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Coupling Coefficient Estimation in Inductive Power Transfer Systems Through
Damped Frequency
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Abstract—This letter proposes a novel approach for estimating
coupling coefficients in inductive power transfer systems based
on damped frequencies. In systems incorporating a voltage load,
disturbances can lead to current/power oscillations at a damped
frequency due to poorly damping characteristics. By analyzing
the damped frequency of the oscillating components of dc-side
currents, the coupling coefficient can be accurately determined
without the need for wireless communication, additional hardware,
and complex calculations. Experimental results demonstrate the
effectiveness of the proposed method, which can estimate coupling
coefficients within 0.5 ms based on dc-side currents.

Index Terms—Coupling coefficient,
estimation, inductive power transfer (IPT).

damped frequency,

1. INTRODUCTION

NDUCTIVE power transfer (IPT) systems, utilizing mag-
I netic resonant coupling, have gained significant attention as
a wireless charging solution without the need for physical con-
nections. This technology offers notable advantages, including
enhanced reliability, safety, and user friendliness. It has found
widespread applications in various domains, such as consumer
electronics, electric vehicles, and marine transport. Among var-
ious topologies, the series—series (SS) compensation topology,
featuring a diode rectifier on the pickup side, is widely adopted
for inductive battery charging due to its cost-effectiveness and
high-power density [1].

To effectively track system maximum efficiency and facilitate
model-based controller design, it is essential to have knowl-
edge of the system state, including the coupling coefficient [2],
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[3]. Previous studies have employed real-time system measure-
ments for coupling calculations, but this approach often relies
on wireless communication, introducing complexity and cost.
Alternative methods have been proposed to estimate coupling
without the need for wireless communication [4], [5], [6], [10].
For instance, an auxiliary inverter on the sending side enables
independent coupling estimation [4]. Another approach, as dis-
cussed in [5], utilizes pulse density modulation and interhar-
monics analysis for estimating system coupling. A recent paper
[6] involves frequency sweeping for coupling estimation on
the sending side. Moreover, Liu et al. [10] present a coupling
estimation method based on the fundamental component and
higher harmonics of the system on the primary side. However,
these methods typically require specific system parameter infor-
mation, complex calculations, and additional components, such
as auxiliary inverters or ac current sensors.

To avoid the aforementioned issues, this letter proposes a
novel method for coupling coefficient estimation of IPT sys-
tems. In systems with voltage loads, inadequate system damping
can lead to current/power oscillations at damped frequencies
when a disturbance occurs [7]. This letter establishes a linear
relationship between the system’s coupling and the damped
frequency. Leveraging this relationship, the coupling coefficient
can be accurately determined within 0.5 ms by utilizing the
dc-side current. The proposed method is independent of the
output voltage, avoids wireless communication and complex
calculations, and does not require additional ac sensors or circuit
components. It is also robust to parameter sensitivity, with little
impact from the coil’s parasitic resistance and deviations in
resonant frequency on both the sides for IPT systems with
loose coupling. Experimental validation is provided to verify
the effectiveness of the proposed method.

II. PROPOSED METHOD FOR ESTIMATING COUPLING

Fig. 1 illustrates the circuit diagram of a standard SS compen-
sated IPT system with a voltage load. The input is represented by
adc voltage, Vi, , while the system output is directly connected to
a battery, modeled as Vg._out- The input and output dc currents
are denoted as igc_in and ige_out, respectively. The system
includes vq (v2) and i1 (i2) as the sending (pickup) voltage and
current, respectively. Moreover, it comprises L (Lo) and Cy
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(C2) as the self-inductance and compensation capacitance for
the sending (pickup) side, respectively, along with R; (R2) as the
coil’s parasitic resistances. The mutual inductance is represented
by M. The system parameters typically satisfy the following
equation:

1 1
VLG, VI2C,

with w, being the system angular resonant frequency.

ey

Wy =

A. Damped Frequency Analysis Through the Simplified Model

The system depicted in Fig. 1 is typically analyzed using the
fundamental harmonic approximation (FHA), assuming sinu-
soidal waveforms for all the ac voltages and currents. To sim-
plify the analysis and effectively handle rapidly changing state
variables, ac signals can be converted into dg-axis steady-state
variables by establishing a synchronous reference frame. The
d- and g-axis state variables can be interpreted as the real and
imaginary components of a dynamic phasor model. Based on
Kirchhoff’s law, the nonlinear models of the system can be
expressed as follows [7]:
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where Ly, = Ly —M?/Ly, Loy = Lo—M?/L;, and w, represents
the angular switching frequency of the system.

In the dynamic phasor model of IPT systems, the resonant
capacitor can be approximated as an equivalent inductor to
simplify the system and reduce its complexity at w,. Therefore,
(2) can be simplified to the following equation [8]:

) —
Riwsii,d wsMiz g

= @ — e - GRSt Gt T e
T = (w0 — wr )i — GRS — G
Gt = (ws —wn)ing — TESSE + S0 E T s
=~ —wi - G Gt o
(3)

To minimize reactive power and achieve high efficiency, the
system typically operates at the resonant frequency (ws = w,),
satisfying the following relationship [9]:

v1a(t) = Vi;v14(t) = 03d14(t) = d24(t) = 0;v24(t) = 0;
vaq(t) = Va
Li(t) = \/i34() +i3,(t) = i1a(t)
4

where I is the envelope of the sending current.
Solving (3) and (4) allows for obtaining the envelope of the
sending current (/7 ), expressed in the s domain

Ii(s) =
(2L Vi s+w, MVa+RoV7) /(411 Lo)

52—|—((2L1R2—|—2L2R1)/(4L1L2)) S+ (w,Q.MQ +R1R2)/4L1L2 ’
)
The response of I; can be viewed as a second-order system,

and its angular natural frequency (w,) can be expressed as
follows:

W2 = wiM? 4+ RiRy  wM?>RiR, b M 2w,
no 4L1L2 N L1L2 - Wy
(©6)

where k is the coupling coefficient. The aforementioned equation
reveals a linear relationship between the angular natural fre-
quency w,, of I;(¢) and the coupling coefficient k. Therefore, this
property can be utilized to estimate the coupling coefficient of
the system in a straightforward and effective manner. However,
obtaining the natural frequency of 7;(f) can be challenging in
practical applications, while measuring the damped frequency
is relatively simpler. Moreover, in IPT systems with voltage
load, the damping is typically low at the resonant frequency [7].
Therefore, the angular damped frequency (wq) of the system
can be calculated using the following equation in low-damping
systems:

Wy = (\/ 1- 52) Wy & Wy @)

where ¢ is the system damping. The proposed method leverages
the damped frequency of the current amplitude to calculate the
coupling coefficient. By utilizing (6) and (7), coupling estima-
tion can be achieved without the need for wireless communica-
tion, additional hardware, or complex computations.
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Fig. 2. Response of sending current under small perturbation when k = 0.2.

TABLE I
PARAMETERS OF THE IPT SYSTEM

General parameters Values
Input voltage, Vg in 25V
Output voltage, Vic out 25V
Angular resonant frequency, @, 534000 rad/s
Self-inductance, L, L, 57,57 uH
Coil’s parasitic resistance, Ry, R, 0.05,0.05 Q

B. Sensitivity Analysis of the Proposed Method

Equation (6) provides insight into the relationship between the
natural frequency of /; (f) and coupling. However, the calculation
process for the reduced-order model presented in (3) is an
approximation [8]. To validate the results obtained from (6) and
evaluate the impact of system parameters, the full-order nonlin-
ear model described in (2) is used. When a small perturbation is
introduced to the system, Fig. 2 presents the sending current’s
response with a coupling value of 0.2, using the parameters
in Table I. The blue line represents the sending current, i1(?),
obtained from the circuit model through MATLAB/Simulink,
while the black line represents the sending current amplitude,
I1(?), calculated from the nonlinear model shown in (2). At
t = 0.3 ms, the input voltage momentarily drops to zero for half a
switching cycle. It is evident that the outcomes derived from the
full-order model align with the results obtained from the circuit
model. Moreover, [;(¢) exhibits small-amplitude oscillations
with an angular damped frequency of 53 630 rad/s. Utilizing (6)
and (7), the estimated coupling of the system is approximately
0.201, with an estimation error within 1%. This initial validation
demonstrates the effectiveness of the proposed method. Notably,
the pickup-side current amplitude, which exhibits the same
damped frequency due to the inherent properties of the system,
can also be used to estimate the coupling.

To verify the proposed method’s applicability, the impact of
system parameter deviations on coupling estimation should be
analyzed. By using parameters in Table I, Fig. 3 presents the
natural frequency and damping results for /;(#), obtained from
linearizing the model shown in (2) with parameter deviations,
including variations in output voltage, parasitic resistances,
and detuning factor x. [defined as CiL1/(Csls)]. Fig. 3(a)
demonstrates that the output voltage has no effect on natural
frequency and damping of /; (¢), aligning with (6). Thus, wireless
communication is unnecessary as the proposed method remains
unaffected by the output voltage values. Moreover, different
parasitic resistance values are examined in Fig. 3(b), observing
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Fig.3. Natural frequency and damping of /1 () with changing coupling in the
IPT system. (a) Variation with different output voltage loads. (b) Variation with
different parasitic resistance. (c) Variation with different detuning factors x..

negligible impact on the natural frequency of current ampli-
tude, even when Rj(2) is increased tenfold. While damping
increases notably at low coupling, it remains below 0.2, with
minor influence on damped frequency and natural frequency
deviations as (7). Moreover, Fig. 3(c) illustrates the sensitivity
of the proposed method to resonant frequency deviations. As x,
deviates from 1.0, the error increases with an increasing value
of k. Moreover, it is noted that for x, > 1, the error may be
relatively smaller compared to x, < 1. Generally, x. is designed
slightly above 1 for achieving zero-voltage switching but usually
below 1.05 for maintaining high coil efficiency [1]. Based on
the aforementioned analysis, the proposed method is highly
robust and relatively unaffected by system parameter deviations
in conventionally designed IPT systems.

C. Implementation of Coupling Coefficient Identification

Estimating the system coupling through the damped fre-
quency of I1(?) is feasible, but accurately obtaining the enve-
lope of ac currents is often challenging. Moreover, the system
typically measures the dc-side voltage and current for power
regulation. To avoid the need for additional ac current sensors,
such as i1 (?), the damped frequency of the oscillating part of the
input dc current iq._i, (f) can be directly measured for coupling
estimation, as the system exhibits the same damped frequency
shown in Fig. 4. When a disturbance occurs, the ac-side current
amplitude will oscillate at the damped frequency based on (5).
In this scenario, the system’s current can be expressed using the
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Fig. 4. Relationship between AC- and DC-side currents in presented systems
with disturbance.

following equation [11]:

i1(t) = Is[1 + Ky sin(wgt + 1)) sin(wst)
ige in(t) = %Iss[l + Ky sin(wgt + p2) + K3 |sin(wst)|]
(8)

where I is the ac current amplitude value of the system in the
steady state. The coefficients K1 (23) and 1(2) represent the am-
plitude and phase angle of the current oscillation, respectively,
which are influenced by system parameters and the applied
perturbation. It is worth noting that filter components, such as
dc-link capacitors, primarily influence the phase and amplitude
of the current oscillation, while the damped frequency used in
the proposed method remains unaffected by these components.
To maintain the desired steady-state operating point, a practical
solution involves skipping one pulse in the sending-side con-
verter. This approach effectively introduces a perturbation and
triggers current oscillations at the damped frequency. Therefore,
the proposed method enables fast coupling estimation in IPT
systems without requiring wireless communication. Moreover,
this approach leverages the existing dc-side current sensor within
the system, eliminating the necessity for additional components
and complex calculations. It is worth noting that w4 of the dc
current oscillation component can be obtained in the digital
controller. To accurately extract the oscillation component, the
dc current can undergo bandpass filtering, effectively filtering
out the dc and switching frequency components. It is clarified
that the amplitude and phase of the oscillation component are
not crucial, as the main focus is on measuring the frequency of
the oscillation component. This measurement is not affected
by the AD sampling delay or the bandpass filter. Moreover,
the digital controller performs zero-crossing detection on the
filtered current by detecting the sign bit of the filtered data. By
calculating the time difference between two consecutive rising
zero crossings, the damped frequency of the current oscillation
component can be determined. This allows for an accurate
estimation of the system’s damped frequency in practical ap-
plications.

III. EXPERIMENTAL VERIFICATION

A laboratory prototype, depicted in Fig. 5, was constructed to
validate the proposed coupling estimation method, with system
specifications listed in Table I. Fig. 6 presents the experimental
results of the system with a coupling coefficient of 0.203. At
time #1, an input pulse is skipped, leading to small-amplitude
oscillations observed in dc-side currents. By measuring the
time difference between the peak values of the oscillation,
the angular damped frequency of the system is determined to
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Fig. 6. Experimental results when k is 0.203. (a) Waveforms. (b) FFT analysis
of the oscillating components in input DC-side current.

be 27-8570 rad/s. Utilizing (6) and (7), the coupling can be
estimated to be 0.202, which closely matches the actual coupling
value within a 1% margin. Moreover, fast Fourier transform
analysis on the oscillation components of the dc-side current in
Fig. 6(b) further confirms the accuracy of the proposed method.
Therefore, coupling estimation can be accomplished within a
few switching cycles, while the disturbance caused does not
affect the system’s steady-state operation, returning to normal
within 2 ms.

Fig. 7 presents the experimental results when the system pa-
rameters deviate from Table 1. Since the output voltage changes
gradually during battery charging, the coupling estimation re-
sults are showcased for two different output voltages of 15
and 35V, resulting in estimated couplings of 0.204 and 0.203,
respectively, both with errors within 1%. To examine the effect
of coil parasitic resistances, additional resistors (R = 0.2 {2 and
R =0.5 Q) were added to the primary and secondary sides of the
circuit. The experimental results, depicted in Fig. 7(c) and (d),
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demonstrate that the coupling estimation is minimally affected. P R
The estimated couplings for these scenarios are 0.202 and (pulseskippedog B v [10 Vidiv] 2 Avdiy 4
0.203, respectively, with errors within 1%. Moreover, deviations
that may occur during the mass production of resonant tanks e e

were considered. Experiments were conducted by increasing
the secondary-side resonant capacitance value to x. = 0.95
and increasing the primary-side resonant capacitance value to
x. = 1.05. Fig. 7(e) and (f) presents the results for these two
cases. It is observed that the damped frequencies of the system
slightly increased, resulting in estimated couplings of 0.206 and
0.208, with errors within 3%. Therefore, the proposed method
exhibits high accuracy and is not sensitive to parameter changes
during loose coupling, making it highly suitable for practical
implementation.

To further demonstrate the results, the rising zero-crossing
detection signal captured by the field-programmable gate array
(FPGA) controller is presented on the oscilloscope, as shown in
Fig. 8. When the system performs online coupling estimation,
a pulse is skipped. The dc-side current then starts to oscil-
late at the damped frequency and stabilizes within 2 ms. The
FPGA-detected rising zero-crossing signal is also shown on the
oscilloscope. It can be observed that the coupling estimation
is completed within 0.2 ms, and the estimated result of 0.207,
calculated from the damped frequency, is within 2% of the actual
value of 0.203. The zero-crossing point determined by the FPGA
is slightly delayed compared to the actual current oscillation
zero-crossing time. This is mainly due to the AD sampling delay
and the filtering process. However, these factors do not affect
the measurement of the damped frequency of the oscillation
component. It is important to highlight that only one coupling
estimation is performer for each skipped pulse. While there may
be additional zero-crossing points of the current oscillation com-
ponent later, they will not be detected. The FPGA controller will
only perform zero-crossing detection and coupling estimation
again when a new estimation instruction is issued, and a pulse
is skipped.
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Fig. 8.  Experimental results of online coupling estimation when & is 0.203.

Fig. 9 illustrates the estimation results obtained using the
proposed method for various coupling coefficients. When the
coupling is less than 0.4, the method exhibits high accuracy with
errors below 3%. It should be noted that the proposed method
may not be suitable for high coupling situations due to increased
damping, and the analyses in this letter, which rely on FHA and
disregard higher harmonics, may lead to increasing errors at high
coupling.
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TABLE II
COMPARISON OF DIFFERENT COUPLING ESTIMATION METHODS
References Maximum Estlmatlon Auxiliary circuit or Calculation erelfe 5S Other characteristics
error time current sensor communication
[2] 8% 300 ms Additional de—de Intermediate Yes Dynamic coupling estimation
converters
[4] 6% _ Auxiliary inverter and Complex No Operates at or near the resonant
one ac current sensor frequency
[5] 5% 2-5s One ac current sensor Highly No Applies in puls.e density
complex modulation
Requires frequency sweeping and
[6] 6.8% 2 ms One ac current sensor Complex No cannot operate at receiver
resonant frequency
Highly Utilizes harmonic analysis and
0,
(10] 6.9% 7ms One ac current sensor complex No suitable for different topologies
This letter 5% <0.5 ms One dc current sensor Simple No Operates at or near the resonant
frequency
06 ; ; : ; . | a modulated pulse of the converter, which acts as a disturbance,
Reference for coupling the system undergoes slight oscillations at the damped fre-
004 e Estimated coupling quency, including dc currents on both the sides. By establishing
= ’ the linear relationship between coupling and damped frequency,
z the proposed method enables rapid and accurate estimation of
O 027 system coupling. The effectiveness of the proposed method has
been confirmed through simulations and experimental results.
O L 1 1 1 1 L
40 .60 80 100 . 120 140 REFERENCES
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