simultaneously activated multiple
TXSs are present.

Fig. 5(a) presents the equivalent circuit. The ac input voltage
into kth coil Lrx — Crx, Vi, is

N

Vi = (Rrx + jXrx)Irx x + jw Z Mrx gmITx m
m=1,m#*k

+ jwMiIrx (D)

where Rrx is the parasitic resistance of TX network, X7x =
wLrx —1/(wCrx) is the reactive impedance of TX coil net-
work, and Itx x and Irx are the resonant current at kth TX coil
and receiver, respectively. M}, is the mutual inductance between
receiver and kth TX coil, whereas Mrx i is the coupling
between kth TX coil and mth TX coil. Bold letters represent
phasor notation that includes both real and imaginary part.

Dividing Vy with Itx i yields the total impedance at kth TX
network, Zy, as

N
. . Irx
Zi = Rrx +jXrx +jw Y MTX,Ichi)m
4 TX k
m=1m#k
. I
+ jo My, 2% 2)
Irx x
N
Here, the third term jw >, Mrx mItx m/ITx x is
m=1,m#k

purely imaginary because all the ITx ks are enforced to be in-
phase to maximize the efficiency and output power, and hence
Itx,m / Itx x is a real number. This is possible because LCC
inverter has constant current characteristic, so the phase of Itx i
is determined only by clock timing of switch bridge [18].

The last term

Rrenii = jwMy, 3)

Irx x

is the reflected resistance for each TX, which represents the
actual power transfer from each TX to an RX. The receiver
current Igxx is given as

>ome1 M1 m

I = —jw 4
RX J Rnx + Ry 4)
Hence, (3) becomes
R _ (wMy)? w? My, Zix:l,m;ﬁk‘ M1 m
Reflk ™ Rex + R, ' Rrx + Ry Irx x

)

which is purely resistive.
Although the reflected resistance is an ac resistance and cannot
be measured directly, there exists a relationship between inverter
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Fig.5.  (a) Equivalent circuit of system. A global TX-side MCU extracts the My, Mz, ..., My using Viny k> Linv,k> Vrect,and Irect. This determines optimum

ITX,17 ITX,27 ey ITX,N that satisfies both the [TX,l

srxpo Itx,N = M1

: My : My and the Viect = Vrect.opt- (b) Control flowchart. The scheme

continuously monitors the dc voltage and currents, real-time calculates, and outputs the optimum TX currents. Optimum operating condition is achieved in one

control cycle.

dc input resistance, Riyy i, and reflected resistance such that

R 2 1
Refl,k = —5~ D)
8 (WCICC) (Rinv,k - Rlccﬂ'z/g)

Here, Riny.k = Vinv.k/linv,k is the ratio between dc input
voltage and current of kth inverter, which can easily be measured.
Rcc is the parasitic resistance of Lj.., which is 0.03 € in this
article.

From (3), the ratio of reflected resistances between kth TX
and jth TX is

(6)

Rreny My Irx
Rretj M ITx 1

(N

Since ITx = (4/7)wClceViny in LCC resonant inverter, (7)
is rearranged as

My _ RRes,k Vinv,k

M;  Rges,j Vinv,j ®)
Substituting (6) into (8) yields
2
% _ S(UJCICC)Q(Ri:\',k*RICCﬂQ/8) - Rrx Vinv,k’ 9)
«Z\/[j 72 — RTX ‘/inv,j .

8(wCice)* (Riny,j—Riccm?/8)

In other words, the ratio of M), and M; can be runtime ex-
tracted by monitoring Viny k., ; and Rinyk,; = Vinv,k,j/finv,k,j,
which is the ratio of dc voltage and current and hence can easily
be obtained by typical microcontrollers. The calculation of (9)
uses the instantaneous dc voltage and current values, implying
that fast acquisition and calculation is possible.

Equations (1)—(9) can also detect the negative polarity of
mutual inductance M}, which occurs when the receiver is signif-
icantly lateral misaligned from kth TX coil, and hence the RX is
side-by-side from TX#k rather than vertically stacked on TX#k,
as shown in Fig. 6. The magnitude of negative coupling is limited
because negative coupling occurs when lateral misalignment is
severe, as shown in Fig. 6. For negative M}, the Rgeq i of (3)
and Rj,y,, of (6) become also negative, and the direction of
Liny 1 is reversed. In fact, the controller deactivates TXs whose
mutual inductance is significantly lower than other TXs. Hence,
the negatively coupled TXs are deactivated, and their effect on
performance is negligible.

Equation (9) is important for two reasons. Equation (9)
provides the desired ratios to which the TX coil currents are
matched, as shown in Fig. 1. Moreover, (9) is needed to extract
the value of mutual inductances, which is presented in the
following section.

C. Extracting Absolute Value of Mutual Inductances for
Multiple Transmitters

To extract a value of mutual inductance M}, the receiver
rectifier output voltage V,ect is written as

V;ect

_ _(n/4)RyL

= w|MIrx 1 + MoIrx at,...,
Rix + 1 |[MiIrx 1 olrx 2

+MyIrx N|-
(10
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tic repeats periodically. (a) Negative coupling when RX is lateral from TX.
(b) Optimum load RL, opt for different sets of mutual inductances. Also
illustrated is optimum proportionality factor I x i opt /Mj, specified by (15).

There are many sets of { M7, Ms, ... My} that satisfy (10)
for given Viecr, ITx,1, ITx,2, ... ITx N values. However,
dividing both sides of (10) by M}, and rearranging gives a unique
value of M}, as follows:

R Vie
M, = <1 + ;X) th o
L w2ClCC (V;nv,k: + Zmzl,m#k ﬁWHv,m)

(11)
where the ratio M,, /M), can be obtained by (9). The Vit as
well as Vi, 1 is also a dc quantity that is easily monitored. The
Ry, = (8/7%)Vieet / LIvect is extracted at the output of rectifier by
dc voltage and current measurement.

Equation (11) states that unlike single-TX case, it is a pre-
requisite to know the ratios M, / M}, in order to extract the M,
value in multiple-transmitter application.

II. I1x,x TRACKING TO SATISFY BOTH THE OPTIMUM LOAD
AND CURRENT RATIO

Referring to Fig. 2, the maximum efficiency tracking for
multiple-transmitter dynamic charging should be able to iden-
tify both the optimum Ry and current ratio Irx 1 : I7x 2 :
ITX,N = M1 : Mg : MN.

One of the two requirements for maximum efficiency tracking
is the current ratio optimization between Irx is [18]-[20],
which is extractable, as shown in Section II-B. This optimum
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Fig. 7. Necessity of multiple-TX activation and current ratio optimization
between TXs in maximum efficiency tracking. The rectifier voltage of each
configuration is set to be the same.

current ratio is plotted as green solid line in Fig. 2. The max-
imum efficiency occurs at a certain (I7x 1, Irx,2) point on
Irx1:Irx2=2:1 line. In Fig. 7, the loss breakdown be-
tween different driving methods with coupling coefficient ratio
of 3:2:1 is compared. The “Single-TX active” refers to the case
where only TX#1, which has the highest coupling with receiver,
is activated alone. The “Single-TX” configuration shows higher
loss because the I7x 1 becomes higher to deliver the same power.

The other requirement for maximum efficiency tracking is
the Ry, optimization because, as shown in Fig. 2, R, differs for
each magnitude of I7x even when the ratio between I7xs is
optimized as in green line. Another observation from Fig. 2 is
that even for a given 7y, value, the efficiencies vary depending
on the ratio between Irx 1 and I7x 2. Hence, both the R, and
current ratio must be tracked simultaneously.

Therefore, the aim of this section is to derive optimum TX
currents that realize both aforementioned requirements, using
the extracted couplings presented in Section II-B and II-C. The
R, that maximizes the total efficiency under the optimum TX
current ratio is called as optimum load impedance, Rz, opt, and
is given as

N
w? Zk:l MI?

12
RrxRrx (12)

Rp.opt = Rrx \/1 +
for multiple-transmitter case (N > 2) [17]. From a voltage
conversion ratio of a dc—dc converter, the optimum desired
rectifier voltage that achieves (12) is derived as follows:

o ’/TQRL,opt V;ect-[rect
V;cct,opt - ] .

13)

Here, Viect in right-hand side is a sensed rectifier voltage
immediately before this calculation, and the V,.¢ct,opt in left-hand
side is the new target rectifier voltage for next cycle output. Then,
the I7x j, that produces this Vyect,opt is calculated using (9)—(11)
and (13) as follows:

My (1+ Rrx/Rr opt)
ITX,k,opt = w (M12 T M22+, o ':E)WZQ\]) \/ 2RL,optV}ectIrect-
(14)
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This gives a proportionality factor between Irx 1 optS and
M;.s as

ITx 10pt _ I7x 2 0pt _ _ M
My My U T T My

(1+ Rrx/RLopt) ST

- ’ 2RL opt Veoct Irect-

w(M12+M22+,,+M12V) L,opt Vrectdrect

s)

In other words, once the coupling, the impedance parameters,
and the rectifier outputs are identified, (14) provides the optimum
required TX coil currents I7x i optS-

The relationship between Vi, and I7x 1 is

v T 1 T |
inv,k,opt — TX k.opt |+
P 4 wC’lCC P

(16)

Hence, setting the Vi, 1 t0 Vinyk,ope finishes one control
cycle, which is summarized in Fig. 5(b).

Fig. 6(b) presents the optimum proportionality factor
17X kopt / My, which is given by (15). For each instantaneous
RX position, the My, M, and M3 are different, which, in turn,
demands different I7x i opt /M), factors for each RX position.
The multiplication of Iy j opt/ M} and M), produces the opti-
mum required I7x x opt current level for each position.

The maximum efficiency operation and the Vi,,,4 regulation
are achieved simultaneously in this article. The constant Vi q,q
is achieved for wide range of V.. thanks to the RX dc—dc
converter, which adjusts its duty cycle in response to V,ecy varia-
tion. The acceptable input voltage range of RX dc—dc converter
(i.e., Viect range) is 10-150 V for a fixed Vi,0aq in our setup.
However, regarding maximum efficiency, to match the Ry of
Fig. 5 to optimum Ry, op¢ of (12), there exists only one optimum
Vrect value, Viect opt, as shown in (13). In order to induce the
optimum Viect,opt, the controller adjusts the TX coil currents
based on the proposed equations (15), which satisfies not only
the optimum V...t and 27, but also the optimum ratio between
TX coil currents. Referring to Fig. 2, maximum efficiency for
multiple transmitters is obtained when R, is optimized and TX
current ratios are set to mutual inductance ratios.

Fig. 5(b) presents the overall control flowchart. For dynamic
charging application, the M;, Mo, ..., My change as the re-
ceiver moves. The proposed method in (9) and (11) runtime
monitors these values and outputs the optimum (14) instantly.

IV. MEASUREMENT

Fig. 8 presents the overall measurement setup. The dimen-
sions of coils target the application of AGV. The coil is fabricated
with litz wire, of which specification is 360 strands of 0.06 mm
diameter. The number of turns of coil is five. TX and RX coils
are 40 x 35 cm?. The dc current sensors use LTC6101HV.

The target moving speed of RX is 10 km/h for logistic vehicle
in warehouse and factory scenario. Fig. 8(a) presents that the
TX coils are placed 30 cm apart each other. The RX moves
from TX#1 to TX#3 at 10 km/h speed. The lateral position is
defined as O cm at the center of TX#1 and 60 cm at the center of
TX#3. In Fig. 8(b), at 45 cm, a sensor measures the speed from
dip1 to dip5. Note that the speed measurement is not for control
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RX moves at 10km/h
o —> >

Iﬁ] TX2 TX
Lateral Ocm 3zcm 4Lcm 60cm
Position: (a)

speed
sensor o b

location o
T

Fig. 8. Measurement setup. (a) RX moves at 10 km/h from TX1 to TX3.
(b) Coil arrangements. The speed sensor is not for control purpose and not
connected to MCU. It is just for data logging and plotting purpose.

TABLE I
COMPONENT PARAMETERS

PARAMETER Value Parameter Value
LTX 323 HH C[M 5097 nF
Rry 0.17Q Rice 0.03Q
Cry 92.7 nF Ly 28.2 uH
Ry 0.15Q Proad 200 W
Cry 89.8 nF Vioad 35V
TX coil size 40x35 cm RX coil size 35x30 cm

purpose—the sensor output is not connected to MCU and not
used for control. It is just for plotting and data logging purpose
in Fig. 10. In fact, the proposed control method does not require
external sensors or detecting coils.

Table I presents key component parameters. The derivations
of Sections II-III are valid for arbitrary numbers of transmitters,
whereas total three TXs are fabricated for experiment. Each
inverter bridge is driven by a shared 100-kHz clock in order
to make the phase and the frequency of every TX to be the
same. Due to the current-source characteristic of LCC inverter,
the phase of Itx x is not affected by impedance variations of
coils. The three inverters are fed by a dc power supply. Total
measured efficiency refers to the load power at Ry,q divided
by the total supplied power. The Cortex-A53 ARM cores in TX
and RX communicate each other via WiFi, which is selected
due to its low latency. The direction of data flow is from receiver
to transmitter so that Vyect and I+ information is available on
TX MCU. The core also senses the voltage and current. The
TX-side MCU determines and outputs the optimal ITx currents
by adjusting the Vi 1,..., Viny,n voltages. Specifically, (9),
(11)—(16) are coded in the MCU. The power consumption due
to MCU and communications are not included in the overall
estimation of efficiency.

Fig. 9 shows the response when RX moves gradually from
TX#1 to TX#3. The controller extracts instantaneous M}s
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Fig. 9. RX is being moved from TX#1 to TX#3. The controller extracts

instantaneous M s and optimizes inverter strengths for each instantaneous My s.
The TXs with low coupling enter standby mode. Note that the time-domain
horizontal axis of oscilloscope is not to be linearly mapped to the RX position.

and optimizes inverter strengths for each instantaneous Mjs.
The TXs with low coupling enter standby mode. Due to the
acceleration and deceleration of moving, the moving speed is
not constant. Also, the end position of moving is not symmetric
with the start position due to difficulty of RX motion mechanical
control. Hence, the time-domain horizontal axis of oscilloscope
is not to be linearly mapped to the RX position.

When coupling changes, the proposed method instantly ex-
tracts M—M3. The optimum Ry op¢ in (12) is changed due to
M, —M3 variations, which, in turn, requires different Viect opt in
(13). Inresponse to that, the controller adjusts / 7x1—I 7x3 in such
a way that the optimum Vet opt 1 indeed developed at rectifier
output. At the same time, the duty cycle of RX dc—dc converter
is self-adjusted in response to varied Vyectopt t0 produce a
fixed VLoad~

Fig. 10 shows the tracking accuracy when the receiver moves
at 10 km/h speed across 37-55-cm interval. Fig. 10(a) shows that
Irx 2 and Iy 3 decreases and increases, respectively, since
the 37-55-cm interval is between the boundary of TX#2 and
TX#3. The measured Itx currents during 10 km/h movement
are plotted in Fig. 10(b) for each instantaneous position and
compared with theoretical ideal targets. Here, the “measured”
is the oscilloscope reading during 10 km/h movement. The
“theoretic ideal” is manually calculated by (14) for comparison
purpose. Fig. 10(c) presents the actual mutual inductance ratio,
M3:Ms, for each RX position. The I7x 2/Irx 3 ratio is the
measured value during movement. From Fig. 10(b) and (c), it
is clear that the system successfully extracts the instantaneous
mutual inductances for each RX position and outputs optimum
TX currents during runtime movement. Fig. 10(d) explains why
the theoretical optimum 7 x> remains constant even if M5 and
Mj change in 30-37 cm region. The optimum I7x j opt /Mg
value specified by (15) is the lowest at 30 cm while it gradually
increases up to 45 cm (which is boundary between TX2 and
TX3). However, M5 gradually decreases from 30 to 45 cm. Note
that the theoretic optimum I7x 2 value is the multiplication of
Itx k,opt /M, and M. Hence, at 30-37 cm region, the optimum
I7x > value remains relatively constant although M, changes.
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Nevertheless, throughout all positions, the ratio between I x2
and I x 3 follows the ratio of M5 and M3, as shown in Fig. 10(c).

While the target speed is 10 km/h, excessive moving speed
may break the power delivery. Suppose that the RX is initially at
30-cm position, and hence, only It x 2 is activated while I x 3 is
zero. The sensing-calculation-output period in Fig. 5(b), which
is performed by a microcontroller, is ~7 ms. During this 7-ms
interval, I7x 2 iskept high, whereas I x 3 is kept low. However,
if the RX suddenly moves to 60-cm position (TX3 location)
within this 7-ms interval, the RX cannot receive power. This
is because I7x 3 has been kept zero during this interval. In
summary, if the receiver moves to standby-state TX coil within
one sensing-calculation-output interval, then the power delivery
fails.

Referring to Fig. 8, measurement setup, the characteristic at
30-60 cm is symmetric with that at 0-30 cm. In other words,
taking the 30 cm as a center position, the characteristics at the
left side and at the right side of 30 cm are the same. Therefore,
the characteristic of whole range (0—60 cm) can be constructed
using 30-60 cm experiment result.

Fig. 11 proves that the controller can optimize the strengths
of TX coil current as well as the ratio of currents. For fixed ratio
of TX currents, there exists an optimum strength of current, and
the controller indeed settles to the optimum point.

Fig. 12 presents the response to load current transition from
half load to full load. The controller changes Viect by V2, as
required by (13). The output settles in 10 ms. The glitch in I1,oaq
waveform (blue trace) from 6.8 to 3.4 A transition is due to a
mechanical bouncing effect of load detaching, which is a lim-
itation of our load equipment. The sensing-calculation-output
period of Fig. 5(b), which is performed by a microcontroller, is
~7 ms. Immediately after the controller output change, it takes
~3 ms for the power circuits to converge. Therefore, summing
the two kinds of delays results in a 10-ms delay in response to
load change.

Fig. 13 compares the proposed activation method (concurrent
multiple-TX activation with current ratio optimization) with
other activation methods. Here, “1-TX” refers to the method
when only one TX is activated at a time, where the TX that
has the highest coupling is chosen. The “3-TX” refers to the
method that simultaneously activates all three TX coilsat I x 1 :
Irx o :Irx,z=1:1:1. Forall three methods, their optimum
load impedances are found and set. The proposed activation with
current ratio optimization achieves the highest efficiency.

For Fig. 13(b) and (c), “1-TX” activation shows low efficiency
because the RX is between boundaries of two TXs and therefore
weakly coupled to each TX. For such RX position, it is better to
activate both TXs with current ratio optimization.

For Fig. 13(a), the RX is located at the center of TX#2. At
vertical distance of 15 cm, the M5 is much higher than M,
and Ms. Hence, the proposed method mainly activates TX#2
only, which is similar to the “1-TX” operation. However, as the
vertical separation increases, the My is lowered such that M,
becomes similar to M; and M3. Therefore, TX#1, TX#2, and
TX#3 are activated with similar current level to each other in the
proposed method at longer vertical separation. This improves the
efficiency at longer distance compared with the “1-TX” method.
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Fig. 10.  For each instantaneous RX position during 10 km/h movement, the system can correctly extract the M1—Ms and adjust I7x1—I7x3 accordingly.
(a) ITx2 and I x 3 waveforms when the RX moves at 10 km/h speed over the 30-57.5-cm interval, which is from TX2 to TX3. (b) Measured I7x2 and I7x3
currents accurately track the target optimum value for each instantaneous RX position during 10 km/h. (c) Measured current ratio matches well with the actual
mutual coupling ratio. (d) Theoretic optimum I x . /M, ratio specified by (15). The multiplication of M}, and I7x k. opt /M, gives an optimum I7x j coil
current, which is presented in (b).
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Fig. 11.  Measured efficiency versus strengths of I7 x o and I7 x 3 while the 5M points 5M points 6,00,
ratio I xo : I7x3 is kept optimum. The RX is stationary. The proposed control (a) b)
method successfully detects the optimum strength of I x 2 and I x 3, as well
as the ratio of M3:Ms. Fig. 12.  Load current step change. The controller adjusts TX coil currents in

such a way that Vet is changed by /2 times, as required by (13). The output
settles in 10 ms. (a) Load current increases. (b) Load current decreases.

Table II presents the performance comparison with prior
maximum efficiency tracking techniques. The settling time of
this article is only 10 ms, which is the fastest. The efficiency is
low because the Q-factor of coils is lower than that presented in  but the coils in our setup have low unloaded Q-factor due to
[9] and [11]. Fig. 14 shows that half of loss is due to the coil high parasitic resistance. This is not a limitation of the proposed
parasitic resistance. Similarly, the maximum theoretic efficiency method. Moreover, in terms of power electronics circuits nec-
of this article is lower than other works. This is because the essary to implement the algorithm, the proposed method does
“theoretical maximum efficiency” is a function of unloaded not require additional lossy semiconductor electronics because
Q-factor of coils and coupling coefficient, as presented in [24], other methods such as [8], [9], and [11] also consist of TX-side
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Fig. 13.  Comparison with other activation methods and the proposed current
ratio optimization. The proposed method achieves higher efficiency. (a) RX is
at 30-cm position. (b) RX at 40 cm. (c) RX at 45 cm.

TABLE I
COMPARISON WITH PRIOR MAXIMUM EFFICIENCY TRACKING
. . Max. .
Settling Number of  Load Coil Theore Efficie
Work | Time concurrently Power X Q, tic Effi ncy
(msec) -active TXs (W) RXQ %) ’ (%)
0

[1 200 1 - - - n/a
[8] 120 1 10 213,293 94.3 76
[9] 600 1 - 276, 447 94 85
[11] 300 1 90 164,172 93 86.5
This 10 3 200 119, 118 90.3 78.8

converter, inverter, RX-side rectifier, and converter, of which
structure is shared with the proposed method.

The system cost can be reduced if the magnitude of TX
coil currents can be adjustable using a single inverter, which
is one of future research topics. To translate to higher power
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Loss Breakdown

TX dc-dc + inverter

Coils (TX, RX)
RX dc-dc + rect.

~a

Fig. 14.  Loss breakdown analysis.

level, the algorithm can be kept unmodified, but the individual
power electronics designs, such as inverter and converter, and
the current sensing circuitry should be improved.

V. CONCLUSION

The article develops a fast MEPT for concurrently-active
multiple-transmitter array to accommodate moving receiver ob-
ject. Within a sampling and update period of 7 ms, the controller
senses dc voltage and current, estimates all the mutual induc-
tances, calculates the required optimum TX coil currents, and
then outputs to TX coil.

For multiple-transmitter system, it is discussed that the rela-
tive ratio between mutual inductances needs to be extracted in
advance before being able to estimate the value of mutual induc-
tances. We propose that the ratio between mutual inductances
can be obtained by multiplying reflected resistances’ ratio and
inverter input voltages’ ratio. This mutual inductance ratio along
with rectifier dc quantities extracts the absolute values of Mjys.

This is the first maximum efficiency tracking that optimizes
not only load impedance but also current ratios between adjacent
TX coil arrays with fast response time to be suitable for dynamic
charging. The tracking does not use parameter sweeping, P&O,
and error integration process. The sensing requirement is easy
because the control uses dc voltage and current quantities. It
is demonstrated that the controller output precisely tracks the
required optimum value for each instantaneous RX position
during 10 km/h moving speed.
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