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Fast Hardware Approach to Determining Mutual
Coupling of Series—Series-Compensated Wireless
Power Transfer Systems With Active Rectifiers

Yun Yang ", Member, IEEE, Siew Chong Tan

Abstract—Maximum energy efficiency tracking of series—series-
compensated wireless power transfer systems with active rectifiers
require the information of mutual coupling coefficient or correlated
variables, which are conventionally monitored based on the feed-
back signals from the receivers to the transmitters via a wireless
communication system. In this article, a very fast hardware-based
front-end monitoring strategy is proposed to determine the mutual
coupling coefficient of the system within typically 62 ms without
any wireless communication system. Compared to existing math-
ematical model-based methods, the proposed strategy is much
faster and more cost-effective by using fewer sensors and simpler
equations. The proposed method can therefore be implemented
in low-cost digital controllers. Importantly, the parameter values
of the transmitter and receiver resonators are not required by
the proposed method. Both simulation and experimental results
are included to validate the high accuracy and fast speed of the
proposed monitoring strategy to monitor the coupling coefficient.
Comparative results among the proposed and existing monitoring
strategies are also presented.

Index Terms—Coupling coefficient, front-end monitoring,
series—series (SS)-compensated wireless power transfer (WPT).

I. INTRODUCTION

ECENT advancements of series—series (SS)-compensated
R wireless power transfer (WPT) technology have enabled
its wide-spread applications in battery charging of portable
devices, electric vehicles (EV), and medical implants [1]. A con-
ventional SS-compensated WPT system consists of an inverter
at the transmitter side to maximize the overall system efficiency
typically by phase control or frequency control, and a dc—dc
converter at the receiver side to regulate the charging current
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and voltage of the battery load [2]-[7]. However, the efficiency
and dynamic response of the conventional WPT system is lim-
ited by the dc—dc converter in point-of-load applications [8].
Alternatively, WPT systems with active rectifiers can address
these issues and additionally avoid discontinuous operation of
the diode-bridge rectifier, reduce system complexity, and im-
prove power density [9]-[16]. The concept of maximum energy
efficiency tracking (MEET) was first proposed in [2], which
sparked off more related studies in [3], [4], [6], [7], [11], [12],
and [16]. Fast control strategies for MEET strategies are sub-
sequently investigated in [9], [14], and [16]. These fast MEET
strategies normally require feedback signals from the receiver to
the transmitter via a wireless communication system to calculate
the coupling coefficient or correlated variables. The additional
wireless communication system increases the volume and cost
of the system.

Recently proposed front-end (primary-side) monitoring
strategies can address this issue by monitoring the mutual cou-
pling coefficient of SS-compensated WPT systems without an
extra wireless communication system [17]-[21]. These strate-
gies are designed based on the equivalent circuit models of the
WPT systems. In [17], a switched capacitor is added at the
transmitter side to enable the WPT system to operate in two
modes. A mathematical model is established according to the
two operating modes for coupling coefficient monitoring of
the WPT system. The main advantage of this strategy is the
capability of monitoring WPT systems with resistive, inductive,
or inductive—resistive loads. The drawback of this strategy is the
switched capacitor, which increases the cost and complexity of
the system, and changes the resonant frequency of the transmitter
resonator. In [18], the coupling coefficient of an SS-compensated
WPT system is uniquely determined by measuring the input
voltage and current at only one frequency. Based on this method,
an alternative strategy is designed to monitor the coupling coeffi-
cient at two different frequency points which are slightly higher
than the resonant frequency [19]. Besides, a frequency-sweep-
based monitoring strategy using a simpler estimation equation
is proposed in [20]. Compared to the strategies in [18] and [19],
the method of [20] can be easily implemented in inexpensive
digital controllers. However, its accuracy deteriorates when the
leakage inductances of the coils are not perfectly compensated.
The three monitoring strategies can rapidly monitor the cou-
pling coefficient of SS-compensated WPT systems with either
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TABLE I
FEATURES OF THE MONITORING STRATEGIES
Feature [177][18]][19]][20]][21] | Proposed
High accuracy for unknown < < < < N N
parameters of the resonators
Easy implementation using N N
. . . X
inexpensive digital controllers
Fast monitoring \ X \
Numbers of sensors 2 2 2 2 2 1

passive or active rectifiers. Nevertheless, these strategies are only
validated for WPT systems with pure-resistive loads. Besides,
the accuracies of these monitoring strategies are affected by
some parameters of the resonators, which highly depend on
the operating conditions of WPT systems. For instance, the
sensitivity of the monitored mutual inductance with respect to
the equivalent series resistance (ESR) of the primary coil is low
for the WPT system operating at around 250 kHz. However,
such sensitivity is quite high for the WPT system operating at
around 100 kHz. Considering the advantages and drawbacks, the
strategies in [18] and [19] are more suitable for wireless battery
charging systems with fixed parameters and requirements for
accurate system monitoring, e.g., medical implants. The strategy
in [20] is more suitable for wireless battery charging systems
with fixed parameters and high compactness, e.g., portable
devices. To overcome the issues of the strategies in [18]-[20],
heuristic algorithms are used to monitor the coupling coefficient
of SS-compensated WPT systems without knowing the exact
parameter values of the resonators and can be extended to
monitor the WPT systems with inductive, inductive—resistive,
or capacitive loads [21]. However, this monitoring strategy is
computationally intensive and therefore cannot be used for
fast and online monitoring. This strategy is more suitable for
stationary WPT systems having high-performance computation
resources at transmitter sides, e.g., stationary wireless EV charg-
ing systems. These “model-based”” methods for determining the
mutual coupling coefficient require mathematical calculations
based on fundamental equivalent circuits of WPT systems and
thus their performance also depends on the computational speed
of the controllers.

In this article, a very fast “hardware-based” strategy is pro-
posed to accurately and rapidly monitor the mutual coupling
coefficients of SS-compensated WPT systems. The estimation
of the mutual coupling coefficient can be achieved by shorting
the rectifier outputs to ground momentarily. The motivation of
this investigation is to eliminate the disadvantages of the existing
model-based monitoring strategies in [17]-[21] without the need
for a wireless communication system for feedback control. The
instructions of shorting the rectifier outputs to ground from trans-
mitters to receivers can be implemented using frequency shift
keying, which is a well-established technique for Qi-compliant
devices [22].

The major comparisons among the existing monitoring strate-
gies and the proposed monitoring strategy are comprehensively
shown in Table I. For the existing model-based monitoring
strategies, both the fundamental components of the input volt-
age of the transmitting resonator and the transmitter current
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Fig. 1.
rectifier.

Circuitry of an SS-compensated WPT system with a semi-bridgeless

are required to be accurately measured for obtaining their
amplitude/root-mean-square values. Therefore, both voltage and
current sensors are needed. For the proposed hardware-based
monitoring strategy, only the phase difference between the
switching signal of the inverter and the transmitter current is
required. Hence, only one current sensor is needed. Besides, the
simple estimation equations of the proposed monitoring strategy
are only dependent on the resonant and operating frequencies.
Consequently, the proposed monitoring strategy can achieve
fast monitoring of the coupling coefficient using inexpensive
digital controllers and guarantee high accuracy even for systems
with unknown parameter values of the resonators. Furthermore,
because the estimation process is carried out by short-circuiting
the outputs of the active rectifiers (i.e., independent of the load
type), the proposed monitoring strategy can be used for WPT
systems with various types of loads.

II. ANALYSIS AND DESIGN OF THE PROPOSED
MONITORING STRATEGY

To simplify the analysis without a loss of generality, an
SS-compensated WPT system with a semi-bridgeless (S-BAR)
rectifier is investigated in this article. WPT systems using S-BAR
is not new. A voltage control scheme for WPT systems with
S-BAR has been reported in [23]. Our proposal applies to any
receiver circuit with the possibility of shorting the rectifier output
terminals.

The circuitry of the system is depicted in Fig. 1. The trans-
mitter circuit consists of a power inverter driving a transmitter
resonator that comprises a transmitter coil, i.e., L;, and a series-
compensated capacitor, i.e., Cp,. The stray resistance in L;, and
C,, is represented as Rj,. The power inverter generates an ac
rectangular voltage across the transmitter resonator. The receiver
circuit consists of a receiver coil, i.e., Ls and series-compensated
capacitor, i.e., Cs, with Ly and Cy forming the receiver resonator.
The stray resistance of this receiver resonator is represented as
Rs. The receiver resonator feeds the S-BAR rectifier, which is
connected directly to the battery load without using any battery
management circuits.

In the proposed strategy, the determination of the mutual
coupling coefficient requires the short-circuiting of the rectifier
output momentarily for a short period typically less than 62 ms.
For the system in Fig. 1, the switches @5 and &g are closed in
the active rectifier for this purpose. The equivalent circuit of the
system during the monitoring stage is shown in Fig. 2. Based
on fundamental voltage analysis, the AC rectangular voltage
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Fig. 2. Equivalent circuit of the SS-compensated WPT system when both
switches of the S-BAR rectifier are closed.

generated by the power inverter can be approximated as a
sinusoidal voltage v,1. The fundamental components of the
transmitter current and the receiver current of the receiver res-
onator are i, and ig, respectively, w is the switching angular
frequency, and M is the mutual inductance between the trans-
mitter and receiver coils. The coupling coefficient (i.e., k) of the
SS-compensated WPT system is as follows:

he M (1)

VI, Ls
Based on the equivalent circuit in Fig. 2

Up1 = Zplipl - jWMisl (2)
0= Zslisl - jwMipl
where Z,1 = jwL, + ﬁ + Ry, and Zg; = jwLs + Jw% +
R. Cp, and C; are, respectively, designed to compensate L;, and
Ly

1
2 _
“on = e 3.1)
1
W= T (32)

where w,p, and w, are the resonant angular frequencies of the
transmitter and the receiver, respectively. By substituting (3) into
(2) and simplifying (2) by cancelling is;, we get

v w?M? )
Zeql = Ll = Zpl +— = Reql +.7Xeq1 (41)
Ip1 Zsl
where
w?M?
chl = Rp + S~ >0 4.2)
(kff;) w2L?2
Ry +
oy ()"
Xeql =(1- — wLp - 3 . 4.3)
w w2, R2
(1 - 7) + 2z

Generally, the receiving coil has a high-quality factor (i.e.,

wlfgz, ~ 0). Then, (4.3) can be simplified as follows:
w2 wM?
Xegr = [ 1- 72}) wLy, — 1L7w (W # wes)  (44)
—
and
w2
Xegi = (1— (;p WosLp (W = wos) - 4.5)

0os
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TABLE II
REACTANCE CHARACTERISTICS OF Xeq1

w0p<wos
Wop<Wos<W Wop<O<Wos W<Wop<Wos Wop<Wos=
k<k. inductive nonexistent capacitive inductive
k>k. capacitive capacitive inductive inductive
k=k. Z€ero nonexistent Z€ero inductive
Wop>Wos
W05 <Wop<W Wos<W<Wop W<Wos<Wop D=0 <Wop
k<k. inductive nonexistent capacitive capacitive
k>k. capacitive capacitive inductive capacitive
k=k. Z€ero nonexistent Z€ero capacitive
Wop=0os=Wo
W<W,o W>W, W=,
capacitive inductive
ke O<k<2_1) 0<k<1-% zero
W W
inductive capacitive
ke @-1<k<1 1-%<k<1 zero
k=k. Z€ero Z€ero Z€ero
By substituting (1) into (4.4)
2 2
ws k
Xeql = (ULp 1— w2p — @ (UJ 7é wos) . (46)
w

The reactance X can be inductive, capacitive, or zero for
both (4.5) and (4.6). According to (4.5), if w = wes > Wep,
Xeq1 1s inductive for any k (0<k<1); if w = wos < Wop, Xeq1 18
capacitive for any kK (0<k<1); if w = wos = Wop, Xeq1 1S Z€TO
for any k (0<k<1). According to (4.6), if

k< k2 (w> wes)
{k2 > k2 (W < Wos) -1
Xeq1 18 inductive if
k< k? (W < wos)
{kQ > k2 (w > wos) (5:2)
Xeq1 1s capacitive if
E2=k2 (w # wos) (5.3)

Xeq1 is zero, where k., = \/(1 - Ufg))(l - ‘:)—022)

The reactance characteristics of X.q; can be tabulated as
shown in Table II. The coupling coefficientis in therange of 0 < k
< 1. Based on the reactance characteristics of X1 in Table II, the
characteristics of the equivalent impedance Z.q; in the k—w plane
for three possible cases of any SS-compensated WPT system
with the receiving circuit being short-circuited are plotted in
Fig. 3(a)—(c). When w and k of the system are located in the
inductive/capacitive zones (including inductive/capacitive line),
Zoq1 1s inductive/capacitive. When w and k of the system are
located on the zero lines, Z.q; is purely resistive. The intersection
points of any k with the zero lines form Point-A and Point-B
for any compensation (wop < Wes, Wop > Wos, O Wop = Wos)-
Point-A can be determined when w of the WPT system is swept
from the minimum wp,;, to the maximum w,,x. Point-B is
determined when w is swept from the maximum wy,,x to the
minimum wyp,i,. Based on (5.3), the analytical expressions of
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Fig. 3. Characteristics of the equivalent impedance Zeq1 in the k—w plane.
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the zero lines across the Point-A and the Point-B are as follows:

kz\/wgp—l-\/“‘%s_1
w? w?

6.1)
w3 w3
k:\/l_w;'\/l_wf 6.2)

The corresponding angular frequencies of the Point-A and the
Point-B are w4 and wp, respectively. Based on (6.1) and (6.2),
the coupling coefficient of the system can be estimated using

2 2
k=22 1 9 (s <wey) (D)
w? w?
or
w2, w2,
k=4/1— 2 . l—w‘g (wp > wos) - (7.2)

Generally, C;, and C, are designed to compensate L, and L to
match the required resonant frequency w, in order to minimize
the apparent power rating of the power supply and maximize the
transfer capability, respectively. If wq;, = wos = w,,, the coupling
coefficient k can be monitored using simplified equations
w

k= —1 (wa < wo) (8.1)

2
Wi
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Sxor at the sampling time N, Dp(N)
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Ja=fo(N)
Monitor the coupling coefficient
2 >
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Fig. 5. Flowchart of the monitoring strategy to determine w 4 and then k.
or
W
kE=1-—% (wp>w,). (8.2)
wB

Obviously, the coupling coefficient of the WPT system can
be monitored by the determination of the operating frequency at
Point-A or Point-B.

For practical implementation, i,,; is sensed and fed to a
zero-crossing comparator, as shown in Fig. 4. The output of
this comparator (ipsyn) and the gating signal of the switch &,
(S7) of the power inverter in the transmitter circuit are fed into
an Exclusive-OR (XOR) logic gate, the output of which is labeled
as Sxor. The gating signal S; represents the power inverter’s
output voltage. When i}, is positive, ipsyn 1S a positive pulse.
If the waveforms S; and ipsyy are in phase, it means that the
inverter voltage and the input primary current are in phase. The
Sxor signal represents the phase shift between Sy and ipgyn.
As the pulsewidth of the Sxor signal decreases, the phase shift
between S and iy, decreases. When the pulsewidth of Sxor
is zero, the operating Point-A (w 4) or Point-B (wp) is reached.

In order to determine w4, the power inverter’s frequency is
scanned from the lower bound frequency fi,i,. Fig. 5 shows the
flowchart of determining w4 and then k. The duty cycle of the
signal Sxogr is detected and represented as a digitized signal
Dy (N). If this duty cycle is smaller than the previous duty cycle
(i.e., Dp(N) < Dp(N-1)), the switching frequency will increase.
This process will continue until D,(N) approaches zero when
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Detect the duty ratio of the signal
Sxor at the sampling time N, Dp(N)
Yes |Decrease switching frequency
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Monitor the coupling coefficient
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Fig. 7. Flowchart of the monitoring strategy to determine wp and
then k.

w 4 1s reached. Then, the coupling coefficient can be determined
from (7.1). The timing diagram of typical waveforms of related
signals (in Figs. 4 and 5) is shown in Fig. 6.

In the proposed monitoring strategy for determining wp at
Point-B from the upper bound frequency f,ax, Dp (V) is regularly
monitored as shown in the flowchart in Fig. 7. If this duty cycle is
smaller than the previous duty cycle (i.e., D, (N) < D, (N-1)), the
switching frequency will decrease. This process will continue
until D,(N) approaches zero when wp is reached. Then, the
coupling coefficient can be determined from (7.2). The timing
diagram of typical waveforms of related signals (in Figs. 4 and
7) is shown in Fig. 8.

III. SIMULATION RESULTS

Simulations are carried out in PSIM 10.0 with the specifica-
tions of the SS-compensated WPT system given in Table III.
The switching signals S1, S3 and So, S4 of the transmitter are
complimentary with the duty ratio of 0.5. Both the switches
@5 and P are consistently closed. The implementation of
the proposed monitoring strategy in simulation is depicted in
Fig. 9. Initially, the primary current i,(N) at the sampling time
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TABLE IIT
SPECIFICATIONS OF THE WPT SYSTEM IN SIMULATION
Parameter| Value |Parameter| Value |Parameter| Value

Ve 5V C~Cq 315 pF L, 91.78 uH

Gy 27.6 nF R, 0.7Q L, 92.05 uH

C; 27.6 nF R, 1.01 Q Cy 100 uF

Comparator
Dp(N-1
Frequency Index +
(1 or0) dp(N)— Np(N)
(700 = X =

Monitoring Equations

(7.1)and (7.2)

Pulse
Width
Counter

Fig. 9. Hardware implementation of the proposed monitoring strategy.

N is measured. i,,1(N) is the fundamental component of i, (N),
which can be obtained by applying a bandpass filter on i,,(N).
ip1syn(N) is the synchronous pulse signal of i, (N). The XOR
of iy16yn(/V) and S; results in the difference pulse signal that
indicates the phase difference between i, (N) and vy,1 (N). Np(N)
is the counted pulsewidth of the difference pulse signal. The duty
ratio of the difference pulse signal, i.e., d,(N), is calculated by
multiplying N, (N) and the switching frequency f,,(N). By using
a zero-order holder and the delay sampling (Z~') by one cycle,
discrete duty ratios of the difference pulse signal at the sampling
time N-1 and N, ie., D,(N-1) and D,(N), can be obtained
(the discrete duty ratios can prevent the erroneous results of
the frequency index caused by the dynamics of d;, during the
frequency sweep). Compare D, (N-1) with D,(N), if D,(N-1)
> Dy, (N), the frequency index is 1, which means the switching
frequency f,,(N—-1) of the transmitter inverter at the sampling time
N-1 can be further increased (search from f,;,,) or decreased
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TABLE IV
PARAMETERS OF THE MONITORING STRATEGY IN SIMULATION
Case Number | fin/fimax Ay Step Salfs Rer(%0) | Tinon
| from fin | 90kHz | 0.2 kHz [0.5 kHz| 92.4 kHz 0.75 | 30 ms
from fiax | 110 kHz | -0.2 kHz |0.5 kHz| 109.6 kHz 1.46 | 10 ms
2.1 145 kHz | -0.2 kHz |0.5 kHz| 140 kHz 0.04 | 56 ms
22 145 kHz |-0.2 kHz |0.5 kHz| 141.2kHz | 0.08 | 44 ms
23 145 kHz | -0.2 kHz [0.5 kHz| 142.8 kHz | 0.32 | 28 ms
] e . e R )
I v B

Dyp(N) Dy(N-1)

5 Frequency Index

L 30 ms
o |- N —
gl e JoN) (V)
( 0.01 0.02 0.03 0.04
Time (s)
Fig. 10.  Waveforms of the variables of the monitoring strategy for determining

w 4 through frequency sweep from the lower bound in case 1.

(search from finax) by a frequency step |Af, (N)], i.e., Afy(N) >
0 for the search from fini, and Af,(N) < 0 for the search from
Smax- If D (N=1)<D,(N), the frequency index is 0, which means
the switching frequency f,,(N-1) of the transmitter inverter at the
sampling time N—1 cannot be further increased or decreased.
fp(N—1) can be considered as the critical frequency f*(N), i.e.,
F(N) = fo(N-1) = fo(N)-Afp(N). The critical frequency is the
operating frequency at the Point-A or Point-B. Then the coupling
coefficient k can be monitored based on (7.1) or (7.2).

In simulation, two cases of the coupling coefficient monitor-
ing for SS-compensated WPT systems are presented. The main
parameters of the monitoring strategy are provided in Table I'V.
Here, fitop is the frequency of the step change A f,. R, is
the relative error between the actual and monitored coupling
coefficient. Ty,oy 1S the total monitoring time (the computation
time is negligible as compared to the searching time).

A. Case I1: Coupling Coefficient of the WPT System is 0.17

In case 1, the coupling coefficient of the WPT system is 0.17.
The specifications of the WPT system are identical to those
in Table III. The resonant frequencies of both the transmitter
and the receiver circuit are 100 kHz. Fig. 10 contains typical
waveforms of d,(N), D,(N), D,(N-1), Frequency Index, f,(V)
and f*(N) in the monitoring strategy of Fig. 9. At the initial
stage of the search process, the phase shift between v;, and i,
is relatively large as reflected from the magnitude of d,(N) and
Dy (N). As the switching frequency of the inverter increases,
this phase shift decreases until D,(N) approaches zero. Then,
the critical frequency f4 (and thus w4 ) is determined. Once w 4
is found, the coupling coefficient k can be monitored based on
(8.1).

Fig. 11 shows the typical waveforms of v, and i, in the
transmitter circuit. Here, 6 is the phase difference between iy,
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Fig. 13.  Waveforms of the variables of the monitoring strategy for determining
wp through frequency sweep from the upper bound in case 1.

and v,1. It can be seen that, before w 4 is determined, the input
current and input voltage of the primary coil-resonator are not
in phase (i.e., cosf = 0.217). Fig. 12 shows the corresponding
waveforms after w4 is determined. It is noted that i,; and vp;
are now essentially in phase (i.e., cosfd = 0.99). Based on (8.1),
the monitored coupling coefficient is 0.1713, which is close to
the target value of 0.17. The relative error and total monitoring
time are given in Table I'V.

Starting from the upper bound frequency of 110 kHz, this test
demonstrates the determination of wp. The results are shown
in Figs. 13-15. As expected, the frequency fp can be located
quickly, as shown in Fig. 13. Before fp is located, there is
obvious phase shift between v, and i, (i.e., cos = 0.898), as
shown in Fig. 14. When fp is located, v, and i}, are in phase
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circuit after fg of 109.6 kHz is reached in case 1.

(i.e., cosf = 0.996), as shown in Fig. 15. Based on (8.2), the
monitored coupling coefficient is 0.1675, which is close to the
target value of 0.17. The relative error and total monitoring time
are provided in Table IV.

B. Case 2: Coupling Coefficient of the WPT System is 0.5 and
the Resonant Frequencies of the Transmitter are 98, 100
and 102 kHz

In case 2, the coupling coefficient of the WPT system is 0.5.
The compensated capacitors of the transmitter are 28.7, 27.6,
and 26.5 nF for cases 2.1, 2.2, and 2.3, respectively. The other
parameters of the WPT system are the same as the parameters
given in Table III. The resonant frequency of the receiver is
100 kHz. The resonant frequencies of the transmitter are 98, 100,
and 102 kHz for cases 2.1, 2.2, and 2.3, respectively. Fig. 16
shows the waveforms of d,(N), Dy(N), D,(N-1), Frequency
Index, f,,(NV) and f*(N) in case 2. At the initial stages of the search
processes, the phase shifts between v, and i, are relatively large
as reflected from the magnitudes of d,(N) and D(N). As the
switching frequency of the inverter decreases, the phase shift
decreases until D, (N) approaches zero for all the three cases.
Then, wp are determined and the coupling coefficient k can
be further monitored based on (7.2) as 0.4998, 0.4984, and
0.4996. The relative errors and total monitoring time are given
in Table IV. All relative errors in the cases 1 and 2 are less
than 1.5%. Besides, for the SS-compensated WPT system with
a stronger coupling, the proposed monitoring strategy is more
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Fig.16.  Waveforms of the variables of the monitoring strategy for determining
wp through frequency sweep from the upper bound in case 2. (a) wop = 98 kHz.
(b) wop = 100 kHz. (¢) wop = 102 kHz.

accurate (relative errors in case 2 are much less than those in
case 1).

IV. EXPERIMENTAL VERIFICATION

Experiments are carried out on the SS-compensated WPT
systems with S-BAR rectifiers and three types of resonators. The
photographs of these resonators are shown in Fig. 17. The coils of
the resonators-I are helical, while the coils of the resonators-II
and the resonators-III are planar. For the resonators-I and the
resonators-II, the diameters of the transmitter coil and the re-
ceiver coil are the same. For the resonators-II1, the coil diameters
are different. The specifications of the three resonators are tabu-
lated in Tables V-VII, respectively. The full schematic diagram
of the WPT system in the experiment is depicted in Fig. 18. No
wireless communication system is used between the transmitter
and the receiver. For the transmitter, a hall-effect current sensor
LA12-10V21 is used to measure the transmitter circuit. The
output of the current sensor can be directly feedback to the
analog-to-digital-conversion pin of the transmitter controller,
i.e., Texas Instruments F28379D Delfino Experimenter Kit.
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TABLE V
SPECIFICATIONS OF THE RESONATORS-1

Parameter Value
Coil diameter of both transmitter and receiver coils 31 cm
Wire diameter of both transmitter and receiver coils 1.2 mm
Number of turns of transmitter and receiver coils 11
Length of the winding of transmitter and receiver coils 15 mm
L, @ 100 kHz 91.78 uH
C, @ 100 kHz 27.2 nF
R, @ 100 kHz 0.95Q
L, @ 100 kHz 92.05 uH
C, @ 100 kHz 26.9 nF
R, @ 100 kHz 1.06 Q
TABLE VI
SPECIFICATIONS OF THE RESONATORS-1I
Parameter Value
Number of strings for both transmitter and receiver 1
Wire diameter of both transmitter and receiver coils 1 mm
Length of the winding of transmitter and receiver coils 48 mm
L, @ 100 kHz 14.3 uH
C, @ 100 kHz 177.4 nF
R, @ 100 kHz 0.1Q
L, @ 100 kHz 14.3 uH
C, @ 100 kHz 177.3 nF
R, @ 100 kHz 0.1Q
TABLE VII
SPECIFICATIONS OF THE RESONATORS-IIT
Parameter Value
Number of strings for the transmitter coil 7
Wire outer diameter of the transmitter coil 6.5 mm
Number of strings for the receiver coil 15
Wire outer diameter of the receiver coil 4.3 mm
Number of turns of transmitter and receiver coils 11
L, @ 85 kHz 46.12 uH
C, @ 85 kHz 76.1 nF
R, @ 85 kHz 0.37Q
L, @ 85 kHz 60.46 uH
C, @ 85 kHz 58 nF
R, @ 85 kHz 0.09 Q

Photographs of the three types of resonators in experiment.
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The phase delay of the hall-effect sensor and a phase difference
between S; and v, at the critical frequencies can be tuned
offline and compensated in the controller to ensure the equivalent
impedance Z. is pure-resistive (i.e., v,1 and i1 are in phase) at
critical frequencies (i.e., w4 and wp). The proposed monitoring
strategy is implemented in the transmitter controller. In this
article, due to the high-order harmonics of the transmitter current
i, are negligible for all the investigated systems, the measured
waveforms of i, and its fundamental component ij,; are almost
identical. The switching frequency f;, of the monitoring strategy
is exported via the digital-to-analog-conversion (DAC) pin of
the transmitter controller. The linear relationship between the
output voltages of the DAC pin (i.e., vg,) and the actual switching
frequency (i.e., f;,) are proportionally tuned. The main parame-
ters of the monitoring strategy are provided in Table VIII. For
the receiver, both switches of the S-BAR rectifier are controlled
to be turned ON by the receiver controller, i.e., TMS320F28335
Experimenter Kit. The parameters vy, i},, and v, are measured by
the Keysight DSOS054A High-Definition Oscilloscope. As the
phase differences between i, and the fundamental component i,y
are negligible for all the resonator types, the phase difference
between vy, and i, can be considered as the phase difference
between vy, and ipy.

A. Resonators-1 With Different Distances Between the Coils

For the SS-compensated WPT system with the resonators-I,
the dc source voltage (i.e., Vq.) is 5 V. The distance between the
coils is initially 10 cm. The corresponding coupling coefficient
is preliminarily measured to be 0.17. The waveforms of v, v;,1,
ip, and v, of the WPT system operating at the lower bound are
shown in Fig. 19(a). i, leads v,; about 86.72°. The equivalent
reactance of the system (i.e., Xcq1) is capacitive, which validates
the analysis of the characteristics in Table II and Fig. 3. The
output voltage of the DAC pin (i.e., vg,) is at the minimum (i.e.,
Vemin) Of 1.61 'V, which indicates the operating frequency of the
WPT system is at the minimum (i.e., fi,in) of 90 kHz. Then, the
operating frequency sweeps from f,i, to the critical frequency
fa. The transmitter controller finds the critical frequency at
93.2 kHz and maintains the operating frequency at f4. The
waveforms of v, vp1, ip,, and vy, during the search are shown
in Fig. 19(b). v, is searched from 1.61 V (vgyin) to 2.97 V
with the voltage step of 0.08 V and then reduced from 2.97 to
2.89V (vf4) in the next step, which signifies that the operating
frequency of the WPT system is changed from 90 to 93.4 kHz
with the frequency step of 0.2 kHz and then reduced from
93.4 kHz to the critical frequency 93.2 kHz. The steady-state
waveforms of vy, vp1, i, and vg, of the WPT system operating at
fa are shown in Fig. 19(c). vp,; and i, are in phase (the phase dif-
ference between vy,1 and i}, is approximately null). The operating
frequency is 93.2 kHz. Based on (7.1), the monitored coupling
coefficient from the lower bound can be calculated as 0.1728.
The relative errors and total monitoring time are provided in
Table VIII.

The switching frequency of the transmitter inverter (i.e., f},)
also sweeps from the upper bound (i.e., finax) of 115 kHz
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Fig. 18.  Full hardware schematic diagram of the WPT system in experiment.

TABLE VIII
PARAMETERS OF THE MONITORING STRATEGY IN EXPERIMENT

| Tl |0 g |l | Rt | T
e e T
2 | from fuw (124%‘5; (‘_%20?\1,1) 0.5 kHz 1(317.'9631‘\21 0.53 | 30 ms
3 | from fum (3?81;}3) (%i)lg%z) 0.5 kHz Z;:gsks)z 127 | 62ms

with the step (i.e., Af,) of 0.2 kHz. The waveforms of vy,
Vpi, Ip, and vg, of the WPT system operating at the upper
bound are presented in Fig. 20(a). i,, lags vp1 about 75.97°.
The equivalent reactance of the system (i.e., X¢q1) is inductive,
which also verifies the analysis of the characteristics in Table II
and Fig. 3. Then, the operating frequency sweeps from fiax
to the critical frequency fp. The transmitter controller finds
the critical frequency at 110.6 kHz and maintains the operating
frequency at fp. The waveforms of v, vp1, i, and vg, of the
WPT system during the frequency sweep and operating at f are
exhibited in Fig. 20(b) and (c), respectively. At the steady state,
Vvp1 and i, are in phase. Based on (7.2), the monitored coupling
coefficient from the upper bound can be calculated as 0.1671.
The relative errors and total monitoring time are provided
in Table VIII.

Then, the distance between the coils is changed to 18 cm. The
corresponding coupling coefficient is 0.075. The waveforms of
Vps Vpi, Ip, and vg, of the WPT system during the frequency
sweep and operating at fp are shown in Fig. 21(a) and (b),
respectively. At the steady state, v, and i}, are in phase. Based

on (7.2), the monitored coupling coefficient from the upper
bound can be calculated as 0.0723. The relative errors and total
monitoring time are provided in Table VIII.

Experiments are also conducted to monitor coupling coef-
ficients of the WPT system with the coil distance of 18 cm
from the lower bound and the WPT systems with coil distances
of 12, 14, and 16 cm from both the lower and upper bounds
(the waveforms are not presented in this article). The overall all
results of the WPT systems with the resonators-I are listed in
Table IX. Obviously, all the relative errors are less than 5%. The
relative errors of the coupling coefficient estimation from either
the lower bound or the upper bounds increase when the distance
is increased from 10 to 18 cm, indicating that the monitoring
method is more accurate when the coupling of the coils is
stronger. Besides, the relative error of the monitoring method
from the upper bound is larger than that from the lower bound
for each distance. The lower and upper bounds of the switching
frequency are set to be 90 and 115 kHz for the coils with the
distance of 10 cm, while the frequency bounds are set to be 90
and 110 kHz for the coils with the distance of 12 and 14 cm,
and 95 and 110 kHz for the coils with the distance of 16 and 18
cm. By using the same frequency bounds, the monitoring time
from either the lower bound or the upper bound will be increased
when the distance is increased. The monitoring times for all the
distances are less than 62 ms.

B. Resonators-1I and Resonators-111

For the SS-compensated WPT system with the resonators-II,
the dc source voltage (i.e., Vq.) is 3.3 V. The actual coupling
coefficient is 0.47. The waveforms of v}, vp1, ip,, and vg, during
the search process are presented in Fig. 22. Based on (7.2), the
monitored coupling coefficient from the upper bound for the
WPT system with the resonators-II can be calculated as 0.4725.
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Fig. 19. Waveforms of vy, vp1, ip, and vg, of the WPT system operating
from 90 to 93.2 kHz with the resonators-I (10 cm distance between the coils,
k=0.17). (a) At 90 KHz (finin). (b) From 90 (fimin) to 93.2 kHz (f4). (c) At
93.2kHz (fa).

The relative errors and total monitoring time are provided in
Table VIII. Similarly, the monitored coupling coefficient from
the lower bound can be calculated as 0.4639. The relative error
is 1.3% and the monitoring time is 42 ms.

For the SS-compensated WPT system with the resonators-III,
the dc source voltage (i.e., Vq.) is 12 V. The actual coupling
coefficient is 0.26. The waveforms of vy, vp1, i, and ve, during
the frequency sweep are shown in Fig. 23. Based on (7.1), the
monitored coupling coefficient from the lower bound for the
WPT system with the resonators-III can be calculated as 0.2633.
The relative errors and total monitoring time are provided in
Table VIII. Similarly, the monitored coupling coefficient from
the upper bound can be calculated as 0.2573. The relative error
is 1.04% and the monitoring time is 46 ms.
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C. Comparisons Among the Proposed Monitoring Strategy
and the Existing Monitoring Strategies

The coupling coefficients of the WPT systems with the
resonators-I, II, and III are also monitored by the existing
monitoring strategies in [18], [20], and [21], respectively. For
the monitoring strategy in [20], the equivalent load resistance
is primarily estimated. Then, the coupling coefficient is further
monitored at the resonant frequency using

e

~Rp) (Ro+Re)
waLpLs

(w = wo) (€
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TABLE IX
COMPREHENSIVE RESULTS OF THE RESONATORS-1

Distance | Actual k Monitored k& Re(%) | Tinon (MsS)

10 em 017 from lower bound | 0.1728 1.65 38
) from upper bound | 0.1671 1.71 50

from lower bound | 0.1384 1.76 52

12cm 0-136 from upper bound | 0.1329 2.28 22
14 em 0111 from lower bound | 0.1194 2.05 60
) from upper bound | 0.1134 3.08 34

from lower bound | 0.0962 2.34 20

16.cm 0.092 from upper bound | 0.09 4.26 48
from lower bound | 0.0782 2.89 28

18 cm 0076 I om upper bound [0.0723 | 4.87 58

where V1 and 1,1 are the amplitudes of v, and ip;. ]:ZL is the
estimated equivalent load resistance. The comparisons among
the proposed monitoring strategy and the existing monitoring
strategies are conducted on the WPT systems with the devia-
tions of ESR of the resonators, which always occurs when the
temperature and operating frequency alter. In experiment, the
practical deviations of ESR are emulated by the deviations of
the parameter values of ESR being adopted for the monitoring
strategies in the transmitter controller.

First, the proposed monitoring strategy and the monitoring
strategies in [18], [20], and [21] are adopted to monitor the
coupling coefficient of the WPT system with the resonators-I
and the distance between the coils is 10 cm. Fig. 24 shows the
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TABLE X
AVERAGE MONITORING TIME FOR RESONATORS-I
Distance | Proposed strategy Strategy in [21]
10 cm 44 ms 155
12 cm 37 ms 14.7 s
14 cm 47 ms 149
16 cm 34 ms 15.1s
18 cm 43 ms 149

comparative curves of the relative errors among the proposed
monitoring strategy and the existing monitoring strategies when
the ESR of the transmitter coil deviates about +2%, +4%, and
+6%, while the ESR of the receiver coil remains unchanged. It
can be seen that the relative errors of the proposed monitoring
strategy are much less than those of the monitoring strategy
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in [18] and [20] when the ESR of the transmitter coil deviates
from the nominal value. The discrepancy of the relative errors
becomes larger as the deviation increases. Besides, the relative
errors of both the proposed monitoring strategy and the monitor-
ing strategy in [21] are steady and small. However, the average
monitoring time of the proposed strategy is much less than that
of the strategy in [21]. A comparison of the average monitoring
time between the proposed strategy and the strategy in [21] for
the coil distances of 10, 12, 14, 16, and 18 cm is given in Table X.
The average monitoring time of the proposed strategy are only
tens of milliseconds, which is much shorter than the average
monitoring time of the strategy in [21] (the processor used is
Intel(R)Core(TM) i5-2400 CPU@3.10 GHz).

Similarly, comparisons are also conducted on the WPT sys-
tems with the resonators-II and the resonators-III. Figs. 25 and
26 show the comparative curves of the monitoring errors when
the ESR of both resonators deviate about £2%, +4%, and 6%
for the WPT system with the resonator-II and resonator-III,
respectively. The proposed monitoring strategy exhibits much
higher accuracy than the existing monitoring strategies in [18]
and [20] when the ESR of the resonators deviates from its
nominal value. Besides, the average identification time of the
proposed monitoring strategy and the monitoring strategy in [21]
is about 37 ms and 15 s for the WPT system with the resonator-II,
and 57 ms and 20 s for the WPT system with the resonator-I1I,
respectively. The proposed monitoring strategy is demonstrated
to identify the coupling coefficients much faster than the existing
monitoring strategy in [21].

V. CONCLUSION

This article presents a fast hardware approach to front-end
monitoring strategy for mutual coupling coefficient in SS-
compensated WPT systems with active rectifiers. The novel
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method is not a traditional model-based method. It has the
advantage that it requires only the knowledge of the operating
frequency range specified in the wireless charging standard and
does not need the knowledge of the transmitter and receiver
coil resonator parameters. Without using any extra wireless
communication system between the transmitter and the receiver,
the proposed method can monitor the mutual coupling coef-
ficient based on the frequency sweep from either the lower
bound or upper bound after shorting the rectifier output to the
secondary ground. The proposed method can determine the
mutual coupling coefficient within 62 ms typically while other
existing model-based methods take seconds or minutes to do the
estimation. The hardware can be implemented in inexpensive
digital controllers. Both simulation and experimental results
validate the accuracy of the proposed monitoring strategy for
both strongly and weakly coupled resonators. Experimental
results also exhibit that the proposed monitoring strategy is
generally applicable for WPT systems with helical/planar coils,
and same/different diameters of the transmitter and receiver
coils. Comparative studies of the three different WPT systems
have demonstrated that the proposal is more robust (less sensitive
to ESR), faster in determining the mutual coupling coefficient
and requires less sensor than existing monitoring strategies.
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