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Abstract

An online estimation method for wireless power transfer (WPT) systems is presented without using any measurement of
the secondary side or the load. This parameter estimation method can be applied with a controlling strategy that removes
both the receiving terminal controller and the wireless communication. This improves the reliability of the system while
reducing its costs and size. In a wireless power transfer system with an LCCL impedance matching circuit under a rectifier
load, the actual load value, voltage/current and mutual inductance can be reflected through reflected impedance measuring
at the primary side. The proposed method can calculate the phase angle tangent value of the secondary loop circuit
impedance via the reflected impedance, which is unrelated to the mutual inductance. Then the load value can be
determined based on the relationships between the load value and the secondary loop impedance. After that, the mutual
inductance and transfer efficiency can be computed. According to the primary side voltage and current, the load voltage
and current can also be detected in real-time. Experiments have verified that high estimation accuracy can be achieved
with the proposed method. A single-controller based on the proposed parameter estimation method is established to
achieve constant current control over a WPT system.
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the primary and the secondary sides of the coils, improving the

I. INTRODUCTION ..
ODUCTIO power transfer capability of the system [9].

Wireless power transfer technology has been rapidly
developed and applied in a wide variety of industrial and
consumer applications [1]-[7] due to its advantages in terms of
safety, convenience, low maintenance and reliability.

A typical wireless power transfer system generally
comprises two parts, namely a transmitting terminal and a
receiving terminal, as shown in Fig.1. Power is transferred by
two resonant coils based on the magnetic resonant coupling
theory [8]. There are impedance compensation circuits on both
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A major issue involved in the study of the WPT systems is
parameter variations, along with the difficulties they bring to
the control of the whole system. Some studies have been done
for the power transfer control of WPT systems [10]-[25]. The
authors of [10], [11] tried to control the power flow of a system
by changing its circuit topology, while the authors of [12]
proposed a method for controlling output current of the DC-AC
inverter in response to load changes. Load conditions were
monitored and transferred by a wireless communication system
for feedback control in [13]-[15].

To ensure the high efficiency and stability of power transfer,
a typical wireless power transfer system usually contains
controllers on both the transmitting terminal and the receiving
terminal. The charging information is collected by the
receiving terminal controller and sent to the transmitting
terminal by wireless communication technology, and the
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Fig. 1. Structure diagram of a wireless power transfer system.

transmitting terminal controller controls the input voltage and
current according to the information it received [16]-[18].
There are limitations of this type of two-controller mode. The
first of these limitations is the unreliability of the information
transmission. Due to the existence of a magnetic field, the
wireless transmission speed is low and the bit error rate is high,
reducing the reliability and stability of the system [17]. The
second limitation is excess complexity. Both the receiving
terminal controller and the wireless communication device can
increase the costs and size of the system [19], [20].

To avoid such limits, controlling methods based on a
single-controller model have been researched recently [21],
[22]. With such methods, information on the primary side
instead of the receiving terminal is collected. Then the
equivalent load and charging current are estimated, providing
controlling information for the single controller on the primary
side. This controlling strategy removes both the receiving
terminal controller and the wireless communication, improving
the reliability of the system while reducing its costs and size.
The key to this control strategy is the real-time estimation of
the load parameters needed for the controlling. Recently, some
studies have focused on the estimation of the load parameters
of WPT systems [22]-[25]. In [22], the output voltage of the
IPT (Inductive Power Transfer) system is estimated by
calculating the track voltage of the primary side. In addition, a
phase error that can be used in controlling the track current is
estimated by comparing the estimated output voltage and the
reference (V,), Which represents the required output voltage.
However, this estimation method was based on the assumption
of an ideal resonant circuit. Therefore, the estimation errors
may increase when the system is put into practical use. Wang
et al. [23], [24] sampled the peak value of the primary resonant
current by controlling the switches of the IGBTs in a
voltage-fed IPT system, and estimated the equivalent resistance
load by analyzing the energy transfer procedure. Both
simulation and experimental results verified the theory that the
heavier the load, the faster the drop rates of the primary
resonant current. This estimation method is limited to an IPT
system for kitchen appliances, and it is only suitable for
voltage-fed systems. Experiments have shown that the
accuracy of this load detection method is more than 85%. Yin
et al. [25] built a mathematical model of an n-Coil wireless

power transfer system, and estimated the load impedance,
output voltage, output current, output power and loop currents
by measuring the input voltage and current. This method was
verified with a wireless power domino-resonator system
consisting eight coil resonators. Despite the high accuracy of
this load estimation method, it is only based on the a WPT
system under ideal condition.

Another important parameter for the single-controller strategy
is the mutual inductance of the coils. The mutual inductance
may change due to a lateral misalignment of the coils, a vertical
distance change of two coils, or a change of the coils parameters.
Once the mutual inductance changes, the power transfer
efficiency is affected and the accuracy of the parameter
estimation is damaged. Recently, some studies have been done
to research changes in the mutual inductance of coils. In [26],
the high-misalignment condition is taken into consideration
when designing a compensation topology. Takehiro Imura et
al. calculated the mutual inductance with a Neumann formula
and demonstrated that it matched well with electromagnetic
field analysis results [27]. In [28], a formula is established to
calculate the mutual inductance of a movable planar coil and a
fixed planar coil on a wireless battery charging platform.
However, to precisely control the WPT system, the mutual
inductance of the coils should be monitored in real time.

To apply a single-controller strategy in a WPT system, an
online parameter estimation method is needed to provide
accurate information on the load as well as the mutual
inductance of the coils. This paper presents an online parameter
estimation method satisfying the above needs of a single-
controller without the using information from the secondary
side or the load. In addition, with the introduction of the
tangent value of the reflected impedance angle A, the proposed
parameter estimation method avoids the influence of coils
misalignment in the load estimation, and measures the extent of
the coils misalignment by calculating the mutual inductance.

Il. BASIC ANALYSIS OF A WIRELESS POWER
TRANSFER SYSTEM
A. Basic Circuit Topology

In a typical wireless power transfer system, there is always
a high frequency inverter, primary coil, secondary coil,
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impedance matching circuit and rectifier load.

As Fig. 2 shows, Ly and Ls are the self-inductances of the
primary and secondary coil, respectively, and R and R are
their parasitic resistance. The rectifier load Zz contains four
diodes, a filter capacitance and a resistance. The input voltage
of the high frequency inverter is always limited in the design,
and the output power is determined by its equivalent load
impedance. By using the LCCL topology, the designation of
the system parameters can be decoupled. That is to say, a
primary impedance matching circuit that includes Ly, Cyy, Cp
and Lp, is usually adopted to meet the output power needs of
regulating the impedance, while a secondary side impedance
that includes L,;, C», Cs and Ls, is used to achieve the
maximum transfer efficiency by translating the rectifier load
impedance into the optimum load [29], [30].

B. Power Transfer Analysis of the Primary Side

In the wireless power transfer system shown in Fig. 2, the
current and voltage of the primary side of the coils are I, and
U,, while the output current and voltage of the inverter are U,
and 1,. The wave form of U, is a square wave, while the
voltage across capacitor Cy;, Upis nearly a sine wave, as is
shown in Fig. 3(a). In addition, the current through the
capacitor Cp, lp is much closer to a sine wave than |, as is
shown in Fig. 3(b). Further calculation has shown that a 2%-
3% error is involved when the complex impedance is
calculated with U, and I, due to the impact of harmonic
components. Therefore, for the LCCL topology shown in Fig.
2, the measurement and analysis below are based on Upand Ip
for the sake of convenience and accuracy.

The effective values of I, and U, are lyn and Uprms,
respectively, which can be calculated with the following
equations.

1

B NT .,
Ly = ﬁjo i2(t)dt (1)

1 eNT
Uy = /ﬁ [ u )

where T is the cycle, i,(t) and uy(t) are the instantaneous
values of 1, and U, respectively, and N is the cycle number.

Then, the input active power P, of the WPT system can be
determined in (3), the apparent power S, of the WPT system
can be determined in (4), and the reactive power Q, is
determined in (5).

1 (v,
Py = jo”T i (O, (t)dt ©)
1 NT ., NT
S, :ﬁ\/ jo lp(t)dtjo U2 (t)dt 4
Q= S; B sz ®)

As shown in Fig.2, Z; is the quotient of U, and I, and it is
assumed that its real part and imaginary part are R, and X,.
According to circuit theory, equations (6) and (7) should be
satisfied.

R =P /1 (6)
‘Xp‘anllsrms U]
From the above analysis, it can be concluded that the
calculation of Zis based on the theory of the apparent power
Sp, the input active power P, and the reactive power Q,,
which can also be used in the calculation of Z; in systems
with different impedance matching topologies such as an LC
circuit [23] and an LCL circuit [22].

C. Reflected Impedance Analysis
First, the transfer model for a wireless power transfer
system can be described by (8):
U, _ joL, +R +1/(joC,)  joMg || 1, ®
0 joM Zq Is
where Zs is the equivalent impedance of the secondary loop
circuit, and:

. 1
Z, =R+ j(oby —)+Z 9
S LS J( S Q)CS) 21 ( )
It is assumed that R;is the real part of Zg, and that X;is the
imaginary part of Zs. Then, the reflected impedance Zsp, which
is the impedance reflected to the primary side from the
secondary side, can be described by (10):

2 2
_ (oM, (@M,) (10)
Y 2 Rs - 2 2 Xs
Rs + Xg Rs + Xg
It is assumed that Ry, is the real part of Zgp, and that X, is the
imaginary part of Zsp. It addition, it is assumed that:
2
(@M)

> T RXI -

SP

2
__(oMy) (12)
sP R+ X2
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TABLE |
SYSTEM PARAMETERS OF THE ESTABLISHED WIRELESS
POWER TRANSFER SYSTEM

Parameter Value Parameter Value
Distance 20cm Frequency 50kHz
Lp 164.26 uH Ls 165.69uH
Rp 0.101Q Rs 0.1290
Lu 89.58uH Cu 174.72nF
Cp 99.55nF Cs 117.7nF
Co 162.5nF Lot 862/1]‘[
Ru 0.0670Q Ro 0.06302
CL 3uF Input voltage 300V
‘g
S . 0eo "]
N e e .
5 eg |\ |~ =
g ){ § gle —a—Real part of Zg 2 §
° '5/ '\\ 3§ % /\ —~ Imaginary part of Z ||, E
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—e—Reflected impedance angle tangent 8 4 / \‘ 1
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Fig. 4. Effects on both the secondary impedance and the reflected
impedance by the RL: (a) reflected impedance; (b) secondary
impedance.

The variable A is used to represent the tangent value of the
reflected impedance angle 6. Then:

A= X /Rsp (13)
According to equations (11)-(13), A is described as:
A=—X /R (14)

which is unrelated to the mutual inductance Mps, and only
related to the secondary loop impedance.

I11. PROPOSED ONLINE DETECTION

A. Load Estimation with the Curve Fitting Method

The key to the proposed parameter estimation method is
the parameter A, which is explained in (14). To explore its
relationship with R, a model of a WPT system as depicted in
Fig.2 is built in the Matlab/Simulink environment, and the
parameters of the model are shown in Table I.

From the simulation, the relationship between the reflected
impedance angle tangent A and R_is shown in Fig. 4(a), and
the value varies monotonically, which means that R, can be
determined if 4 is known. Therefore, it is possible to further
determine the secondary side impedance Zs by exploring the
relationship between R, and Zs, which is presented in Fig. 4(b).

Because of the nonlinear characteristics of the rectifier load,
the relationship between R, and the secondary loop
impedance cannot be derived by the analytical method. The
polynomial fitting method is used to determine the function
relation between R, and 4, Rs and 4, and Xs and .. Fig. 5
shows the fitting process of the parameters. The fitting results
are shown in (15)-(17).
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Fig. 5. Curve fitting and error analysis of the parameters: (a)(b)
R_ and 2; (c)(d) Rs and 4; (e)(f) Xs and A.

R_=7.03704% —83.67461 +39.7622 (15)
X, =-0.42551° —3.15641" —8.9341° —12.47884
-10.00514-0.1027

R, =0.83782° +6.27322" +17.89004° + 24.8794° )
+19.0671+10.4104

(16)

B. Parameter Estimation Theoretical Analysis

Based on the analysis of the reflected impedance in 11, the
equivalent impedance Zp in the primary side can be
calculated in (18), and the real part Rp and the imaginary part
Xp can be derived in (19) and (20).

. 1
Z, = joL, + ——+ R, +Z (18)
JaC,
(a)M ps)z
RP = RLp +m RS (19)
2
1 (oM
X —ol, -t (Ms) )
oC, RI+X:

According to (19) and (20), 4 can be calculated by Ry and
Xp in (21):
Z:—ﬁz X, —ol, +1/ («C,) 1)
Rs RP - RLP
Then, it is possible to obtain the mutual inductance Mps in
(22) according to (19):
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(oM,.) =R (Ro —Ry, )L+ 4%) 22)

Furthermore, the transfer efficiency # is also calculated [31]
[32] by (23).
_ (Rs B RLS )(RP B RLp)
- RS RP
From the above analysis, it can be seen that when A and Z;
are determined, the parameters Mps and » can also be
calculated.
P; is used to represent the power loss of the secondary
impedance matching circuit and rectifier circuit, then the load
power, voltage and current are calculated by (24)-(26).

(23)

R=nk-F (24)
IL = (PL / RL)UZ (25)
UL = (PL RL)UZ (26)

C. Load Detection Model

The proposed detection model can be described by Fig. 6.
Through the reflected impedance calculation, many of the
load parameters can be estimated by the detection model,
such as Ry, Mps, #, I, and U, which are important for the
online control of wireless power transfer systems.

IV. SIMULATION AND EXPERIMENT VERIFICATION

A wireless power transfer system is established to
efficiently transfer a power of 3kW over a distance of 22cm
with the circuit shown in Fig. 2, and the system elements
values are listed in Table. I. In this system, a primary LCCL
impedance matching circuit is used to meet the power needs,
and a secondary LCCL impedance matching circuit is used to
satisfy the maximum transfer efficiency at the rate of the
output power operating state.

A. Dynamic Simulation of Load Detection

A simulation model is built with Matlab/Simulink tools to
verify the proposed load detection method. The proposed load
detection method is dynamically applied in the simulation
model, and the simulation results are shown in Fig. 7, where
(a) is the variation of R, (b) is the load current, (c) is the
square of the product of the angular frequency of the system
and the mutual inductance between coils, and (d) is the
system efficiency. It can be observed from the pictures that
the estimated values can reach the stable state within 1ms.
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Fig. 7. Dynamic simulation results of load detection.

B. Load Detection Hardware Design

In order to further verify the proposed parameter
estimation method, a WPT experiment system has been
designed. The values of the system elements are listed in
Table. I. Fig. 8 shows some photographs of the three parts of
the established system: (a) the resonant coils; (b) the primary
side; and (c) the secondary side. In Fig. 8(a), magnetic disks
made of ferrites are added to improve the power transfer
efficiency, and the coils are made of Litz line. In Fig. 8(b),
the DC/AC inverter is a voltage-fed inverter driven by 4 high
frequency pulses. In Fig. 8(c), a full-wave bridge rectifier is
used as a AC/DC converter.

In a wireless power transfer system, a high sampling rate is
needed to improve the precision for equivalent impedance
calculating in the primary side. A FPGA processor
EP2C8Q208I8 is used to realize the load detection method,
which can work at a frequency of 50MHz. The real-time
signals of up(t) and ip(t) are measured by sensors, and then
translated into digital data by the AD unit. The voltage sensor
is a Yubo CHV-25P with a response time of 10us and a
measurement bandwidth of 0-100kHz. The current sensor is a
LA55-P/SP50 produced by LEM Company, with a response
time of 1us and a measurement bandwidth of 0-200kHz. An
ADC9218 is used as the AD unit, with 10 independent A/D
converters and a converting speed of 105MSPS. The load
detection unit obtains digital data from the AD unit using
parallel data communication, and it calculates the parameters
R, Mps, , I and Up. The system information is digitally
displayed by the LED in the signal indication unit. Fig. 9 is
the proposed online parameter load detection circuit, and the
hardware of the load detection system shown in Fig. 11,
where (a) is the sensor circuit, and (b) is the FPGA processor.

C. Parameter Estimation Results

An experiment was conducted with the WPT experimental
system designed in part B. A series of values for R, and Mps
was sampled to estimate with the proposed method. The
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Fig. 10. Photograph of the load detection hardware: (a) the sensor
circuit; (b) the FPGA processor.
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Fig. 11. Experiment results of load the detection.

results of the experiment are shown in Fig. 11, where (a)
describes the 1- R relation, and Fig. 11(b) describes the error
of the estimated value of R,. The estimation error can be kept
under 10% when the resistance load is less than 200Q. Fig. 11
(c) and (d) describe the estimated MpsVvalue and errors under
different resistance loads, and the error can be controlled to
within 5% considering that the misalign distance of the coils
is generally less than 15cm. Fig. 11(e) and (f) show the
estimated system efficiency under different coils misalign
distances (Ocm and 15cm, respectively) in the circumstance
when R =45Q. In addition, Fig. 11(g) and (h) describe the
estimated value and error of I and its error when R =450Q.
From this result it can be seen that when the load is charged
with a 1-7A current, the estimated error of I, can be
controlled to under 5%.
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To verify the dynamic characteristics of the proposed
parameter estimation method, dynamic experiments were
carried out and the results are shown in Fig. 11(i) and (j). In
Fig. 11(i), when the load changes from 140Q to 45Q at 1ms,
the estimation result of R, falls rapidly and reaches its steady
state within 0.5ms. In Fig. 11(j), when the input voltage
changes, the estimated value of 1. can eliminate the
interference within 0.5ms.

Both the simulation and the experimental results show the
accuracy and reliability of the proposed parameter estimating
method. The dynamic response characteristics of the method
are verified with both simulation and experimental results and
all of the parameters can reach the stable state within 1ms,
where the response time of I, is within 0.6ms. In addition, the
accuracy of the method is verified with experiments. It has
been shown that when the misalign distance is lower than
15cm and the equivalent resistance load R, is less than 2000,
high estimating accuracy can be guaranteed.

D. Sensitivity Analysis of the Proposed Estimation
Method

The proposed parameter estimation method is based on the
curve fitting method. The curve fitting results are dependent
on system parameters such as C,;, L,; and so on. However,
the values of the system parameters may change due to
variant environmental temperatures, external electromagnetic
interference and other unpredictable factors. Therefore, it is
necessary to perform sensitivity analysis on the system
parameters.

In Fig. 12, the estimated values of R, under different
values of Cy and L, are analyzed. It is assumed that the
values of C,; and Ly listed in Table 1 are the nominal values
of the system, and that they are represented with C,.,, and
Lnhom- An 2% error of the capacitors and inductors is taken
into consideration during the operation process of the system.

Fig. 12(a) shows that with variations of C,;, there are
fluctuations of the estimated values of R,, which are in a
normal range of estimation errors. Fig. 12 (b) shows that with
variations of L,;, there are nearly no variations of the
estimated value of R,. It can be seen from Fig. 7 that changes
of C,; have a greater impact on the parameters that need to be
estimated than Ly;.
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AW MWW
| Ru Rip = :
est
in(t) Up(t)
Parameter

Estimation

Fig. 13. Single controller of a WPT system.
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Fig. 14. Experiment results of the load current control (CH1:
load voltage; CH2: output voltage of the inverter; CH3: load
current; CH4: output current of the inverter).

V. APPLICATION OF THE PROPOSED DETECTION

To demonstrate the practicality of the proposed online
parameter estimation method for WPT systems, a single
controller in the primary side is proposed to achieve constant
current control.

As shown in Fig. 13, the estimated load current l. is
compared with the reference current lgee. Then, a Pl
controller is used to achieve phase shift control over the high
frequency inverter.

A set of lead-acid battery packs with a nominal voltage of
340V is chosen as the load of the WPT system and is tested
with the proposed control method. Reference currents of 1A
and 8A are assigned to the load detection and control system,
respectively. When the control target is 1A, the phase shift
angle of the inverter is 104° and the average value of the
actual load current is 1.022A with an error of 2.2%, as shown
in Fig. 14(a). When the control target is 8A, the average value
of the actual load current is 7.98A with an error of 0.25%, as
shown in Fig. 14(b).
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Fig. 15. Transient experiment results of the load current control
(CH2: load current; CH3: load voltage; CH4: output current of
the inverter).

The transient response of the proposed control strategy is
verified by a series of experiments. Before charging, the
system works under the no-load condition, with an output
voltage of 200V. When the control objective is set to 1A, the
load voltage rises from 200V to 340V in 150ms, and the load
current rises from OA to 1A in 70ms, as shown in Fig. 15 (a).
The regulation time of the output current of the inverter is
about 200ms. In Fig. 15(b), the control objective is set to 8A.
The load voltage rises from 200V to 340V in 30ms, the load
current rises from 0A to 1A in 100ms, and the regulation time
of the output current of the inverter is about 150ms.

V1. CONCLUSIONS

In this paper, a parameter estimation method for wireless
power transfer systems using the tangent of the reflected
impedance angle is introduced. The resistance load, output
power, output efficiency, load current and mutual inductance
of the coils can be estimated by measuring the primary side
voltage and current with this method. The dynamic response
characteristics of the method are simulated and all of the
parameters can reach the stable state within 1ms. In addition,
for most working conditions of the wireless power transfer
system, the estimation error of the load can be less than 10%,
and the estimation error of the charging current can be less
than 5%. A single controller based on the proposed parameter
estimation method is established. It is capable of achieving
constant current control with a high response rate.

The theoretical analysis in this paper avoids the influence
of coils misalignment with the introduction of the tangent
value of the reflected impedance angle 1. Then, it estimates
the secondary loop parameters with the polynomial fitting

method, and realizes the online estimation of the resistance
load and coils mutual inductance. The estimation results
show that this method basically meets the needs for
estimating accuracy, and it can be used in the single
controller strategy of wireless power transfer systems. With
such methods, information of the primary side instead of the
receiving terminal is collected. Then, the equivalent load and
charging current are estimated, providing controlling
information for the single controller on the primary side. This
controlling strategy removes both the receiving terminal
controller and the wireless communication, improving the
reliability of the system while reducing its costs and size. The
controlling strategy can be applied in a wide range of fields
involving WPT systems, including electrical vehicles, mobile
devices and so on.
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