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Load Parameter Joint Identification of Wireless
Power Transfer System Based on the DC Input
Current and Phase-Shift Angle

Yanjie Guo ", Yuwang Zhang, Shufan Li

Abstract—This article presents a multiple load parameter joint
identification method, adopting only the measured dc input current
and inverter phase-shift angle of the wireless power transfer (WPT)
system. First,a WPT fundamental-harmonic model is established,
considering the effects of the battery and rectifier load. This model
can quantitatively describe WPT characteristics and parameter
relationships according to the linear superposition of fundamental
and harmonic components. Then, the identification method is pro-
posed through the model, which can achieve the joint identification
of multiple important load parameters, including battery voltage,
equivalent resistance, charging current, and WPT equivalent load
impedance. Furthermore, on the basis of the developed WPT pro-
totype, the effectiveness of the proposed fundamental-harmonic
model is proved and the parameter sensitivity is discussed. Finally,
the proposed identification method is experimentally studied, and
the results show that it can achieve high accuracy on the conditions
of battery voltage change, phase-shift angle variation, and coil
misalignment.

Index Terms—Harmonics, parameter identification, rectifier
load, sensitivity, wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) has become a highlight
W research topic and drawn more and more attention in
recent years. WPT key issues have been deeply investigated, in-
cluding coil optimization, compensation network design, power
converter and control, etc., considering inductive power transfer,
capacitive power transfer, and dynamic wireless power transfer
[1]-[4].

One of the main WPT applications is charging batteries, such
as the electric vehicle (EV) wireless charging. In these cases,
wireless communication between the primary and secondary
sides is usually adopted, which will increase the system cost
and complexity [5], [6]. So, several parameter identification
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methods have been proposed to remove wireless communication
based on the measured WPT primary-side variables [S]-[9]. In
order to calculate the identified parameters, a WPT model is
needed, which comprises coils [10], [11] and the compensation
networks [12]-[14]. Furthermore, these two parts can be inte-
grated together and expressed as a two-port network to simplify
the calculations [15], [16]. Also, the inverter output is often
equivalent to a voltage source [8], [12], and battery voltage or
equivalent resistance is considered as the WPT load [8], [9],
[17]. Through parameter relationships obtained from the WPT
model [10], [18], load resistance and mutual inductance can be
identified [5]-[7] and then used to implement the WPT system
control [8], [9].

Moreover, the following four aspects will also affect the WPT

parameter identification.

1) Harmonic influence: The inverter output voltage contains
three, five, and other odd harmonics. Also, the harmonic
components will change when adopting phase shifting,
variable frequency pulsewidth modulation, and other con-
trol methods [19], [20]. These harmonics can be ana-
lyzed through nonlinear modeling or differential equa-
tions and will obviously affect the WPT characteristics in
some cases [21], [22]. Since the traditional identification
methods are based on the fundamental approximation
[5]-[9], there will be some deviations when harmonics
exist.

2) Rectifier load: The WPT equivalent load impedance can
be adjusted to a pure resistance when adopting an active
rectifier [23]. However, the uncontrolled diode rectifier
is often used due to its simplicity and low cost. It can
be described by the state-space model [24], and its input
impedance contains both resistance and inductance parts
[16]. Since the rectifier effect could lead to complex equa-
tions [25], only a resistance load is considered in most
of the traditional identification methods [5], [6], [8], [9].
This cannot express the actual load features of the WPT
system used for battery charging because the inductance
part of the rectifier load will obviously affect the system
power characteristics [16]. So, it will benefit high accuracy
identification when adopting inductive equivalent load
impedance.

3) Battery dynamic process: The battery parameters will
change with the state-of-charge (SOC) during charging
[26]. Typical battery parameters, such as voltage and
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equivalent inter-resistance, can be identified based on the
hybrid pulse power characteristic test [27]. When used for
the WPT modeling, the battery is usually expressed as a
voltage source or an equivalent resistance because of their
simplicity and acceptable accuracy [8], [12], [17], [23],
[28]. Also, the values of the voltage source and equivalent
resistance will have dynamic processes varying with SOC
during charging.

4) System parameter variations: Under actual WPT working
conditions, coil misalignment may occur and lead to the
coupling coefficient variation [29], [30]. Also, the phase-
shift angle is adjusted for system control [28], [30]. These
changes will affect the parameter identification process.
Besides, there are some parameter microvariations in the
WPT system [31]. For example, misalignment will also
cause slight changes in coil self inductances. Sensitivity
analysis can be conducted to study the effects of param-
eter changes [5], [7], [32], and the identification method
should have good robustness when the WPT parameter
microvariation happens.

Considering the above factors, a multiple load parameter joint
identification method is proposed in this article. First, only the
dc input current needed to be measured for parameter identifi-
cation since phase-shift angle can be directly obtained from the
controller. This will be easier to implement and also simplify
the system, compared with the existing methods using the mea-
sured high-frequency ac variables [5]-[8], [33], [34]. Second,
high accuracy can be achieved due to the established WPT
fundamental-harmonic model and the quantitative description
of the rectifier load. Third, the proposed identification method
can achieve the joint identification of multiple important load
parameters, including battery voltage, equivalent resistance,
charging current, and WPT equivalent load impedance. This
will benefit the system control, performance improvement, and
system condition monitoring. Therefore, this article is organized
as follows. Section II establishes the WPT fundamental and
harmonic models. Section III proposes the load parameter iden-
tification method based on the dc input current and phase-shift
angle. Section IV gives the experimental verifications and related
discussions. Finally, Section V presents the conclusion.

II. SYSTEM MODELING

Investigations, in this article, are based on the dual-side LCC
compensation networks and the full-bridge diode rectifier, which
are usually used for battery charging [12], [16]. Its topology is
shown in Fig. 1(a), where the inverter consists of G1—Gy4, and
the rectifier consists of D;—D,; compensation networks include
Ly, Lg, Cys, Cip, Cog, and Cop; Ly, Lo, and M are, respectively,
the self inductances of the transmit coil, receive coil, and mutual
inductance between them; Cyy,, C,, and L, are the system input
and output filters; Ug. and /4. are the dc source voltage and
input current, respectively; U, and [}, are the battery voltage and
charging current, while U;, will vary with battery SOC during
charging. Moreover, the dc source, input filter capacitor, and the
inverter are treated as the WPT equivalent source. Additionally,
the rectifier, output filter, and the battery are defined as the WPT
equivalent load.
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Fig. 1. WPT system and its typical waveforms. (a) WPT topology with LCC
compensation networks and rectifier load for battery charging. (b) Schematic
view of inverter output voltage uin, and current iiny. (¢) Schematic view of
rectifier input voltage urec and current irec. (d) Schematic view of primary-side
voltage u.1s and current 77 . () Schematic view of secondary-side voltage w25
and current ia.

Furthermore, the typical waveforms of the WPT system are
given in Fig. 1(b)-(e), where u;,, and ij,, are the inverter
output voltage and current, respectively; upo. and iy, are the
rectifier input voltage and current, respectively; i1 and iy are the
currents in the transmit and receive coils, respectively; u.1 and
ucos are the voltages on the compensation capacitors C 4 and
Cy,, respectively; the detailed waveforms are obtained from the
common working condition of the WPT system, as shown in
Fig. 1(a). Also, only the case of rectifier continuous conduction
mode (CCM) is considered because L needs to be big enough
to avoid too large current peaks for safety. These figures suggest
that the presented WPT system contains harmonics. In some
parts, the harmonics are obvious, such as inverter output and
rectifier input, while there is little harmonic in the other parts,
for example, coil currents and series compensation capacitor
voltages. According to the Fourier transform, the fundamental
and harmonic components can be superimposed linearly, so they
are going to be studied, respectively.

A. Fundamental Model

The WPT fundamental equivalent circuit is shown in Fig. 2,
where u;,,_y is the fundamental equivalent voltage source of
inverter output; 4;,,,_s is the fundamental inverter output current;
Ry and Ry are the coil resistances; Rrp, Rrs, Rip, Ris, Rop,
and Rss are the stray resistances of compensation networks;
R. and L, are the WPT equivalent load impedance, which is
the fundamental rectifier input impedance; w9, is the voltage
on Cyp; and the fundamental rectifier input voltage and current
are named Urec_f and iyec_s. Also, the fundamental equivalent
circuit is divided into three parts, according to Fig. 1(a).
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Fig.3. Waveforms of inverter drive signals and output voltage to represent the

phase-shift angle a.

First, the phase-shift control is usually used to regulate the
WPT system [8], [28]. The related waveforms are shown in
Fig. 3, where the phase-shift angle « is defined as the phase
difference between the drive signals of the inverter leading leg
and the lagging leg. The rms value of u;,,_y is givenby (1), where
Uiny_y is the fundamental rms value of iy, r. Since uip,_y is
treated as the source, its phase angle is zero.

2\@ «

——Ugccos—. ()

Uinv =
_f 2

Then, the coils and compensation networks are equiv-
alent to a two-port network [4], [15], [16], as shown
in Fig. 2. Its impedance parameters are calculated and
given by the following equation, where 7, = Rr), + jwL,,
Zs = Rrs +ijS9 le = Rlp + ]-/jwclp’ Z1s = Ris +
1 /jwcls, Z2p = R2p + 1/jwc2p, Zas = Ras + 1/jw025,

=Ry + jwlq, Z5 = Ry + jwle,and Z,,, = jwM;wisthe
system angle frequency.

le((Zl + le)(Z2 + Zas + ZQp) B Zg@)
(Z1 4 Z1s + Z1p)(Zo + Zos + Zayp) — Z2,
ZipLopLm
(Z1 4 Zhs + Z1p)(Za + Zos + Zap) — Z2,
Zop(Za + Z23)(Z1 + Zrs + Z1p) — Z1)

(Z1+ Z1s + Z1p)(Za + Zos + Zop) — Z2,
2)

Zi = Zp+

Zig = Za1 =

Zog = L+
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Fig. 4. Equivalent circuit and related schematic waveforms used to analyze
the WPT equivalent load impedance.

Moreover, WPT equivalent load impedance R, and L. will be
calculated. Fig. 1(c) indicates that the rectifier input voltage can
be approximately described as a square wave and its amplitude is
equal to the battery voltage Uj. Also, it is mainly affected by the
rectifier-side circuit. On the other hand, the rectifier input current
will be influenced by almost all WPT parameters, including
source voltage, phase-shift angle, parameters of the coils and
compensation networks, and rectifier-side circuit. Furthermore,
R, and L. can be calculated through ;e ¢ and 4,ec_s. But the
results will be affected by almost all the WPT parameters, not
only the rectifier-side circuit. In order to solve it, Fig. 4 presents
the related equivalent circuit and schematic waveforms, where
the equivalent circuit of WPT secondary side is shown; the part
in the dashed box is simplified to get i... expression; positive
zero crossing point of u,e. and i, 1S selected as the zero point
of 6. Meanwhile, 8, is defined in this figure, which is the phase
angle difference between ¢z, and Uypec.

According to Fig. 4, the expression of the rectifier input
current iy in the time domain is given by (3), where V,5,, is the
amplitude of u.o,. Also, the effects of Ry, diode resistances,
and forward voltage drops are ignored here since w2, and ;¢
are much bigger than the voltage drops on the stray resistances
on WPT normal working conditions.

c2p51n 9 + ed) b)de 0<f<m

irec _ {wL fO
oL f Veopsin (0 + 04) + Up)df 7 < 60 < 2.
3)
As shown in Fig. 4, i;ec = 0, when 6§ = 7. Also, charging
current [}, is the average value of i, in the positive half cycle.
Hence, the following relationships can be obtained:

U LI,
costly = 27;21’ , sinfy = W;VQ b “4)
c2p c2p

On the basis of (3) and (4), i,ec fundamental Fourier coeffi-
cients a; and by can be calculated and given by (5), according
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to the Fourier transform
8 U, b 7l b
=—=-1)7—, b =—. 5
a <7r2 )2wLS’ 1= &)
So, the amplitude and phase angle of i,.._y will be obtained
from (6). Meanwhile, the amplitude and phase angle of trec_f

can be described as |A,| = 4Uy, / 7, 0, = —7 / 2 since Uy can
be approximately treated as a square wave, as shown in Fig. 4

2
o 2 T Ub 8 2
|A7,‘— \/a12+b1 —2\/<st (772_1)> +Ib

by wlLgIy

a;  Up(1—8/72)
Furthermore, fundamental rectifier input impedance can be

calculated through u,ec_y divided by irec_y in the frequency do-

main. Its expression is given in the following equation, according

to the amplitudes and phase angles of t,ec_f and tyec_f:

tan 6, = —

(6)

A, w2 L2, ],
Re: ‘ COS(QU—HZ'): U.; sb7b
Ay (r —8/m)"UE + m2w?L2I}
u 1-— 2 Ls 2
L. = sin(0y — 0;) = —o0 28/” LUy
wA; (m —8/m) " UZ + m2w?L2I?

)

Also, the battery can be expressed as an equivalent resistance
[23], [28], thatis, R;, = U, /I,. Hence, the relationship between
the WPT equivalent load impedance and R, is given as

8w2L§RL
(m — 8/7)*R2 + m2w?L2
8(1 —8/m?)LsRy>
(m — 8/7)*R2 + n2w?L2’

Finally, the quantified expressions of the three parts of the
WPT fundamental equivalent circuit have been obtained. Based
on the established model, 4i,y_y and i,ec_y are calculated and
given by (9), where Z. is the WPT equivalent load complex
impedance, thatis, Z. = R. + jwL.. Besides, the fundamental
components of other WPT voltages and currents can also be
obtained through this model in similar ways

B 2V2 (Ze + Z22)Uqc

liny f = CcOS—
- 7 Zu(Ze + Zoa) — Z12Zo1 2

; _ 2v2 Z21Uqc cos? ©)
veet T Z11(Ze + Zaa) — Z12Z21 2

e =

e =

(®)

B. Harmonic Model

In most of the existing design methods for the dual-side
LCC compensation networks, C'; and C,, resonate with Ly, or
they are not far from the resonance point. The WPT secondary
side shares the same condition [12], [16]. So, the harmonic
impedance of the branch of C4 and L, will be significantly
bigger than the one of the C',, branch. Hence, we can think little
harmonic flows through the branch of C' 5 and L1, and it can be
treated as an open circuit to the harmonics. Also, the condition of
the secondary side is similar. This conclusion is suitable for the

10545

Lrec_h

Urec h

Primary Side Harmonic Circuit Secondary Side Harmonic Circuit

Fig. 5.  'WPT harmonic equivalent circuit and its parameters.

WPT system well designed with LCC compensation networks.
Therefore, as shown in Fig. 1(d) and (e), there are few harmonics
in the voltages and currents of the coils and series compensation
capacitors, which are not considered for the harmonic analysis.
The WPT harmonic equivalent circuit is presented in Fig. 5,
where the harmonic components of the inverter output voltage
are treated as primary-side equivalent harmonic source i,y p;
the harmonic components of the rectifier input voltage are de-
scribed as secondary-side equivalent harmonic source Uyec p;
Zinv_ph and iy p are the harmonic inverter output and rectifier
input currents.

Fig. 5 suggests that the primary-side harmonics exist in the cir-
cuit composed of ui,, p, primary-side compensation inductor,
and parallel compensation capacitor, while the secondary-side
harmonic circuit includes wyec_p, secondary-side compensation
inductor, and parallel compensation capacitor. In order to get
harmonic expressions, the rms values of the harmonic voltage
sources are given by the following equation, where Uiy, ; and
Uvec_n are the rms values of uiy,,_p, and u,ec_p, respectively; k is
the harmonic order:

2V/2 ko 2v/2
Uiny_h = ﬁUchOST, T

Then, ¢i,y_1n, and i,ec_pn, can be calculated through the following

equation, considering the impedances of the harmonic circuits:

Urec_h = Ub . (10)

. 2V/2 Udccos%a
linv_h =
fm (Rrp + Reip) + (kWLP - ﬁ)
| 23 U
lrec_h = —

an
BT (i + Reay) + 5 (KooLs — 1)

Finally, the harmonic active power of the inverter output can
be obtained from (12) and the WPT harmonic equivalent circuit
model has been established. Based on this model, the harmonic
components of other WPT voltages and currents can also be
solved in similar ways, as well as the active and reactive powers

8 772 . 2k
o Ug.cos” 5 (Rpp + Reip)

Py = ; 5
(Rrp + Rep)” + (kWLP - ﬁ)

12)

To sum up, the WPT system characteristics and parameter
relationships can be quantitatively studied based on the linear
superposition of the fundamental and harmonic models. Also,
the effects of battery and rectifier load are considered in the
model. All these will benefit the high-accuracy analysis and the
load parameter identification for the WPT systems.
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III. PARAMETER IDENTIFICATION METHOD

There are several key load parameters in the WPT system.
Battery voltage Uy, is strongly related to the battery remaining
power capacity [26], [27] and needs to be monitored for avoiding
overcharging, as well as for battery state estimation. Meanwhile,
Uy and charging current [, are the common WPT controlled
variables [8]. Their identification results will be helpful to
the system control and performance improvement. Besides,
battery equivalent resistance 27, has significant effect on the
system characteristics [10], [18], and the WPT equivalent load
impedance R, and L. are also important to the compensation
network optimization [16]. The identification of these parame-
ters will benefit the WPT condition monitoring. Therefore, con-
sidering all these load parameters, a joint identification method
is proposed here, adopting only measured dc input current /4.
and obtained phase-shift angle « from the controller. Based
on the presented fundamental-harmonic model, the detailed
identification process is discussed as follows.

For the first step, battery equivalentresistance 27, isidentified.
Hence, we need to find the relationship between R, and Ig.
Considering the fundamental circuit, first, the inverter funda-
mental output impedance is given by the following equation,
where Z,¢._; is calculated through equivalent two-port network
and WPT equivalent load impedance; and R,ec y and Lyec_f
are the fundamental equivalent resistance and inductance of the
inverter output, respectively:

ACYAH
Ze + Zoo

Then, the relationship between the WPT dc input side and the
inverter output side is obtained; based on that, the inverter output
active power is approximately equal to the WPT dc input power
on the assumption of ignoring inverter power loss. This can be
established as follows, where Py is the fundamental inverter
output active power:

Zinv_f - le - - Rinv_f +ijinv_f- (13)

n
Pf + thfk ~ Ugelyc-
k=3

According to (1), (12), and (13), the expressions of the funda-
mental and harmonic inverter output active powers can be given
by (15), where fundamental impedance factor 5 and harmonic
impedance factor (3}, are defined for simplifying. As suggested
by (8) and (13), §y is related to Ry, while 3}, is constant, when

considering the specific order harmonic.

(14)

_ 8 Riny s 2 a2 _ 8 2 . 2a
Pp = 2 B T rar Lo 7 Uac008™ 3 = 3 frU4ccos™5

8 2 2k
2z Udecos” 5 (Brp+Reip)

ko
2 a5 .
(RLP+RC1P)2+(kwLP_ﬁ)

2

as)

Py =

8 2 2
= a2 OnUgccos

So, the approximate relationship between the inverter output
active power and WPT dc input power can be given by

8 a 8 ka
ﬁﬂfUdczcoﬁi + Z WﬁhUdCQCOSQ? ~ Ugelqe.
k=3

(16)
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On the basis of (16), the relationship between 3; and I4.
is given by (17). Since the phase-shift angle o will be easily
obtained from the inverter controller, it could be thought of as a
known parameter here. Hence, 37 can be calculated according
to the measured /4.

1 ’/T2Idc - ﬁh 2/€OZ
- S Zreos? T 17
Bi cos? § < 8U4c = k2 s an

Furthermore, the relationship between Ry and Sy is dis-
cussed, which is defined by (2), (8), (13) and (15). Equations
(13) and (15) indicate that the function of R, and 3 essentially
reflects the relationship between R; and fundamental active
power of the inverter output. So, there will be a peak in the
B — Ry curve, whichis the same with the case between the load
resistance and WPT transferred power [10], [18]. According to
this relationship, the schematic view of the 3y — R, curve is
shown in Fig. 6. Moreover, the relationship between 37 with
1. will only be affected by o when the WPT system has
been finished for design and used in practice, as suggested by
(17). So, « influence is also given in the figure in order to
provide a clear understanding and an overall explanation of the
parametric relationships, where the case 3¢ decreases with a
and is presented with a yellow dotted line; the case (37 increases
with « and is shown with a red dotted dash line.

Fig. 6 suggests that in the region of one solution, the identified
battery equivalent resistance Ry, jgen 1S directly equal to the
calculated result Ry,.. In the region of two solutions, there will
be two calculated results Ry.; and Ryco (Rre1 < Rpes), and
the right one needs to be distinguished. Considering increasing
phase-shift angle «, this will affect measured /4. and then
impact 3;. Whether 3; increases or decreases, one calculated
R, result will increase and the other one will reduce. However, «
increasing will bring the decreasing of the system output power.
So, charging current [, will reduce since o adjustment time is
short and battery voltage U}, can be thought constant. This will
bring the increasing of R;. Hence, the increasing one will be
the right calculated Ry, result, when o becomes larger.
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Based on the above analysis, the Ry, identification process in
the two solution region can be described as follows: First, in-
crease a, if there is only one new calculated Ry, result, Ry, jjen =
Ry .o. The other case is that there are two new calculated results
R} . and R} (R} < Rp.). So, Rr iden = Rrc1, When
,Lcl > Rpe1; and RL_idcn = Ry.2, when Rchl < Rpe1, as
shown in Fig. 6. Up to now, the first step is completed and
Ry is identified through the measured /4. by introducing the
intermediate variable 5.

For the second step, the identification results of the WPT
equivalent load impedance R, jqen and L. jqen can be obtained
from (8) based on Ry, iden.

For the third step, battery voltage U, is identified. First, the
identification result of the fundamental inverter output current
Tinv_f_iden Can be obtained by (9), according to I iden, Le_iden>
and the measured system parameter values. Then, the transfer
function between the fundamental rectifier input voltage and
inverter output current is calculated and given by the follow-
ing equation according to the established WPT fundamental
model and the equivalent two-port network, where Z, jjen =
Re_iden + jWLe_iden:

Zefiden Z21
Ze_idcn + 222

G, = Urec_f

linv_f

(18)

Finally, U, identification result can be obtained from the fol-
lowing equation based on the relationship between the amplitude
of the rectifier input voltage and its fundamental rms value:

m .
Ub_iden = 2\7@ |Guzinv_f_iden| . (19)

For the fourth step, charging current I;, is identified. First,
the fundamental inverter output current is identified through (9),
which is the same as the U, identification process.

Then, the transfer function between the fundamental recti-
fier input current and inverter output current is calculated and
given by

Z'rec_f ZQl
Gi = - = .
linv_f Ze_iden + Z22

(20)

On the basis of (20), the fundamental amplitude and phase
angle of rectifier input current i... will be obtained. Moreover,
the harmonic amplitudes and phase angles of i,.. are obtained
through (11) based on the presented WPT harmonic model.
Therefore, i, can be calculated according to the linear super-
position of its fundamental and harmonic components.

Finally, I}, identification result is obtained from the following
equation, considering that I} is the average value of i, in the
positive half cycle, where A;.; and 6,1 are the fundamental
amplitude and phase angle of i ., respectively; and A;., and
0,1 are the harmonic amplitudes and phase angles, respectively:

1" : - :
Ib_iden:;\/0 (Airlsln(9+0ir1)+z AirkSIH(ka"‘eirk))de

k=3

2 "2
= ;Airlcoseirl + kz_g HAirkCOS@rk- 21
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To sum up, the process of the proposed multiple load pa-
rameters identification method is shown in the flowchart in
Fig. 7. This method can achieve the joint identification of
several key WPT load parameters. Also, it is easy to be im-
plemented since only the dc input current is measured for
identification.

IV. EXPERIMENTAL VERIFICATION AND DISCUSSION
A. WPT Prototype and Parameter Values

A WPT prototype, as shown in Fig. 8, is developed to ver-
ify the proposed model and the load parameter identification
method. Its configuration is the same as the WPT topology, as
presented in Fig. 1(a). A dc voltage source is adopted as the
system power source. The full-bridge single-phase inverter is
composed of SiC MOSFETs with the type C3M0065090D. The
full-bridge rectifier is composed of SiC diodes with the type
C3D16060D. Also, the input dc voltage is set to 350 V and the
system operating frequency is 85 kHz.

The transmit coil is a rounded rectangle with size
58 cm x 42 cm, and the receive coil is a square with size
32 cm x 32 cm. The vertical distance between them is 20 cm.
The detailed parameter values of the coils and compensation
networks have been listed in Table I, as well as the system
power level. Additionally, there are some parasitic parame-
ters existing in the prototype. A part of their disturbance can
be eliminated through the high-accuracy parameter measure-
ment based on the practical devices. As presented in Table I,
the parasitic inductances and resistances are included in the
measurement results. Consideration of the other part of their
disturbance is related to sensitivity and will be discussed in
Section IV-C.

The electric load works in the constant voltage mode to
simulate the battery-type load. Moreover, the tested voltages
of a LiFePO4 power battery used for EVs are given in Fig. 9. It
suggests that the battery voltage will change with SOC and the
range is from 300 to 360 V during most of the charging time.
So, this voltage change range is adopted in the electric load for
the following experiments and analysis.

B. System Model Verification

Based on the prototype, the proposed fundamental-harmonic
model is verified and the results are shown in Fig. 10, where
Iiny and iy are taken as the examples; the calculated results are
obtained from the model in Section II, considering three-, five-,
and seven-order harmonics. Also, different battery voltages and
phase-shift angles are adopted for better verification.

Fig. 10 indicates that there are some deviations between
the calculated and experimental results. They are caused by
the ignoring of the converter nonideal process as well as the
stray parameters. Meanwhile, higher harmonics than the seventh
may also affect the waveform details. However, the calculated
waveforms are very close to the experimental ones. So, the
proposed model has been verified, and the results show that it
can achieve high accuracy on the conditions of different battery
voltages and phase-shift angles.
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Fig. 7. Flowchart of the proposed multiple load parameter joint identification
method based on the WPT dc input current and inverter phase-shift angle.
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Fig. 8.

Photograph of the developed WPT prototype.

TABLE I
PARAMETER VALUES OF THE DEVELOPED WPT PROTOTYPE

Parameters Values
L,L,,M 235.69 uH, 214.11 puH, 25.79 uH
Cis. Cip, Cay, Gy 18.72 nF, 82.90 nF, 24.22 nF, 67.58 nF
R, Rz, Ryp, Ry 217 mQ, 223 mQ, 115 mQ, 124 mQ

Power level 2 kW

Voltage / V

1 1 1 1

270 1 1 1 1

L
05

0 01 02 03 04 06 07 08 09 1
SOC
Fig. 9. Tested voltage values of a LiFePO4 battery when SOC changes.

C. Investigation of Parameter Sensitivity

Parameter sensitivity will affect the performance of the iden-
tification method, due to that the WPT parameters may vary
in practice [30], [32]. Here, the relationship between /4. and
Ry is selected as the example since it is the basis of the
proposed identification method; d is defined as the misalignment
distance. Also, because the parameter microvariations will occur
[31], we choose the slight change of coil self-inductance L;
to show the influence, considering its variation during
misalignment.

First, the parameter sensitivity is analyzed in theory through
the derivative [5], [7], [32]. Equation (17) is used to study
the sensitivity of the proposed method to phase-shift angle «
because the effect of «v is mainly reflected in this equation. The
calculation result is given by (22). It suggests that this derivative
is significantly affected by a. So, the 4. — Ry, relationship is
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Fig. 10. Experimental verifications of the proposed WPT fundamental—
harmonic model through the measured current waveforms. (a) i;ny results on
the condition of U = 360 V and av = 0°. (b) ijpy results on the condition of
Up =300V and o = 60°. (C) iyec results on the condition of U, = 360 V and
a = 0°. (d) irec results on the condition of U, = 300 V and av = 60°.

very sensitive with phase-shift angle a.
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Then, the sensitivity of the proposed method to L, microvari-
ation is studied based on the impedance factors A and B defined
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in the following equation to simplify the expressions:
A=7Z1+4+Zis+ Zyp
B =Zs+ Zys + Zop. (23)

So, Z11 expression can be simplified as the following, based
on (2):

le :Zp+le_ (24)

When L; has microvariation, there will be a small change of
Z1, which is defined as AZ;. Hence, Z;1 after L; microvariation
is named Z;1 and its expression is given by

Z1,°B
(A+ AZ))B +w2M?’

Therefore, the difference between Z;; and Z;4’ is calculated
and given by

Zn'=Zy+ Z1p —

(25)

VA 32 1
2 2 AB+w?2M? :
AB+wM’—iT—+B

Zy — Z1 = (26)

As mentioned in Section II-B, C'y 5 and C'y;, resonate with Ly,
and they are not far from the resonance point. Cyg, Csp, and Ly
share the same condition. So, the impedance factors A and B will
be small since the stray resistances of the coils and compensation
networks are relatively small. Hence, the difference between Z;;
and Z31’ can be approximately expressed by

VA B2

Zil — le ~ —AZl

27
(AB + w?M?)? @7

Since B is much smaller than w?M? and AZ; is only a small
change caused by L, microvariation, the value of this difference
is small. This means Z;; will not be much affected by L
microvariation. There will be similar conclusions with the other
parameters of the equivalent two-port network. So, the 4. — R,
relationship is not sensitive with the L; microvariation because
L1 mainly affects this relationship through the equivalent two-
port network parameters. Therefore, good robustness can be
achieved when the WPT parameter microvariation happens,
according to the theoretical analysis based on the example of
L; microvariation. Besides, some parameter microvariations are
caused by the uncertain parasitic parameters. Their influences
can be theoretically studied in a similar way to demonstrate that
the proposed method has good robustness in these cases.

Furthermore, parameter sensitivity is investigated based on
the actual parameter values of the developed WPT prototype
and the results are shown in Fig. 11. It suggests the Iq. — Ry,
relationship is very sensitive with phase-shift angle o, which is
the same with the conclusion of the theoretical analysis. Hence,
the actual o value needs to be obtained from the controller
when the phase-shift control is conducted. Fig. 11(b) shows
that coil mutual inductance M also has an obvious effect on the

— R relationship. Since an auxiliary positioning device can
be used in some typical applications, such as the EV wireless
charging, the value of M could be obtained from this kind of
device and updated for parameter identification. However, an
auxiliary positioning device will increase the cost, complexity,
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Fig. 11.  Parameter sensitivity analysis considering the influence of dc input

current /g on battery equivalent resistance Rj,. (a) Case that o changes.
(b) Case that M changes. (c) Case that L1 has microvariation.

and inaccuracy of the proposed method in practicality. Hence, a
mutual-inductance identification algorithm will be added to the
method in future research to solve this problem. Fig. 11(c) indi-
cates that there are only small changes of 14, — R, relationship,
considering the L; microvariation, which is also consistent with
the theoretical analysis result. So, the proposed load parameter
identification method will have good robustness when the WPT
parameter microvariation occurs.

D. Parameter Identification Method Analysis

In the practical charging process, the battery voltage changes
with SOC [26], [27], which will lead to the dynamic variations
of the battery equivalent resistance and the WPT equivalent load
impedance. Meanwhile, the phase-shift angle can be adjusted to
implement the control strategies [28], [30]. Also, there may be
some variations of the coupling coefficient [29], [30] due to the
coil position change, such as the misalignment condition. So, the
proposed multiple load parameter joint identification method is
verified and discussed, considering the above three aspects.

First, the case of the battery voltage change is considered and
the results are shown in Fig. 12, where the measured results of R,
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Fig. 12. Load parameter identification results when the battery voltage

changes with SOC. (a) Ry, identification results. (b) R, identification results.
(c) L. identification results. (d) Uy identification results. (e) I}, identification
results.

and L, are obtained through the fast Fourier transform of the ex-
perimental waveforms; three-, five-, and seven-order harmonics
are considered to obtain the experimental identification results.
Further calculations indicate that the maximum identification
errors of Ry, Uy, and Iy, are 2.3%, 2.2%, and 2.2%, respectively,
while the maximum difference between the identified and mea-
sured R, is 1.7 €2, and the one of L. is 0.85 p/H. These errors are
mainly caused by the measure deviations of parameter values
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TABLE II
IDENTIFICATION RESULTS OF WPT EQUIVALENT LOAD IMPEDANCES ON THE
CONDITION OF DIFFERENT PHASE-SHIFT ANGLES
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TABLE IV
HARMONIC ACTIVE POWERS OF INVERTER OUTPUT USED FOR IDENTIFICATION
ON THE CONDITION OF DIFFERENT PHASE-SHIFT ANGLES

Experimental Identified Experimental Phase Shift Angle Harmonic Active Power of Inverter Output (W)
Parameter Values Equivalent Load Equivalent Load « (Degree) 3 Order 5 Order 7 Order
U, (V) o (Degree) R, ien(®) Leigen WH) R.(Q) L. (uH) Harmonics Harmonics Harmonics
0 31.25 978 3129 923 0 0.091 0.011 0.003
100 20 31.96 1024 3213 9.66 20 0.069 0.005 =0
40 35.82 1297 3601 1287 40 0.023 =0 0.002
60 4523 2017 4545 2070 60 =0 0.008 0.002
0 46.98 22.96 48.51 2354
20 47.68 2371 4873 2383 TABLE V
360 FUNDAMENTAL AND HARMONIC RECTIFIER INPUT CURRENTS USED FOR
40 35.81 33.46 5807 32.76 IDENTIFICATION ON THE CONDITION OF DIFFERENT BATTERY VOLTAGES
60 78.49 76.13 8932 77.81
Experimental . .
TABLE I Battery Voltage Rectifier Input Current Amplitude (A)
IDENTIFICATION RESULTS OF BATTERY VOLTAGES, EQUIVALENT RESISTANCES, Uy (V) Fundamental 3 Order 5 Order 7 Order
AND CHARGING CURRENTS ON THE CONDITION OF DIFFERENT Wave Harmonics Harmonics Harmonics
PHASE-SHIFT ANGLES 300 12.40 1.04 0.36 0.18
320 11.76 1.08 0.37 0.19
340 10.74 1.15 0.39 0.20
. Measured and
Experimental Identified . tifiea Battery Measured and 360 9.48 1.22 0.42 0.21
Battery . Identified Charging
Parameter Values Equivalent
Voltage . Current
Resistance
U o Us R, Ry u I, I a mainly affect the proposed method through the harmonic active
(V)  (Degree) (V) (Q) Q) A) (A) power of the inverter output. Hence, the harmonic inverter
0 30648 3913 3963 767 778 output active powers, which is used to obtain the experimental
20 30505 4023 4058 7 46 757 identification results, are given in Table IV, on the condition of
300 40 30626 4527 45.84 6.63 6.72 different phase-shift angles. It suggests that the powers of three-,
60 307.54  58.09  59.28 5.16 5.22 five-, and seven-order harmonics are all very small compared
0 359.68 6220  61.90 5.79 5.84 with the power level of the developed WPT prototype. So, their
360 20 35578 6283 6297 5.73 5.68 effects can be neglected to simplify the parameter relationship
i 40 354.19 7640 7591 471 4.69 and identification process.
60 348.91 12894 122.82 2.79 2.86 Meanwhile, the secondary-side harmonics mainly influence

and experimental waveforms, as well as some approximations
in the modeling process. But these errors and differences are
relatively small, so the proposed parameter identification method
can achieve high accuracy on the condition of the battery load
dynamic change.

Then, the condition of the different phase-shift angles is
studied and the results are given in Tables II and III, where the
phase-shift angle range is selected as 0°-60°, in order to make
the WPT system working in the rectifier CCM state during most
of the battery voltage variations. The results in these two tables
indicate that some identification errors are relatively big in the
case of U, = 360 V and o« = 60°. This is due to the rectifier
discontinuous conduction mode, which is out of the scope of
this article. In other cases, the maximum errors of Ry, U, and
Iy, are 2.0%, 2.5%, and 1.5%, respectively, while the maximum
difference between the identified and measured R, is 2.3 2, and
the one of L. is 0.70 uH. So, the proposed method can achieve
high accuracy on the condition of phase-shift angle variation.

Furthermore, the influences of different order harmonics are
analyzed. As shown in Fig. 5, the WPT harmonics can be divided
into two parts: the primary-side and secondary-side harmonics.
As suggested by (16) and (17), the primary-side harmonics

the proposed method through harmonic rectifier input currents,
as suggested by (21). This will affect I}, identification results. So,
the fundamental and harmonic rectifier input currents, which is
used to obtain the experimental identification results, are given in
Table V. It suggests that the amplitudes of the harmonic rectifier
input currents decrease with the harmonic order. This means the
harmonic effect will reduce when its order increases. Also, the
harmonic current amplitudes are not significantly smaller than
the fundamental ones, especially for the three-order harmonic.
Therefore, their effects cannot be neglected when getting the
experimental [ identification results.

Finally, the case of coil misalignment is discussed and the
results are shown in Fig. 13, where the measured mutual induc-
tance M is 19.81 p/H when the coils have 15 cm lateral misalign-
ment, and then this M value is updated to get the experimental
identification results. Further calculations indicate that the max-
imum identification errors of Ry, Uy, and I}, are 4.2%, 3.5%, and
2.2%, respectively, while the maximum difference between the
identified and measured R, is 4.3 §2, and the one of L. is 2.1 pH.
Compared with the coil alignment condition, the deviations are
relatively bigger here. This is mainly due to the effects of coil
self-inductance slight changes, which are not updated during the
implementation of the method. These errors are relatively bigger
but still acceptable, which means the proposed method is also
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Fig. 13. Load parameter identification results when the coils have 15 cm

misalignment. (a) Ry, identification results. (b) R, identification results. (¢) L.
identification results. (d) Uy identification results. (e) [}, identification results.

suitable for the coil misalignment condition. Additionally, alittle
higher accuracy can be achieved compared with the existing load
resistance identification methods (the maximum experimental
error of the load resistance identification is 5.6% in [6], the
maximum simulation error of the load resistance identification
is 7.9% in [8], and the maximum experimental error of the
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load resistance identification is less than 5.2% in [35]). Further
work will be focused on reducing the identification errors and
improving the robustness to minimize the effects of the system
parameter variations as well as adopting the proposed method
to achieve the WPT system control.

V. CONCLUSION

This article presents a WPT load parameter identification
method using only the dc input current and phase-shift an-
gle. It can achieve the joint identification of battery voltage,
equivalent resistance, charging current, and WPT equivalent
load impedance with high accuracy. Based on the proposed
fundamental-harmonic model and the developed WPT proto-
type, the following main conclusions are obtained: WPT vari-
ables and characteristics can be precisely studied, adopting the
presented linear superposition analysis of the system fundamen-
tal wave and harmonics; the proposed multiple load parameter
joint identification method can achieve relatively high accuracy
on the conditions of battery voltage change, phase-shift angle
variation, and coil misalignment. These works will lay a foun-
dation for control strategy investigation, system performance
improvement, and condition monitoring based on the load pa-
rameter identification.
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