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Mutual Inductance Identification of IPT System
Based on Soft-Start Process

Lei Wang ', Pan Sun

Abstract—Accurate estimation of mutual inductance in wireless
power transfer (WPT) system is a prerequisite for accurate iden-
tification of load parameters, which is critical in system constant
output and efficiency tracking control. In this article, a general load
decoupling method for WPT system considering soft-start process
and battery initial voltage is proposed. Moreover, a double-sided
LCC topology is used to explain how to calculate the boundary con-
ditions of load decoupling. Based on the proposed load decoupling
method, a mutual inductance identification method is proposed for
WPT system with double-sided LCC topology. Within the frequency
range recommended, the unique solution of mutual inductance
can be obtained by solving high-ordered equivalent impedance
equation. In this case, there is no need to discuss the situation for
multiple solutions. Based on the WPT prototype, the effectiveness
of the proposed load decoupling method is verified, and parameter
sensitivity of the identification method is analyzed in detail. Finally,
the proposed method is experimentally verified. Results show that
high identification accuracy can be achieved even when the coils
are misaligned. Compared with the existing identification methods,
the proposed method does not need any additional switches and
auxiliary circuits, which reduces the complexity and system cost
effectively.

Index Terms—Coupling coefficient, load decoupling, mutual
inductance parameter identification, parameter identification,
wireless power transfer (WPT).

NOMENCLATURE

T —1Ty Primary-side MOSFETS.

Dy — Dy Secondary-side rectifier diodes.
Udc DC input voltage.

Uiny Inverter output voltage.

tiny Inverter output current.

Urec Rectifier input voltage.

rec Rectifier input current.
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Ugat Battery voltage.

IBat Battery charging current.

L, Self-inductance of the transmitting coil.

Ly Self-inductance of the receiving coil.

Udc_set Rated input dc voltage.

Uinv_f Fundamental component of the inverter output
voltage.

Uinwv_s_p Fundamental component amplitude of the in-
verter output voltage.

Urec_f_p Fundamental component amplitude of the recti-
fier input voltage.

Urec_f p iden Fundamental component amplitude of the recti-
fier input voltage during mutual inductance iden-
tification.

UBat_max Battery charging cut-off voltage.

UBat_min Battery discharge cut-off voltage.

UBat_initial Battery initially voltage.

Ly Primary-side compensation inductance.

Ch Primary-side parallel compensation capacitor.

Cp Primary-side series compensation capacitor.

Lo Secondary-side compensation inductance.

Cy Secondary-side parallel compensation capacitor.

Cy Secondary-side series compensation capacitor.

M Mutual inductance between the transmitting and
receiving coils.

Miden Identification value of mutual inductance.

R Stray resistance of L.

Rrp Ftray resistance of L,,.

Rps Stray resistance of L.

Rro Stray resistance of L.

k Coupling coefficient between the transmitting
and receiving coils.

Uel Voltage on capacitor C1.

ip Current on the transmitting coil.

Ucl_mea Measured effective values of ..

Iy mea Measured effective values of 7.

Wol — Wod Resonant angular frequency in different net-
works.

w Working angular frequency.

Widen Working angular frequency during mutual induc-
tance identification.

fiden Working frequency during mutual inductance
identification.

Ue Voltage on capacitor Cs.
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1. INTRODUCTION

IRELESS power transfer (WPT) technology has been
W successfully applied to medical implantable devices [1],
consumer electronics [3], unmanned aerial vehicles (UAVs) [4],
underwater vehicles [5], and many other equipment. In recent
years, its potential for electric vehicles (EVs) charging has been
widely exploited, and relevant excellent research results have
emerged [6], which proves its feasibility in wireless charging of
EV. Compared with the traditional plug-in charging pile, electric
vehicle wireless charging has the advantages of no physical
contact, no electrical interconnection, and higher safety. How-
ever, for wireless charging, the transmission efficiency, constant
output, and transmission power of the system are significantly
affected by the magnetic coupling strength and the displacement
between the coils [12]. Taking the wireless power supply for EVs
as an example, different EVs have different power requirements
and load characteristics, and the mutual inductance will change
due to the different vertical heights and the alignment of chassis.
Therefore, it is necessary to estimate the mutual inductance
between coils, and the accurate mutual inductance identification
is a prerequisite for an inductive wireless power transfer (IPT)
system with constant output and high efficiency, which does not
require a wireless communication system.

A variety of methods have been proposed to realize mutual
inductance identification [14]. Jiwariyavej et al. [14] give a
method for mutual inductance identification from the trans-
mitting side under the premise of a known load condition.
However, in practical situations, the load usually is unknown
and variable. Chow et al. [15] establish differential equations
for the series-series (SS) topology and obtain identification
value of mutual inductance and load by solving fourth-order
differential equations. However, the process of this method is
very complicated, which is not suitable for WPT systems with
composite topology compensation networks. In [16], a mutual
inductance and load identification method for SS topology is
proposed. This method is carried out under the assumption of a
complete resistive rectify load, which has a limited range of
application, such as SS topology. With the help of auxiliary
circuit switching capacitors, [17] makes the system work in
two operation modes. In these two modes, the binary equations
are established respectively, and the identification values of
the load and the mutual inductance are obtained by solving
the equations. Although the principle of this method is simple
and easy to understand, the identification procedure must be
completed by adding auxiliary circuits, which increases the
complexity and cost of the system. In [18], a load and mutual
inductance identification method for wireless charging system
based on the secondary side parallel compensation topology is
proposed taking advantage of the particularity of the secondary
side parallel compensation network. This method can be realized
regardless of the compensation topology of the primary resonant
circuit, and does not need other auxiliary circuits. In this case,
cost and complexity of the system can be reduced. Zhao e al.
[20] proposed a decoupling method between load and system
by using buck—boost switch at the back end of rectifier bridge,
so as to realize the identification of mutual inductance and
load. This method needs to switch between mutual inductance
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identification mode and charging mode, which affects the charg-
ing performance. In the latest study in [21], load is decoupled by
controlling a semiactive rectifier bridge, and a hardware based
mutual inductance monitoring method is proposed for WPT sys-
tem based on SS topology. This method analyzes the relationship
between working frequency and equivalent input impedance
and obtains the coupling coefficient through frequency scanning
calculation.

Soft start is commonly required for the system to avoid device
damage due to excessive voltage and current [22]. Shi et al. [22]
describe a way to achieve soft-start of IPT systems by using
the dc/dc converter at the front end of the inverter. This method
regulates the inverter output voltage by changing duty cycle of
the dc/dc to suppress inrush current and achieve soft-start. The
advantage of this method is that the inverter can maintain zero
voltage switch (ZVS) during soft-start process.

Another solution to change the output voltage of inverter is
to adjust its pulsewidth or frequency. So far, based on changing
the pulsewidth or frequency of the inverter, many different soft-
start control strategies and system steady-state control strategies
have been studied, which can be divided into the following three
categories.

1) Variable pulsewidth control, including symmetrical
pulsewidth control such as phase-shift (PS) control [23],
and asymmetrical pulsewidth control such sociometrical
duty-cycle control [24].

2) Variable frequency (VF) control [25]-[27].

3) Variable frequency phase shift (VFPS) control. Phase shift
control is a basic way to change the inverter output voltage,
but it the potential to make the inverter lose ZVS. In order
to ensure the ZVS of the inverter, VFPS control is widely
studied [28]-[30].

In fact, lots of information regarding the WPT system can be
extracted from the soft-start process. Hence, a method of load
decoupling and mutual inductance identification is proposed in
this article based on the soft-start process.

The rest of this article is organized as follows. In Section II,
the wireless charging technology based on WPT is described,
and a general load decoupling method based on the initial
voltage of battery and the soft start is proposed. In Section III,
taking double-sided LCC topology as an example, an effective
mutual inductance identification method is proposed based on
the premise of load decoupling, and the calculation process of
boundary conditions of load decoupling is explained in detail.
In Section IV, based on the WPT system prototype and coil pa-
rameters, the parameter sensitivity of the algorithm is analyzed
in detail. In Section V, the correctness and feasibility of the
presented mutual inductance identification method are verified
by simulation and experiment. Finally, Section VI concludes this
article.

II. SYSTEM’S OVERVIEW AND LOAD DECOUPLING METHODS
A. Wireless Charging System Based on WPT

The wireless charging system based on WPT includes dc
power supply module, high-frequency full-bridge inverter, coils
and compensation networks, and an equivalent load module.
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Fig. 1. WPT-based wireless charging system structure diagram.

Its structure is shown in Fig. 1. Among them, the dc power
module provides dc input voltage Uy, for the WPT system.
The high-frequency full-bridge inverter converts the dc input
voltage Uq. into a high-frequency square wave voltage and sends
it to the receiving coils and compensation networks. Accord-
ing to different transmission characteristics, the compensation
networks have different kinds of topologies [31]. The rectifier
composed of D; — Dy rectifies the high frequency ac power
from the compensation network into a stable dc output voltage
for battery charging. InFig. 1, L,, and L, are the self-inductances
of transmitting coil and receiving coil, respectively, while M is
the mutual inductance between transmitting coil and receiving
coil. Up,t and I, are the battery charging voltage and charging
current, Uq. and I, are the dc input voltage and current, respec-
tively. uiyy and i;,, are the inverter output voltage and current,
respectively. uye. and ¢, are the input voltage and current of
equivalent load, respectively. It should be noted that low-cost
uncontrollable diode is generally used to form a full-bridge
rectifier. If bidirectional WPT is required, a fully controlled
MOSFET is needed [32]. Since the bidirectional WPT is not within
the scope of this study, the WPT system in this article adopts
uncontrolled full bridge rectifier.

B. Load Decoupling Using Soft Start Process

Two common open-loop soft start methods are used as exam-
ples to illustrate how the start-up process can be used to achieve
load decoupling and mutual inductance identification.

1) PS control. Keep the input dc voltage at the rated voltage
Ugc_set» and control the conduction angle « of the inverter to
slowly increase from zero to achieve soft start. According to
[21], the relationship between the inverter conduction angle «
and the fundamental component amplitude of the inverter output
voltage Uiny_y p at this time conforms to the following:

4 e
Uiv_sp = ;Udc_set sin <§> ) (1)

2) Keep the conduction angle « at m — 6 (6 is the dead time),
and realize soft start by controlling the input dc voltage Uq. to
slowly increase from zero. The relationship between Ui,y ¢ p
and the dc input voltage Uy. conforms to the following:

4 . T—0
Uinv_f_p = ;[Jdcsln ( 9 > . (2)

According to [33], the battery pack has corresponding charg-
ing and discharging cut-off voltages Upat_max and Upat_min-
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Fig. 3. (a) Parallel, (b) LCC compensation, and (c) LCL compensation in the
secondary side.

Therefore, if the battery pack is ready to be charged, the initial
battery voltage Ugat_initial 1S DOt zero and satisfies the following:

UBat_initial = UBat_min- 3)

In summary, there must be a voltage interval AUy, ¢ =
0~ Ui’nv ¥ during the soft-start process, in which Usec_f p <
UBat_min- In other words, the rectifier bridge is open in this
voltage interval, and the battery load is decoupled from the
system. When the load is decoupled, the equivalent circuit is
shown in Fig. 2. The gray line in Fig. 2 indicates that the rectifier
is open.

The battery discharge cut-off voltage Upat_min 1S determined
by the battery parameters, and it is known in the design process
[35]. Therefore, (4) based on Up,¢_min can be used as the voltage
boundary condition for load decoupling, under which mutual
inductance identification can be effectively performed

Urecfffp?iden < UBatfmin~ (4)

In (4), Urec_f_p_iden represents the amplitude of the funda-
mental wave component of the voltage at the front end of the
rectifier in the mutual inductance identification phase.

It is not difficult to understand that the WPT systems with
nonseries compensation on the secondary side can use the
above-mentioned load decoupling method for mutual inductance
identification. Hence, the secondary side compensation network
should be parallel, LCC, or LCL compensation network, as
shown in Fig. 3.

In fact, most of the existing research achievements on the
parameter identification of IPT systems are about SS topology.
The research results of non-SS topology, however, are few. The
load decoupling method proposed in this article is applicable to
the IPT system with nonseries compensation on the secondary
side, which provides more possibilities for the mutual inductance
identification of IPT systems. The feasibility of the proposed
mutual inductance identification method in other topologies has
been proven. Due to the space limitation, this article only takes
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Fig. 4. Fundamental equivalent circuit and its components of WPT based on
double-sided LCC compensation network.

the double-sided LCC topology as an example for illustration.
The calculation method of the load decoupling boundary condi-
tions and the realization of mutual inductance identification will
be described in detail in Section III.

III. PROPOSED MUTUAL INDUCTANCE
IDENTIFICATION METHOD

A. Principle of the Proposed Mutual Inductance
Identification Method

Relevant analysis of this research is conducted on the WPT
system with double-sided LCC compensation network, and its
topology is shown in Fig. 4.

The compensation network is composed of L;, C;, C), on
the transmitting side and Lo, C, C on the receiving side. L,
L, and M are self-inductances of transmit coil, receive coil,
and mutual inductance between them, respectively. Ry, R,
Rprs, and Ry are the stray resistances of Ly, Ly, L, and L,
respectively. Upat_initial 18 the initial voltage of the battery to be
charged.

According to [36], under the ideal condition, the circuit pa-
rameters are designed by (5) to realize constant current output
characteristics of the topology at a constant ideal resonant fre-
quency

2 1

Wor = T,

2 1

Vo2 T TGy 5)
w2 _ 1

03 = T,-L1)C,

2 1

Wos = (L.~ L2)C: -

In(5), wo1,wo2, Wos, and wy4 are the nominal resonant angular
frequency, which are independent of coupling coefficient k and
load conditions and only relevant to compensation network
parameters of the system. Ideally, w,1, Wo2, We3, and w,4 should
be almost identical, but in practical situation, there will be
deviations between them due to the parameter shifts and soft
switching requirement.

Under the rules in Section II-B, when Uiny_f_p_iden 1S used as
the working voltage, the diode rectifier bridge will be open. In
this case, the load and the system are decoupled. Then, according
to the circuit principle

1 1
wCs WCQ

Zs:RLs +j(WLs_ ) :Rs +sz (6)

where w is the working angular frequency of the system.
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The reflection impedance can be expressed as follows:
g _ M)’ (M)’ R, (wM)’ X, D
vz, T R+x2 U Rtx:
Then, Z,, can be expressed by (8)
Zy=Rpp+j(wL ! +Z
= w _— s
P Lp TJ P WG, P
= RLp +jXLp+Zsp~ (8)

From (5), it can be seen that C; and Lq constitute a resonant
filter, so the harmonic components in 4, and u.; are very low.
Therefore, in order to reduce the identification error, the effective
value of u.; and 7,, are measured to calculate the modulus of
equivalent impedance Z,. Combining (7) and (8) to establish
©)

Ucl mea,
Z _ =
l p| Ip_mea
(wM)* - R i @M x,\°
w - Ry w - X
- <R§+X§ +RL”> +<XLP_ R§+X§>

©))

where Uci_mea and I, mea are the measured effective values of
uc1 and 4, respectively, X1, = wL, — 1/(wC,).

Substituting the measured value U mea and I, mea into (9),
and solving (9) to obtain the mutual inductance identification
value Migen-

Through analysis of (9), it can be seen that | Z,,| is a function of
mutual inductance M. Let |Z,| = y, then y = f(M). Equation
(10) can be obtained by taking the derivative of (9)

ﬁi 2wiM
OM — R2+ X2

(WM)? + RrpRs — X1, X,

. 2, 2 wM)2. 2
\/((U;%I‘QX?S + RLP) + (XLP - (R]\QX?S)
(10)

Let 5?71\114 = 0, the extremal points can be obtained as (11)
shows

My =0,My 3= :I:%\/XLPXS — RppRs. (11)

It can be seen from (11) that there are three extremal points.
For y = f(M), whether M35 has a real solution depends
on the value of X;,X, — Rr,RR,. The different situations of
XrpXs — RppR are discussed as follows.

According to (5), (6), and (8), X, = wL, — f — w102’
Xp=wly = 56 — 56; = X1p — 57 assuming that the
natural resonant angular frequencies of X, = 0, X, = 0, and
Xrp =0 are wys, Wep, and wr,, respectively, and then wr, =

1 _ Cp+Cy ~
A /m,wop =,/ chpcl,andep < Wep R Wos. Based on the

above conclusions, the following analysis can be obtained.
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TABLE I
INFLUENCE OF DIFFERENT OPERATING FREQUENCIES ON THE RESULTS OF
MUTUAL INDUCTANCE IDENTIFICATION

Different solution situations Of M, 5
X, <0, X;,<0,X,, X, —R,,R, >0,
M, 5 have real solutions
X, <0, Xpp >0, Xp, X, — R, R, <0,
M, 5 have no real solutions
Xe>0,Xp,>0,X,,X, =Ry, R, >0,
M, 5 have real solutions

Different ranges of w

W< Wy, < W
wLp Sw< Wos

wLp <w, <w

1) When the working angular frequency satisfies wy, =

Lplcp <w < Wes, Xs <0and Xz, >0 will be sat-
isfied automatically. In this case, X7, X, — Rr,Rs <0
will be satisfied, which means M5 3 have no real solutions.

2) When the working angular frequency satisfies w < wr,, <
Wos» X5 < 0and Xz, < 0 will be satisfied automatically.
In this case, X1, X; — R, s > 0 will be satisfied, that
is, M5 3 have real solutions.

3) When the working angular frequency satisfies wr, <
Wos < w, Xs > 0and X, > 0 will be satisfied automat-
ically. In this case, X1, X, — Rr,Rs > Owill be satisfied,
M 3 have real solutions, too.

The existence of real solutions for M 3 shows that the
function y = f(M) has extremal points at the real solutions,
which means thaty = f (M) does nothave unique monotonicity.
The |Z,| calculated by measured value is not a one-to-one
relationship with M. In this case, it is possible to find multiple
solutions that meet the conditions according to (9), which will
affect the identification results.

According to the above analysis, the influence of the operating
frequency on the solution of M5 3 is summarized in Table 1.

In order to avoid the situation where there are multiple real
solutions in Mjqen, the frequency range wr, < w < w,, used
in the mutual inductance identification is recommended. When
wrp < w < w18 satisfied, there is only an extremal point at
M =0in (9), and |Z,| and M have a one-to-one relationship
when M > 0. Hence, the unique solution of M can be identified
based on the measured value of Ug1 mea and I, mea

Combined with (9), when the frequency of wr, < wigen <
wos 18 adopted for mutual inductance identification, (12) shown
at the bottom of this page, can be obtained from (9). Substituting
the measured values Uci_mea and I}, mea into (12), and then the
unique solution of mutual inductance identification value M;gen
can be obtained by solving (12) shown at bottom of next page.
In (12), widen = 27 fiden » fiden 1S the frequency in the mutual
inductance identification phase, and satisfies iwLp < fiden <
Z2=. When the parameter design is done according to (5), the
inequality wr, < w,,s will be satisfied automatically. Therefore,
the requirement of %wLp < fiden < “éj: in the mutual induc-
tance identification phase does not add additional constraints to
the parameter design of the system.
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Fig. 5. Equivalent circuit diagram when load is decoupled.

B. Analysis of Uqc and Conduction Angle o for Load
Decoupling

From the analysis in Section II-B, it can be found that when (4)
is satisfied, the rectifier bridge on the secondary side is always
open and the load is decoupled from the system. According to the
fundamental wave approximation method, the equivalent circuit
of the system is shown in Fig. 5, and (13) can be further derived
from (4)

Ureerpn, (Ui, ) = Uty < Ubagy (13)

That is, the open circuit voltage in front of the rectifier is
equal to the voltage on the compensation capacitor Co, and its
amplitude is less than Upat,_min-

Each impedance in Fig. 5 satisfies the following equation:

Z2 :ZLS _Zm+ch+Zc2
Zl :Zcp+ZLp*Zm+ZQ //Zm
Ziw =211+ Za/]Z:

where Zp1 = Ri + jwLl, Zop =1/jwCy, Zo =1/jwCh,
ZLp = RLp + jWLp’ L = jst Zrs = Rps + jWLSs Les =
1/ijs, and ch = 1/jw02.

Therefore, when the (13) is satisfied, the fundamental com-
ponent amplitude of the inverter output voltage Uiny_f_p_iden
and the voltage amplitude U,y , on the capacitor C satisfies
(15), where | Zoq(M)] is the absolute value of the equivalent
impedance including the mutual inductance M

(14)

ZdZmZCQ
Zin (Zl + ch) (Z2 + Z’m

= |Zeq (M)‘ Uinv_f_iden.

Combining (1), (2), (13), and (15), the conditions required to
achieve load decoupling in the two soft start modes are obtained,
respectively, as (16) and (17) shows

Uc2_p = ) Uinv_f_iden

15)

. 7TUBat min
Qliden < arcsin = (16)
4Udcfset |Zeq (M)‘
U at_min
Udec_iden T Ban (17)

<
4| Zeq (M) sin (WT_Q)

Miden =

iden

XLst - RSRLp + (RSRLp - XLst)2 - (R% + st) (R%p + X%p - ‘

U.

lmea

Pmea

2
) 12)
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Fig. 6. Flowchart of the proposed mutual inductance identification method.

where aigen and Ugc iden are the conduction angle and the dc
input voltage for load decoupling, respectively.

In (16) and (17), Upas_min is the battery discharge cut-off
voltage, 6 is the inverter dead time, and Ugc st is the rated
dc input voltage. The above parameters are known in the sys-
tem design stage. Therefore, after the system is designed, the
boundary conditions of jgen and Ugc iden for load decoupling
can be determined by the (16) and (17) and the change trend of
| Zeq (M)| with the change of mutual inductance. The realization
process of load decoupling will be elaborated in detail based on
the actual system parameters in Section V-B.

C. Realization Process of the Proposed Mutual Inductance
Identification Method

According to the aforementioned analysis, detailed mutual
inductance identification process of the proposed method, shown
in Fig. 6, is described as follows.

Step I: The system parameters are obtained, and the operating
frequency figen during mutual inductance identification pe-
riod is determined according to the system parameters.

Step 2: The boundary conditions of load decoupling are deter-
mined, and oden OF Uqc iden during the mutual inductance
identification is determined. When the variable conduction
angle method is used to realize soft start, the a;qe, 1S deter-
mined according to the system parameters and (16). When the
variable input dc voltage method is used to realize soft start,
the Udqc _iden 1s determined according to the system parameters
and (17).
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Step 3: According to the determined value of figen, and qgen OF
Udc_iden, the soft start control program is written in the micro-
controller combined with the mutual inductance identification
algorithm.

Step 4: Start the system, when a = aigen Or Ude = Udc_idens
keep this state for AT. Substituting the measured values
Uci_mea and I, e, into (12) to obtain the mutual inductance
identification value M,ge, during AT. The AT is deter-
mined by the time required for the system from transient to
steady state including detection, DSP calculation and a certain
amount of time margin.

Step 5: After AT, the system continues to soft start-up until it
reaches the normal charging state.

IV. RESEARCH ON PARAMETER SENSITIVITY
A. Theoretical Analysis of Parameter Sensitivity

In practical, due to the magnetic material in the coupler mod-
ule, the self-inductance of coil will change with the longitudinal
distance and lateral dislocation between the two coils [37], [38].
Therefore, it is necessary to analyze and discuss the sensitivity
of the identification algorithm to the self-inductance parameters
of the coil. The existing literature on mutual inductance iden-
tification rarely discusses the influence of the change of coil
self-inductance on the accuracy of the identification algorithm
in detail.

Equation (9) directly reflects the relationship between M and
| Z,|, soitis used to analyze the sensitivity of the algorithm to the
slight changes in L, and L,. To simplify the analysis process,
define A and B as follows:

A_%_A'_RLP:CRS—FRLP%CRS

T R2+X2 )
B = Xp, - Y505 =Xp, - OX, = X1, + C|X,|
(18)
2
where C' = %.
Equation (19) can be obtained according to (9) and (18)
|Z,| = VA2 + B2. (19)

According to the authors in [39], parameter sensitivity is
analyzed though the derivative. Since the changes of L, and
L are reflected in the impedances X, and X, the derivation
calculation results of 0|Z,|/0Xr, and 0|Z,|/0X are given
by (20) and (21), respectively

8XLp \/A2 +32

Z 2AR, X, + B (X2 — R?
8| p|:(wM)2 +2( s s). (21)
0X s (X2 - R2)>V/A2+ B?

Comparing A and B according to (18), it can be found that A
will be very small and much smaller than B due to R, ~ 0, that
is, A2 < B2. Therefore, (20) can be simplified to (22), that is,
1% deviation of X, contributes to about 1% deviation of |Z,,|

0% B _
6)(Lp \/A2+32

(22)
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TABLE I
COUPLING COIL PARAMETERS
Parameter Value Parameter Value
Coil turns 14 Coil outer circle size (mm)  450%450
Number of coil wire 1000 Coil inner circle size (mm)  200*200
strands
The radius of strands 005
(mm)
Fig. 7.  Two definitions of misalignments: x-misalignment is the lateral mis-

alignment, and y-misalignment is the longitudinal distance.

Equation (21) shows that the derivative is affected by X ;.
So, the relationship between | Z,| and M is sensitive with X 7.
In addition, the derivative is also affected by w and M, which
means that | Z,| has different sensitivity to X, under different
w and M conditions.

B. Simulation Verification of Parameter Sensitivity

The parameters of the coupling coils used in this system are
shown in Table II. The dimensions and parameters of the two
square coils are the same. The relative position of the two coils is
shown in Fig. 7, and the position shown in Fig. 7 is the alignment
of the two coils. The longitudinal distance between the two coils
is along the y direction, and the translation along the x direction is
a lateral displacement. In the rest of this article, the coil position
will be represented by (x, y) and will not be repeated.

Change the y and x between the two coils, and then the coil
parameters L, Ly, and M at different positions (x, y) will be
obtained through measurement. The measured results are shown
in Fig. 8. It can be seen that the parameter L,, and L, decrease
with the increase of y. When y > 14 cm, the decreasing trend
of L, and L slows down. When y is constant and 0 cm < x <
12 cm, Ly, and L will increase slowly with the increase of x.

The designed coupling coefficient of the systemis 0.1 < k <
0.2, the allowable position range is 14 cm < y < 16 cm, and 0 cm
< x < 12 cm. The variation of the parameters L,,, L, and M
within this range are shown in Fig. 9. It can be seen that under
the same y, the coil self-inductance increases slowly with the
increase of x. When the x reaches 12 cm, the self-inductance
variation is close to 1 pH. Therefore, simply substituting a
certain self-inductance value as a known parameter into the
algorithm will affect the identification result. The sensitivity of
the algorithm to the microvariation of the self-inductance should
be analyzed, then the self-inductance value should be corrected
to improve the identification accuracy.

Based on the actual parameters of the system in Table IIT and
the measured parameters in Figs. 8 and 9, the sensitivity of the
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system to the L, and L, is further studied, and the results are
shown in Figs. 10 and 11.

Fig. 10 shows the results of studying the sensitivity of Z,
to L,, at different frequencies. It can be seen from the Fig. 10
that when the change of L, reaches 1 pH, the variation of Z,, is
also very small. When AL, is fixed, AZ, is slightly different
with the frequency. These results proved the correctness of the
aforementioned conclusion, that is, the algorithm is not sensitive
to L, and has good robustness to L,,.

Since the L at positions (x, y) = (12, 14) and (x, y) = (0, 16)
have the largest change relative to L at the alignment position,
these two positions are taken as examples to study the influence
of AL on Z,,. The results are shown in Fig. 11. It can be seen
that when the frequency and A L are constant, AZ,, is related to
M, the smaller M is, the smaller AZ, will be. When the mutual
inductance M/ and AL, are constant, AZ), isrelated to fiqen,and
the smaller figen is, the smaller AZ,, will be. The above results
prove the correctness of the aforementioned conclusion, that is,
the algorithm is sensitive to L, and its sensitivity is related to
w and M. Therefore, according to the above analysis results,
a smaller identification frequency fijen should be selected to
reduce the identification error.

V. SIMULATION, EXPERIMENTAL VERIFICATION,
AND DISCUSSION

A. Experimental Platform and System Parameters

A WPT prototype shown in Fig. 12 is developed to verify
the presented mutual inductance identification method, and its
parameters are shown in Table III. Parameters are measured by
LCR Meter TH2826 at 85 kHz. The normal charging frequency
of the system is 84-85 kHz. Among them, the parameters L,
and Lg are measured when (x, y) = (0, 14).

B. Calculation and Simulation Verification of Load
Decoupling Boundary Conditions

According to Section III-A, during load decoupling
stage, when the frequency of sqrt(1/L,/C,)/2/m <
fiden < wos/2/m is used for M identification, the
unique solution of M identification value Mjqen can
be obtained by solving (12). According to the system
parameters in Table III, sqrt(1/L,/C,)/2/m = 78693(Hz),
Wos/2/m = 84636(Hz). In order to verify whether the
conclusions in Table I are correct or not, simulations are
performed when figen < sqrt(1/L,/C)p)/2/m(75-78 kHz),
sqrt(1/L,/Cp)/2/m < fiden < wos/2/m(80-83kHz), and
fiden > sqrt(1/L,/C))/2/m(85-88 kHz), and the |Z,| — M
relationship curve at different frequencies are obtained as shown
in Fig. 13.

It can be seen that when sqrt(1/L,/Cp)/2/m < fiden <
wos/2/m(80 kHz, 81 kHz, 82 kHz, 83 kHz), |Z,| in-
creases monotonously with M, and there is no extremal
point in the range of A >0. In other words, |Z,]
and M have a one-to-one correspondence. When figen <
sqrt(1/L,/Cp)/2/m(75 kHz, 76 kHz, 77 kHz, 78 kHz) or
fiden > sqrt(1/L,/C,)/2/m(85kHz, 86 kHz, 87 kHz, 88 kHz),
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TABLE III

SYSTEM’S PARAMETERS

Parameter Value
L,(nH)/R;,(mQ) 145/360
L (pH)/R;,(mS2) 145.12/350
L, (pH) /Ry (mS2) 25.2/30
Ly(pH)/Ry5(m®) 51.2/570
C,(nF), Cp(nF) 138.25,28.21
Cy(nF), O, (nF) 68.57,37.8
k 0.1-0.2
Upat.min(V) 300
Use ser(V) 250

|Z,| = f(M) has an extremal point and does not have
unique monotonicity. The correctness of the conclusions in
Section III-A and Table I is proved by simulation results men-
tioned above.

According to the system parameters, Uyt min and (15)—
(17), the relationship between Uca p, fidens Uinv_f_p, and M
is obtained through simulation, shown in Fig. 14. In Fig. 14,
the change trend of Uy , with M and Ui,y s, when figen
equals to 80, 81, 82, and 83 kHz are illustrated from (a) to (d),
respectively.

The maximum coupling coefficient of the system is kpyax =
0.2 (Mpax 1s about 30 pH). It can be seen from Fig. 14 that if &
ranges from 0.1 to 0.2 and Uj,,_y_, maintain a constant value,
U2, will change monotonically with M when fiqen increases
from 80 to 83 kHz. Therefore, to ensure the load decoupling in
the whole range of coupling coefficient, Uy _, is only required
to be lower than Uga¢_min at M = 30pH.

Meanwhile, it can be seen from Fig. 14 that at M = 30uH,
when Ucz , = Uat_min = 300V, the corresponding Usny_f p
are 96, 77, 57, and 37 V, respectively. Solving (1) and (2), the
boundary conditions for the system to achieve load decoupling
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y) = (12, 14) relative to L at the alignment position on | Zj,|. (b) Influence of the change of L at (x, y) = (0, 16) relative to L, at the alignment position on |Z,|.
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Fig. 12.  Schematic diagram of the experimental platform.
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Fig. 13. Relationship between |Z,| and M at different frequencies.

are shown in Table IV. That is, when the system runs under
the conditions of Table IV, the load is decoupled, and the
identification method proposed in this article can be used to
identify the mutual inductance.

o

600 200V
= 450 V% : % =0y u,;oo"‘
& v (96,30,300) > 4501 " ]
g N

5300 (77.09,30,300)

Fig. 14.  Variation trend of Uca_;, with M and Ujy,y_5_p, under different fiqen,
(a) when figen = 80kHz, (b) when fiqen, = 81kHz, (c) when figen = 82kHz,
and (d) when figen = 83kHz.

TABLE IV
SUMMARY OF WORKING POINT AREAS THAT CAN
REALIZE M IDENTIFICATION

Soft start methods

Conditions for

load decoupling Soft start method (a), Soft start method (b),
Uge set = 250V a=T7

fiden = 80kHz, ]

Ui 1 < 96V a < 35 U, <75V

fiden = 81kHz, .

Ui g p < TTV a <28 Uy < 60.6V

Fien = 82kHz, . )

Ui 1 < 57V a < 20.7 U, < 45V

Fiden = 83kHz, )

Ui, <31V <13 U, < 29V
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Fig. 15. Waveforms obtained when the soft start method (a) is adopted, and fiqer, = 80kHz, a = 30° is used to achieve load decoupling. (a) and (b) are dynamic
experimental results during soft start, (c) and (d) are waveforms at the identification stage, and (e) is the waveforms during normal operation.
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Fig. 16. Waveforms obtained when the soft start method (a) is adopted, and fijen, = 80kHz, Ug. = 60V is used to achieve load decoupling. (a) and (b) are
dynamic experimental results during soft start, (c) and (d) are waveforms at the identification stage, and (e) is the waveforms during normal operation.

First, experiment is implemented to verify whether the load
decoupling can be realized during the soft-start process. Two

In order to prove the feasibility of load decoupling during soft-  open-loop soft-start methods described in Section II-B were
start process and the correctness of mutual inductance identifi- tested, and the experimental results are shown in Figs. 15 and
cation method proposed, experimental verification is carried out ~ 16.
by using the experimental platform shown in Fig. 12. The input Fig. 15 shows the experimental results when the soft start
dc voltage is provided by the dc power supply (REG75030),and  method (a) is adopted. The soft-start control process is as fol-
the output voltage of which is controlled by the host computer. lows: First of all, in the case of f = 80kHz and U4, = 200V,
Set the electronic load to work in constant voltage (CV) mode the conduction angle « is controlled to increase from 0°to 30°.
with 300 V to simulate the initial voltage of the battery. The Second, when o = 30°, keep this state for A7 = 30 ms, and
soft start control process and mutual inductance identification the load is decoupled and mutual inductance identification can
algorithm are implemented based on DSP (TMS320F28335). be performed at the time. Then, « is controlled to continue

C. Experimental Verification and Discussion
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to increase to 178° (with a dead time of 2°). Finally, the host
computer sends a command to the DSP to control the frequency
of the drive signal to ramp up from 80 to 85 kHz. Fig. 15(a)
and (b) are dynamic experimental results, Fig. 15(c) and (d)
are waveforms at the identification stage, and Fig. 15(e) is
the waveforms during normal operation. It can be seen from
Fig. 15(a) and (b) that there will be no high current and voltage
overshoot. Fig. 15(c) and (d) are the experimental results during
AT. Tt can be seen that the MOSFET is working in the ZVS
state at this time, and the load is decoupled ( iy, = 0A and
Urec < 300V). After the soft start process is over, the system is
in the normal charging mode, as shown in Fig. 15(e).

Fig. 16 shows the experimental results when the soft start
method (b) is adopted. The soft-start control process is as fol-
lows. First, in the case of f = 80kHz , Uy, is controlled by host
computer to increase from 0 to 60 V. Second, when Uq. = 60V,
keep this state for A7 = 30 ms, and the load is decoupled and
mutual inductance identification can be performed at the time.
Then, the frequency of drive signal is controlled to ramped
up from 80 to 85 kHz. Finally, the Uy, is controlled by host
computer to increase from 60 to 200 V. Similarly, there will be no
high current and voltage overshoot during the starting process,
and the load is decoupled during AT. It should be noted that
during the load decoupling phase, the MOSFET may lose ZVS.
Fig. 16(c) is the waveforms of the load decoupling stage when
M = 29.8 pH. It can be seen that the MOSFET loses ZVS at this
time. However, the time of soft-start process and identification
process is very short, and the mutual inductance identification is
implemented under the condition of small voltage and current,
so the missing of ZVS transitorily will not bring large energy
loss and switching stress.

Second, during AT in Fig. 16, the correctness of the mutual
inductance identification method was experimentally verified
based on the measured U, and U.,. Two voltage effective
value detection modules are used to detect U.; and U,. The
output dc voltage signal of the detection module (reflecting the
rms of the measured voltage) is sent to the DSP after signal
conditioning circuit, and the calculation process of identification
algorithm is completed in DSP. In order to reduce the influence of
harmonic components and noise on the measurement accuracy,
the adopted detection modules composed of prefilter circuit,
high-precision rectifier filter circuit and high-linearity analog
optocouplers are used to improve the measurement accuracy. In
order to reduce the detection error, I, is obtained by detecting
the U, since I, is too small and might cause inaccurate de-
tection. Then, the Uy, to I, are converted in DSP according to
Ip = 27Tfiden . Cp . Ucp.

To verify the feasibility of the identification algorithm and
the correctness of the parameter sensitivity analysis, the mutual
inductance values at different positions are obtained by changing
the lateral misalignment x under the three cases of y = 14 cm,
15 cm, and 16 cm. The mutual inductance M at different posi-
tions is identified by using the method proposed in this article,
and the identification results and errors are shown in Fig. 17. In
Fig. 17, the ordinate value on the left represents the M measured
at different (x, y), and the ordinate on the right represents the
identification error, the blue bar represents the error, and the
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Fig. 17.  Experimental results and errors of Mjqen under different conditions.

(a) Experimental results and errors of Miqen When y = 14 cm. (b) Experimental
results and errors of Mjqen When y = 15 cm. (¢) Experimental results and errors
of Migen Wheny = 16 cm.

other bars represent the identification results of M at different (x,
y). In particular, three cases are designed to prove the correctness
of the aforementioned parameter sensitivity analysis. Case 1
substitutes the actual self-inductance measured at each position
into the algorithm to obtain the identification result. Case 2
substitutes the self-inductance at alignment position (x, y) = (0,
14) into the algorithm to obtain the identification result. Case
3 substitutes the L;, ve and L e into the algorithm to obtain
the identification result. According to the self-inductance value
of the coil measured in Fig. 9, the average value of the coil self-
inductance is L;, ave = 145.34pH and L ,ve = 145.475uH. In
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Fig. 17, figen = 80 kHz, 81 kHz, and 82 kHz are used for mutual
inductance identification in the identification algorithm.

The following conclusions can be obtained by analyzing the
experimental results from Fig. 17.

1) In case 1, the proposed identification method can identify
the M accurately, and the max identification error (errory, ) is
less than 1%, which means that the mutual inductance M can
be well recognized by the proposed algorithm when the self-
inductance parameters are known, and the recognition accuracy
is very high.

2) In practice, it is unrealistic to measure the self-inductance
value of the coil before each system operation. Generally, the
self-inductance in the case of coil alignment is substituted
into the algorithm. Therefore, the self-inductance L, = 145,H,
Ly = 145.12pH corresponding to the coil alignment position
(that is, the position (x, y) = (0, 14)) is substituted into the algo-
rithm for experiment, and the experimental results correspond
to case 2 in Fig. 17. By comparing the identification results of
cases 1 and 2, it is not difficult to find that the existence of
AL, and AL, increases the identification error. In case 2, when
fiden = 82kHz is used for mutual inductance identification, the
eITOr 18 higher than 8%, and when fige, = 80Hz is used
for mutual inductance identification, the error,,, is less than
5%. Hence, the smaller figen is used, the smaller identification
error will be, which also verifies the correctness of the previous
conclusions of the parameter sensitivity analysis. Therefore,
using a smaller fiqen, for mutual inductance identification can
effectively improve the identification accuracy.

3) In order to further reduce the identification error at the
maximum misalignment case, the average value of the self-
inductance is calculated within the allowable misalignment
range. L, ave = 145.34pH and L, oy = 145.475puH are ob-
tained according to the measurement results in Fig. 9. L, ve,
L ave are substituted into the identification algorithm, and
the identification results correspond to case 3 in Fig. 17. By
comparing the identification results of cases 2 and 3 under the
same identification frequency, it can be found that the maximum
error in case 3 is significantly smaller than the maximum error
in case 2, which shows the maximum identification error can
be effectively reduced by means of self-inductance correction.
In case 3, the identification error when figen is 80 kHz is
significantly smaller than the error when fiqey, is 82 kHz, which
also proves that a smaller fiqen, can reduce the identification
error effectively. From the results in case 3, it can be found that
the error,,,, will be less than 4% when the self-inductance is
corrected and a smaller figen is selected for mutual inductance
identification.

Fig. 18 shows the identification results when figen, = 80kHz
in case 3. It can be found that the identification errory,,x is only
3.1% when the lateral dislocation is allowed to be 12 cm, and the
error is within the acceptable range. Compared with the existing
partial mutual inductance identification methods, the mutual
inductance identification method proposed in this article has
much better performance without compromising the identifica-
tion accuracy (in [15], the identification errory, x is 8% when the
lateral dislocation is 10 cm. In [16], the identification error,,.x
is 6.5%. In [17], the identification error,,,x when changing the
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Fig. 18. Identification results of Miqen When fijen = 80kHz in case3. (a)
Experimental results when y = 14 cm. (b) Experimental results when y = 15cm.
(c) Experimental results when y = 16 cm.

TABLE V
COMPARISON OF THE FEATURES OF DIFFERENT METHODS ON MUTUAL
INDUCTANCE IDENTIFICATION

Features [15]  [16] [17] [21] Proposed
No need to measure the
phase difference between \ X x X \
voltage and current
No need to add auxiliary N N % J N
circuit
No need to use switches to J N J . N
achieve load decoupling
No need to calculate phase . N J N N
difference for identification
The identification error,,q 8%  6.5% 7% 4.8% 3.1%

load and changing the mutual inductance are 7% and 2.9%,
respectively. In [21], the identification errory,,y is 4.87% when
the longitudinal distance changes). Detailed comparison can be
found in Table V shown below.

D. Further Discussion

To sum up, using the load decoupling method and mutual
inductance identification method proposed in this article, mutual
inductance identification can be effectively carried out at the ini-
tial stage of system soft-start with high identification accuracy,
which does not affect the system’s normal operation. Moreover,
there is no need to measure the phase difference between voltage
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and current, auxiliary circuits and switches are also saved to
achieve load decoupling. In addition, the proposed method is
suitable for other nonseries compensation topologies on the
secondary side, and has strong universality.

It should be noted that the proposed method is based on the
condition that the compensation network parameters are known
and unchanged. For a stable IPT system, except for the load
and mutual inductance, all circuit parameters change little under
normal operating conditions. Therefore, the method proposed
in this article is applicable within the allowable deviation range.
When the self-inductance parameter has a large deviation due
to large misalignment, the identification error may increase.
Therefore, in order to improve the identification accuracy when
the parameter deviation is large, further work will be focused
on investigating the identification methods that do not require
known coil parameters.

VI. CONCLUSION

A general load decoupling method is proposed, which can
be used to realize mutual inductance identification for multiple
topologies. Taking the double-sided LCC topology as an ex-
ample, a mutual inductance identification method is presented
under the proposed load decoupling method. The mutual in-
ductance identification method presented in this article needs
neither secondary side switches to achieve load decoupling nor
auxiliary circuits to switch the circuit working mode. It requires
only soft-start process and battery initial voltage to realize load
decoupling, which reduces system complexity and saves system
costs. Through the detailed theoretical analysis and derivation of
the presented method, the main conclusions are given as follows.

1) When sqrt(1/L,/Cp)/2/m < fiden < wos/2/m is used
in the identification stage, the identification result obtained
is a unique solution. Therefore, the identification algo-
rithm is simple and easy to implement;

2) Based on the developed WPT system prototype, the cal-
culation process of the boundary conditions for load de-
coupling is explained in detail, and the sensitivity of the
algorithm to the self-inductance parameters is analyzed
as well. The conclusion is drawn that the identification
accuracy can be effectively improved by using a smaller
fiden and self-inductance average correction.

3) Based on the theoretical analysis of the proposed method,
a simulation model and experimental platform are devel-
oped. The results show that the mutual inductance identifi-
cation method can effectively identify mutual inductance
parameters with high accuracy. These works will lay a
solid foundation for load identification, noncommunica-
tion control strategy and condition monitoring.
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