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Abstract--Maximum energy efficiency tracking (MEET) of
series-series (SS)-compensated wireless power transfer (WPT)
systems with active rectifiers require the information of mutual
coupling coefficient or correlated variables, which are
conventionally monitored based on the feedback signals from the
receiver to the transmitters via a wireless communication system.
In this paper, a very fast hardware-based front-end monitoring
strategy is proposed to determine the mutual coupling coefficient
of the system within typically 65 ms without any wireless
communication system. Compared to existing mathematical
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--Series-series (SS)-compensated wireless power
transfer (WPT), coupling coefficient, front-end monitoring.

I. INTRODUCTION

R ECENT advancements of series-series (SS)-compensated
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
conventional 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 and voltage of the battery load [2]-[7]. However, the
efficiency and dynamic response of the conventional WPT
system is limited 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 improve power density [9]-[16]. The
concept of maximum energy efficiency tracking (MEET) was
first proposed in [2], which sparked off more related studies in
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[31, [4], [6], [71, [11], [12] and [16]. Fast control strategies for
MEET strategies are subsequently investigated in [9], [14], [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
coupling coefficient of SS-compensated WPT systems without
an extra wireless communication system [17]-[21]. These
strategies 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 coefficient 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 coupling
coefficient of SS-compensated WPT systems with either
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
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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 charging 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 paper, a very fast “hardware-based” strategy is
proposed 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 transmitters 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
strategies 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 voltage of the transmitting resonator
and the transmitter current are required to be accurately
measured for obtaining their amplitude/root-mean-square
(RMS) 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.

TABLE |. FEATURES OF THE MONITORING STRATEGIES

Feature [17]/[18] | [19]]|[20] | [21] | Proposed
High accuracy for unknown x| x| x| x|+ N
parameters of the resonators
Easy implementation using x| x| x|+ = J
inexpensive digital controllers
Fast monitoring N[ V[ VA ] x N
Numbers of sensors 2 2 2 2 2 1

Il. 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 paper. 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
transmitter 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 Rp. 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 Ls and Cs
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.
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Fig. 1. Circuitry of an SS-compensated WPT system with a semi-bridgeless
rectifier.
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Fig. 2. Equivalent circuit of the SS-compensated WPT system when both
switches of the S-BAR rectifier are closed.
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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 @s and &s 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
generated by the power inverter can be approximated as a
sinusoidal voltage vpi. The fundamental components of the
transmitter current and the receiver current of the receiver
resonator are ip: and is1. w is the switching angular frequency. M
is the mutual inductance between the transmitter and receiver
coils. The coupling coefficient (i.e., k) of the SS-compensated

WPT system is
M

k= @)

Based on the equivalent circuit in Fig. 2,

{Upl = Zpllpl _ja)Misl (2)
0= ZSlisl ](A)Ml
where Z,; = jolL, + + R, and Zg; = jwLs + + R;.

Cp and Cs are de5|gned to compensate L, and Ls,
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Wiy = Lricp 3.1)
whs = e (3.2)

where wqp and wes are the resonant angular frequencies of the
transmitter and the receiver, respectively. By substituting (3)
into (2) and simpIifying (2) by cancelling is1,

M2
Zeql = E = Z = Reql +leq1 (4.1)
where

2)2

Req1 = Rp + # >0 4.2)
(1 ozs) w212
Rs R
wis\wM?
(‘)(2) 1_ﬁ s

Xeqr = (1 -22) oLy, - Gyl 2) L (4.3)

Generally the receiving coil has a high-quality factor (i.e.,
~ 0). Then, (4.3) can be simplified as

ZLZ
wM?

Xeqr = (1-22) oL,

o2
and
w3p
Xeql = (1 - w_) wosL (0 = wgs) (4.5)

By substituting (1) into (4.4),

(w # wys) (4.6)

w?

2
Xeqr = @l [(1 — ) —
The reactance Xeq1 can be inductive, capacitive, or zero for both
(4.5) and (4.6). According to (4.5), if w=wes>wop, Xeqr IS
inductive for any k (0<k<1); if w=mos<wop, Xeq1 iS capacitive for
any k (0<k<1); if w=wos=wap, Xeq1 IS zero for any k (0<k<1).
According to (4.6), if

k? <k? (0> wy)
A
{kz > k2 (w < wys) (1)
Xequ is inductive. If
k? <k? (0 < wys)
2
{kz > k2 (W > wys) (52)
Xequ is capacitive. If
k? = k2 (0 # wys) (5.3)

« w? UJ%S
Xequ is zero, where k. = \/(1 — ﬁ) (1 - F)

The reactance characteristics of Xeq1 can be tabulated as
shown in Table Il. The coupling coefficient is in the range of 0

<k < 1. Based on the reactance characteristics of Xeq1 in Table 11,

the characteristics of the equivalent impedance Zeq in the k-w
plane for 3 possible cases of any SS-compensated WPT system
with the receiving circuit being short-circuited are plotted in
Fig. 3(a)-(c). When @ and k of the system are located in the

inductive/capacitive zones (including inductive/capacitive line),

Zeq1 is inductive/capacitive. When o and k of the system are
located on the zero lines, Zeq is purely resistive. The
intersection points of any k with the zero lines form Point-A and
Point-B for any compensation (wop<wos, Wop>wos, OF Wop=os).
Point-A can be determined when w of the WPT system is swept
from the minimum wmin to the maximum wmax. Point-B is
determined when @ is swept from the maximum wmax to the
minimum wmin. Based on (5.3), the analytical expressions of the
zero lines across the Point-A and the Point-B are

Wop . “’(2)5
k= |=2-1 \/wz -1 (6.1)
k= J1-22. 1% (62)
- w? w? !
TABLE Il. REACTANCE CHARACTERISTICS OF XeqL
Wop<Wos
Wop<Wos<® Wop<W<Wos WO<Wop<Wos Wop<Wos=®
k<ke inductive nonexistent capacitive inductive
k>ke capacitive capacitive inductive inductive
k=ke zero nonexistent zero inductive
Wop>Wos
Wos<Wep<® Wos<W<Wop WO<Wos<Wop W=Wos<Wop
k<kc inductive nonexistent capacitive capacitive
k>ke capacitive capacitive inductive capacitive
k=k Zero nonexistent zero capacitive
Wop=Wos=Wo
w<w, W>wWq W=Wo
K<k capacitive inductive
< 2 zero
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Fig. 3. Characteristics of the equivalent impedance Zeq in the k- plane.

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

k= J“°P -1- \/“’— —1 (wy < wyg)  (7.1)

2 2
k =\/1 —"’—?-\/1 — 2% (wp > wes) (7.2

wp @wp
Generally, Cp and Cs are designed to compensate L, and Ls to
match the required resonant frequency wo in order to minimize

or




the apparent power rating of the power supply and maximize
the transfer capability, respectively. If wop=woes=wo, the
coupling coefficient k can be monitored using simplified
equations

ws
k= o 1 (w4 < wy) (8.1)

or
82)

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, ip; 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 @ (S;) 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 ip; is positive, ipsyn is a positive pulse. If
the waveforms S; and ipsyn 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 S; and ipsyn. AS
the pulsewidth of the Sxor signal decreases, the phase shift
between S; and ipsyn decreases. When the pulsewidth of Sxor is
zero, the operating Point-A (wa) or Point-B (we) is reached.
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Fig. 4. A block diagram of a digital controller for determination of coupling
coefficient.

Digital Controller

In order to determine wa, the power inverter’s frequency is
scanned from the lower bound frequency fmin. Fig. 5 shows the
flow chart of determining wa and then k. The duty cycle of the
signal Sxor is detected and represented as a digitized signal
Dp(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 Dp(N) approaches zero when
wa is 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) are shown in Fig. 6.

In the proposed monitoring strategy for determining ws at
Point-B from the upper bound frequency fmax, Dp(N) is regularly
monitored as shown in the flow chart in Fig. 7. If this duty cycle
is smaller than the previous duty cycle (i.e. Dy(N) < Dp(N-1)),
the switching frequency will decrease. This process will

continue until Dp(N) approaches zero when ws 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) are shown in Fig. 8.

Detect the duty ratio of the signal |
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Fig. 5. A flow chart of the monitoring strategy to determine w, and then k.
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Fig. 6. Timing diagrams of the monitoring strategy to determine wa and then k.
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Fig. 7. A flow chart of the monitoring strategy to determine wg and then k.

ipL

ip1syn

3ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ|—l|—ll— 1.

g 111 A A B

Jnnanono 0N A AMA M

A 11O O A
Dp(N)

fp(N()) t

t
Fig. 8. Timing diagrams of the monitoring strategy to determine wg and then k.



I1l. SIMULATION RESULTS

Simulations are carried out in PSIM 10.0 with the
specifications of the SS-compensated WPT system given in
Table Ill. The switching signals Si;, Sz and Sz, Ss4 of the
transmitter are complimentary with the duty ratio of 0.5. Both
the switches &s and &g are consistently closed. The
implementation of the proposed monitoring strategy in
simulation is depicted in Fig. 9. Initially, the primary current
ip(N) at the sampling time N is measured. ipi(N) is the
fundamental component of ip(N), which can be obtained by
applying a bandpass filter on ip(N). ip1syn(N) is the synchronous
pulse signal of ip1(N). The XOR of ixisyn(N) and Sz results in the
difference pulse signal that indicates the phase difference
between ix1(N) and vpi(N). Np(N) is the counted pulse width of
the difference pulse signal. The duty ratio of the difference
pulse signal, i.e., dy(N), is calculated by multiplying Ny(N) and
the switching frequency fy(N). By using a zero-order holder
(ZOH) and the delay sampling (Z) by one cycle, discrete duty
ratios of the difference pulse signal at the sampling time N-1
and N, i.e., Dp(N-1) and Dp(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 Dp(N-1) to Dp(N), if Dy(N-1)>Dy(N), the
frequency index is 1, which means the switching frequency
fo(N-1) of the transmitter inverter at the sampling time N-1 can
be further increased (search from fmin) or decreased (search
from fmax) by a frequency step |Afp(N)], i.e., Afp(N)>0 for the
search from fmin and Afy(N)<O for the search from fpa. If
Dp(N-1)<Dy(N), the frequency index is 0, which means the
switching frequency fy(N-1) of the transmitter inverter at the
sampling time N-1 cannot be further increased or decreased.
fo(N-1) can be considered as the critical frequency f'(N), i.e.,
f'(N)= fo(N-1)= fo(N)-Af(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).

TABLE Ill. SPECIFICATIONS OF THE WPT SYSTEM IN SIMULATION

Parameter| Value |Parameter| Value |Parameter| Value
Ve 5V C:~Cs 315 pF Ly 91.78 uH
Cp 27.6 nF Rp 0.7Q Ls 92.05 uH
Cs 27.6 nF Rs 1.01Q Cs 100 uF
Comparator
Dp(N-1)
Frequency Index + ?
(Loro) dp(N).— Np(N)
- [ZOH] P
Dp(N)
fo(N *(N) Monitoring Equations
Af(N) 0 N anad2 |

i) s XOR ool
) Bandpass|'* ulse
o~ For D Width
iptsyn(N) Counter
= Comparator

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

In simulation, two cases of the coupling coefficient
monitoring for SS-compensated WPT systems are presented.
The main parameters of the monitoring strategy are provided in
Table V. Here, fsep is the frequency of the step change Afy. Rerr
is the relative error between the actual and monitored coupling

coefficient. Tmon is total monitoring time (the computation time
is negligible as compared to the searching time).

TABLE IV. PARAMETERS OF THE MONITORING STRATEGY IN SIMULATION

Case Number | fmin/fmax Afy fstep falfs Rer(%) | Timon

1 from fmin | 90 kHz | 0.2 kHz 0.5 kHz| 92.4 kHz 0.75 | 30 ms
from fmax | 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
2.2 145 kHz | 0.2 kHz [0.5 kHz| 141.2kHz | 0.08 | 44 ms
2.3 145 kHz | -0.2 kHz [0.5 kHz| 142.8kHz | 0.32 | 28 ms

Case 1: 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 is identical to those in
Table Il1. The resonant frequencies of both the transmitter and
the receiver circuit are 100 kHz. Fig. 10 contains typical
waveforms of dp(N), Dy(N), Dp(N-1), Frequency Index, f(N)
and f*(N) in the monitoring strategy of Fig. 9. At the initial stage
of the search process, the phase shift between v, and ip is
relatively large as reflected from the magnitude of dy(N) and
Dp(N). As the switching frequency of the inverter increases, this
phase shift decreases until Dp(N) approaches zero. Then, the
critical frequency fa (and thus wa) is determined. Once wa is
found, the coupling coefficient k can be monitored based on
(8.2).

Fig. 11 shows the typical waveforms of v, and iy in the
transmitter circuit. Here, @ is the phase difference between iy
and vp. It can be seen that, before wa is determined, the input
current and input voltage of the primary coil-resonator are not
in phase (i.e., cos#=0.217). Fig. 12 shows the corresponding
waveforms after wa is determined. It is noted that ip: and vy are
now essentially in phase (i.e., cos#=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 IV.
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Fig. 10. Waveforms of the variables of the monitoring strategy for determining
wa through frequency sweep from the lower bound in case 1.
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Fig. 12. Waveforms of voltage and current and their phase in the transmitter
circuit after fo of 92.4 kHz is reached in case 1.

Starting from the upper bound frequency of 110 kHz, this test
demonstrates the determination of we. The results are shown in
Figs. 13~15. As expected, the frequency fsz can be located
quickly as shown in Fig. 13. Before fgz is located, there is
obvious phase shift between v, and i, (i.e., cos6=0.898) as
shown in Fig. 14. When fg is located, v, and i, are in phase (i.e.,
€0s6=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.
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Fig. 13. Waveforms of the variables of the monitoring strategy for determining
ws through frequency sweep from the upper bound in case 1.
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Fig. 14. Waveforms of voltage and current and their phase in the transmitter
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Fig. 15. Waveforms of voltage and current and their phase in the transmitter
circuit after fg of 109.6 kHz is reached in case 1.

Case 2: Coupling coefficient of the WPT system is 0.5 and the
resonant frequencies of the transmitter are 98 kHz, 100 kHz
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 nF, 27.6
nF 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 Ill. The resonant frequency of the
receiver is 100 kHz. The resonant frequencies of the transmitter
are 98 kHz, 100 kHz and 102 kHz for cases 2.1, 2.2 and 2.3,
respectively. Fig. 16 shows the waveforms of dy(N), Dp(N),
Dp(N-1), Frequency Index, fy(N) and f°(N) in case 2. At the
initial stages of the search processes, the phase shifts between
vp and iy are relatively large as reflected from the magnitudes of
dp(N) and Dy(N). As the switching frequency of the inverter
decreases, the phase shift decreases until Dy(N) approaches
zero for all the three cases. Then, wg 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 accurate (relative errors
in case 2 are much less than those in case 1).
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Fig. 16. Waveforms of the variables of the monitoring strategy for determining
wg through frequency sweep from the upper bound in case 2.




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-1 are helical, while the coils of the
resonators-11 and the resonators-11l are planar. For the
resonators-l and the resonators-ll, the diameters of the
transmitter coil and the receiver coil are the same. For the
resonators-111, the coil diameters are different. The
specifications of the three resonators are tabulated 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 (ADC) pin of the transmitter
controller, i.e., Texas Instruments (TI) F28379D Delfino
Experimenter Kit. The phase delay of the hall-effect sensor and
a phase difference between S; and vp; at the critical frequencies
can be tuned offline and compensated in the controller to ensure
the equivalent impedance Zgq is pure-resistive (i.e., Vp1 and ip:
are in phase) at critical frequencies (i.e., wa and wg). The
proposed monitoring strategy is implemented in the transmitter
controller. In this paper, 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 iy 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., vip) and the actual switching frequency
(i.e., fp) are proportionally tuned. The main parameters of the
monitoring strategy are provided in Table VIII. For the receiver,
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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, ip and vy, are measured by
the Keysight DSOS054A High-Definition Oscilloscope. As the
phase differences between i, and the fundamental component
ip1 are negligible for all the resonator types, the phase difference
between vp; and i, can be considered as the phase difference
between vp1 and ip:.
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Fig. 17. Photographs of the three types of resonators in experiment.

TABLE V. SPECIFICATIONS OF THE RESONATORS-I

Parameter Value
Coil diameter of both transmitter and receiver coils 31cm
Wire diameter of both transmitter and receiver coils 1.2mm
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
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Fig. 18. Full hardware schematic diagram of the WPT system in experiment



TABLE VI. SPECIFICATIONS OF THE RESONATORS-I|

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 0.10Q
Ls @ 100 kHz 14.3 uH
C,@ 100 kHz 177.3nF
Rs @ 100 kHz 010
TABLE VII. SPECIFICATIONS OF THE RESONATORS-III
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
Ry @ 85 kHz 0370
L. @ 85 kHz 60.46 xH
C.@ 85 kHz 58 nF
R; @ 85 kHz 0.090
TABLE VIIl. PARAMETERS OF THE MONITORING STRATEGY IN EXPERIMENT
Resonator | fmin/fmax Af,
fs el falf Rerr % Tmon
Tyoe | () | () | M | Wl |Re®)
10cm, | 90kHz | 0.2 kHz 93.2 kHz
from fog | (161 V) | 0.08V) |22 (oiggy) | 165 | 38ms
10cm, | 115kHz |-0.2 kHz 110.6 kHz
L from fm | 289 V) | (008 )|%2KHZ| "(113y) | 171 | 50ms
18 cm, | 110 kHz |-0.2 kHz 104.8 kHz
from fu | (2.89 V) |(-0.08 V)|*2KHZ| (0.1 vy | 487 [ 58S
140 kHz | —-0.2 kHz 137.6 kHz
2 | from fmax (2.89 V) |(-0.08 V) 0.5 kHz (1.93 V) 0.53 | 30 ms
70kHz | 0.2 kHz 75.6 kHz
3 | from foin (0.81V) | (0.08 V) 0.5 kHz (3.05 V) 1.27 | 62ms

A. Resonators-I with Different Distances Between the Coils
For the SS-compensated WPT system with the resonators-I,
the DC source voltage (i.e., V) 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 vp, Vp1, ip and vy, of the WPT system operating at
the lower bound are shown in Fig. 19(a). i, leads vy: about
86.72< The equivalent reactance of the system (i.e, Xeq1) iS
capacitive, which validates the analysis of the characteristics in
Table Il and Fig. 3. The output voltage of the DAC pin (i.e., Vi)
is at the minimum (i.e., vimin) Of 1.61 V, which indicates the
operating frequency of the WPT system is at the minimum (i.e.,
fmin) Of 90 kHz. Then, the operating frequency sweeps from fmin
to the critical frequency fa. The transmitter controller finds the
critical frequency at 93.2 kHz and maintains the operating
frequency at fa. The waveforms of vp, Vp1, ip and vg, during the
search are shown in Fig. 19 (b). vs is searched from 1.61 V
(vimin) to 2.97 V with the voltage step of 0.08 V and then
reduced from 2.97 V to 2.89 V (vs) in the next step, which
signifies that the operating frequency of the WPT system is
changed from 90 kHz 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, ip
and vy, of the WPT system operating at fa are shown in Fig.
19(c). vp1 and iy are in phase (the phase difference between vp;
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.
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Fig. 19. Waveforms of vp, vy, ip and vy, of the WPT system operating from 90
kHz to 93.2 kHz with the resonators-1 (10 cm distance between the coils,
k=0.17).

The switching frequency of the transmitter inverter (i.e., fy)
also sweeps from the upper bound (i.e., fmax) of 115 kHz with
the step (i.e., Afp) of -0.2 kHz. The waveforms of vp, V1, ip and
v, Of the WPT system operating at the upper bound are
presented in Fig. 20(a). ip lags vp: about 75.97 < The equivalent
reactance of the system (i.e, Xeq1) is inductive, which also
verifies the analysis of the characteristics in Table 11 and Fig. 3.
Then, the operating frequency sweeps from fmax to the critical
frequency fs. The transmitter controller finds the critical
frequency at 110.6 kHz and maintains the operating frequency
at fs. The waveforms of vy, Vp1, ip and vg, of the WPT system
during the frequency sweep and operating at fg are exhibited in
Figs. 20(b) and (c), respectively. At the steady state, vy and ip
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 vp, Vp1, ip and vi, of the WPT system during the
frequency sweep and operating at fg are shown in Figs. 21(a)
and (b), respectively. At the steady state, vy1 and ip 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
coefficients of the WPT system with the coil distance of 18 cm
from the lower bound and the WPT systems with coil distances
of 12 ¢cm, 14 cm and 16 cm from both the lower and upper
bounds (the waveforms are not presented in this paper). 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 cm 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 kHz and 115
kHz for the coils with the distance of 10 cm, while the
frequency bounds are set to be 90 kHz and 110 kHz for the coils
with the distance of 12 cm and 14 cm, and 95 kHz and 110 kHz
for the coils with the distance of 16 cm 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.
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Fig. 20. Waveforms of vj, vpy, ip and vy, of the WPT system operating from 115
kHz to 110.6 kHz with the resonators-1 (10 cm distance between the coils,
k=0.17).
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TABLE IX. COMPREHENSIVE RESULTS OF THE RESONATORS-I

Distance | Actual k Monitored k Rerr(%) | Tmon (MS)

10cm 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

12em | 0136 =5 o ioperbound [0.1329] 2.28 22
from lower bound | 0.1194 2.05 60

14cm 0.111 from upper bound [0.1134| 3.08 34
from lower bound | 0.0962 2.34 20

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

18.cm 0.076 from upper bound | 0.0723| 4.87 58

B. Resonators-11 and Resonators-I11
For the SS-compensated WPT system with the resonators-11,
the DC source voltage (i.e., Vqc) is 3.3 V. The actual coupling



coefficient is 0.47. The waveforms of vy, V1, ip and vy, 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-I1 can be calculated as 0.4725.
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.

Vp/
Vfmax
/ ip/ Vs
- | 2V/ div
— 30 ms '
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5.00 ms/ =—&5 o

Fig. 22. Waveforms of v, vy, ip and vy, of the WPT system operating from 140
kHz to 137.6 kHz with the resonators-I1 (k=0.47).

For the SS-compensated WPT system with the resonators-111,
the DC source voltage (i.e., V) is 12 V. The actual coupling
coefficient is 0.26. The waveforms of vy, vp1, ip and vg, 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-111 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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Fig. 23. Waveforms of vy, Vpy, ip and vy, of the WPT system operating from 70

kHz to 75.6 kHz with the resonators-I11 (k=0.26).

B. Comparisons Among the Proposed Monitoring Strategy
and the Existing Monitoring Strategies
The coupling coefficients of the WPT systems with the
resonators-1, resonators-11 and resonators-111 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
Vp1 ~

__Rp (Rs+RL)

k = % (@ = wy) )

w3LpLs
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where Vp; and Iy are the amplitudes of vp; and ip. Ry, 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
deviations 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
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 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
monitoring 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 cm, 12 cm, 14 cm, 16 cm 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@3.10GHz).
20 T
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Fig. 24. Comparative curves of the monitoring errors for the WPT system with
the resonators-I.

Similarly, comparisons are also conducted on the WPT
systems with the resonators-Il and the resonators-Il1. 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-11 and resonator-111,
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] are about 37 ms and 15 s for the WPT system with the
resonator-I1, and 57 ms and 20 s for the WPT system with the
resonator-I11, respectively. The proposed monitoring strategy is
demonstrated to identify the coupling coefficients much faster
than the existing monitoring strategy in [21].
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TABLE X. AVERAGE MONITORING TIME FOR RESONATORS-I

Distance | Proposed strategy Strategy in [21]
10cm 44 ms 15s
12 cm 37 ms 14.7 s
14 cm 47 ms 14.9s
16 cm 34 ms 15.1s
18 cm 43 ms 14.9s
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£ -&-Existing strategy in [20]
m Existing strategy in [21]
)
>
= 5r 1
=
o)
~
S _
@ @ A 9
-6% -4% -2% 0 +2% +4% +6%

ESR Deviation
Fig. 25. Comparative curves of the monitoring errors for the WPT system with
the resonators-II.
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Fig. 26. Comparative curves of the monitoring errors for the WPT system with
the resonators-I11.

V. CONCLUSIONS

This paper presents a fast hardware approach to front-end
monitoring strategy for mutual coupling coefficient in
series-series (SS)-compensated wireless power transfer (WPT)
systems with active rectifiers. The novel 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 coefficient 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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