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Abstract: This paper proposes a multi-parameter estimation method based on the phase difference
between primary and secondary currents, for a series/series (S/S) compensated contactless converter.
To achieve secondary current sensing in the transmitter side, a primary sensing coil is added into the
coupler. By introducing the phase difference between primary and secondary currents, a straight-
forward, multi-parameter estimation model is derived, significantly reducing the multi-parameter
solving difficulty. Based on the derived model, a method combining pre-parameter identification
based on frequency sweeping, with fast online parameter identification is proposed, offering a gen-
eral, accurate, and rapid parameter estimation solution. Detailed implementation of the parameter
identification method and the asymmetrical configuration of the coupler are also presented. The
proposed method is verified with a 1 kW S/S compensated converter. Experimental results show
that the estimated values agree well with the theoretical ones. Based on the estimated results, the
transmitter-side, closed-loop control can also be achieved.

Keywords: parameter estimation; transmitter-side control strategy; wireless power transfer; constant
current and constant voltage output

1. Introduction

Due to its advantages of isolation, safety, convenience, and reliability, inductive power
transfer (IPT) technology has been used in many applications, such as underwater devices,
implantable devices, electric vehicles, and high-voltage isolated power supplies [1-4].
Different from conventional power converters, IPT converters have the problem of a
wide range of parameter variations, which include not only the load change, but also the
variations of the self-inductances and mutual inductance of the coupler, due to the inevitable
change of the clearance and misalignment. Hence, it greatly increases the difficulty of the
control for IPT converters [5,6].

To achieve tight output control against the parameter variations, a post regulator in
the receiver side is often adopted in an IPT system, by introducing a cascaded DC/DC
converter, a secondary dynamic-tuned resonant tank [7,8], or an active rectifier [9,10]. It
dramatically complexes the system’s structure. By comparison, a transmitter-side (Tx-side)
controller has the advantages of simplicity, lightness, and cost-effectiveness, especially for
low- and medium-power applications. Numerous Tx-side control strategies, for instance,
variable frequency control, phase shift control, pulse density modulation [11] and DC/DC
conversion, have been applied in IPT systems. To realize closed-loop control, the output
voltage/current should be sensed and fed back to the Tx side accurately and timely. Hence,
real-time wireless communication approaches, such as Wi-Fi, Bluetooth, and ZigBee, are
used to send the information of output voltage/current to the Tx side [12-14]. However,
they suffer from the issues of disconnection, high latency, desynchrony, and interference.

Electronics 2022, 11, 1023. https://doi.org/10.3390/ electronics11071023 https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics11071023
https://doi.org/10.3390/electronics11071023
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://doi.org/10.3390/electronics11071023
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11071023?type=check_update&version=2

Electronics 2022, 11, 1023

20f16

As a more reliable alternative, Tx-side parameter estimation methods have been proposed
and investigated in recent years [15-24].

As shown in Table 1, the parameter identification methods for the IPT system can be
classified into two categories. One is based on a steady-state circuit model, and the other
is based on the transient model, i.e., to construct the identification equations according
to the dynamic response. Based on the amplitude decay rate of the voltage or current in
the transient process, [15,16] presented the load resistance estimations for series/series
(5/S) compensated converters operating at the self-oscillating frequency. However, the
identification of the variable coil inductance and the mutual inductance, which affect the
output voltage/current gain and the estimation of V, and I,, was not mentioned in them.

Table 1. Main transmitter-side parameter estimation methods.

Parameter Identification Methods Compensations Identified Variables Operating Frequency Ref.
o R, (>50 Q) Self-oscillating [15]
) del Free oscillation S/5 frequency
fransientmode damping model Self-oscillatin
R, (<250Q) & [16]
frequency
LCL/P Vo and M Fixed at resonant [17]
frequency
Tracking primary
RL and M [18]
resonant frequency
Phasor analysis M F?equency with zero [19]
S/S input phase angle
Fixed at resonant
Steady-state model M, frequency [20]
Rp and M Different from w, [21]
Energy. S/S Reflected impedance Fixed at resonant [22]
conservation frequency
M and equivalent load Fixed at resonant [23]
- frequency
Curve fitting S/S
Ql/ QZ/ w1, Wy, Ll/ LZ/ / [24]

and k

Note: Vo is the output voltage and Ry, is the load resistance. M and k represent the mutual inductance and the
coupling coefficient between the transmitting and receiving coils. r; is the parasitic resistance of the secondary coil.
L1, L, Q1, and Q; represent the self-inductances and quality factors of the two coils of the coupler, respectively.
w1 and w; represent the resonant frequencies of the transmitter and the receiver, respectively.

Steady-state models are widely used in IPT systems for parameter estimation. Among
them, an identification algorithm derived with phasor analysis is the normally used
one [17-21]. In [17], identification of the mutual inductance and the output voltage for
a secondary parallel compensated converter was conducted by analyzing the real and
imaginary part of the reflected impedance under resonance. According to the phasor
analysis under the conditions of switched compensation capacitors [18], shorted secondary
circuit [19], special operating frequency [17-20] or startup process with variable duty
cycle [19,20], and mutual inductance or load can be estimated. Reference [22] presents
another method. It established the identification equations based on energy conservation
and the characteristics of the zero-crossing point of the current in the transmitting (Tx) coil.
However, most methods have special a requirement for the operating frequency, as shown
in Table 1. Moreover, aforementioned methods are performed with the assumption of a
constant self-inductance for the receiving (Rx) coil. Considering that the self-inductances
and the resistances of the Tx and Rx coils vary with different displacements, it is neces-
sary to perform a multi-parameter estimation including them, for achieving an accurate
transmitter-side output control. Thus, [24] proposed a multi-parameter estimation method,
including coil inductances and quality factors based on the curve fitting method, by using
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an optimization algorithm to iteratively solve the estimated parameters. However, due to
a large number of iterations in the data processing, the estimation time is too long to be
applied in real-time control.

The purpose of this article is to propose a multi-parameter estimation method for
S/S compensated converters, which features generality, i.e., without operating frequency
limitation, and with high accuracy and identification efficiency, suitable for Tx-side real-time
control. This paper is organized as follows. In Section 2, the parameter estimation model of
the S/S compensated converter, based on the phase difference between Tx and Rx currents,
is proposed, as well as the estimation method combining pre-parameter identification based
on frequency-sweeping, with fast online parameter identification. Detailed implementation
of the proposed parameter estimation method is described in Section 3. Then, Section 4
proposes an asymmetric structure of the coupler, suitable for parameter estimation. Using
a1lkW S/S compensated converter, the proposed identification method is experimentally
verified in Section 5. In Section 6, a conclusion of this article is conducted.

2. Parameter Estimation Method Based on the Phase Difference between Tx and
Rx Current

2.1. Multi-Parameter Estimation Model

Figure 1 shows the schematic diagram of the S/S compensated converter, in which
Q1~Q4 are power MOSFETs constituting an inverter, D;~D, are secondary rectifier diodes,
and R; is the load resistor. Powered by a DC input voltage, V;,,, the inverter produces an AC
voltage, v1 (current i1), driving a resonant tank consisting of two compensation capacitors
of C1 and C», two equivalent series resistances of rq, 15, and a coupler. The coupler has
a primary inductance, L, secondary inductance, L, and mutual inductance, Mj,. The
resonant tank delivers an AC current, iy, which, after being rectified and filtered, gives the
DC voltage Vo and current lo. It should be noted that r| and r; are the total equivalent series
resistances in the primary and secondary circuits, which include the parasitic resistances of
Ly, Cq, Ly, Cy, and the MOSFETs.

Resonant tank 1

o Mo i CZEZSDl N D,

N
He2
L, " =S

7K p, 7N D,

=+

Figure 1. S/S compensated converter.

Using the fundamental harmonic approximation, the equivalent circuit of the S/S
compensated converter can be obtained, as shown in Figure 2. In the figure, all voltage and
current variables are represented by fundamental phasors, and the rectifier is represented
by an equivalent resistance R.

j Cl Ll r ry 12 2
l—lw\_w_
i/l J'a)]‘/[u]z+ JwM1211 Ry V2

Figure 2. Equivalent circuit of the S/S compensated converter.

With the help of Fourier analysis, we have

22 22 7

Vi=—7V,, V. V,+2Vr), L = ——1 1
1 = Vin V2= 7_[(0"‘ F)Zzﬁo 1)



Electronics 2022, 11, 1023

40f16

where V1, V3, and I stand for the root-mean-square values of the fundamental components
of v1, v, and iy, and VF is the forward voltage drop of the rectifier diode.
Then, Rg can be obtained as

V, 8 V,42Ve 8 Wr\ 8
2_ S ht2Ve 8 (p ~ SR 2
L2 I ( Lt )R et @

Rp =

Since 2V/(IoR}) is normally less than 5% for ensuring a high efficiency, the effect of
VE on Rg can be neglected.
By using Kirchhoff’s voltage law, we have

V1£0° _ ]Xl + 1 jCUMlz Ill(p 3)
0 jwMip  jXo+12+ Rg I, /0
where
1 1 [w? 1 1 /w?
Xj=wlij——=—| 5 -1, X=wly— —— = —( =5 —1 4
1= @h wC; wC (w}% )' 2= Wi wCy a)Cz<w§ > @

w represents the operating angular frequency; w, and ws are the resonant angular

. . . 1 1 . .
frequencies of Tx and Rx sides, equaling to L and TLG respectively; ¢ and 6 are the

phase angles for I, and I, referring to V.
Expanding the real parts and imaginary parts of (3), yields

X1 cos ¢ + 11l sinp — wMyplp cosf =0
—Xi1Lising +r1lj cos @ +wMiplpsinf = Vy
wMjip I cos ¢ — XpIp cos0 — (12 + Rg) I sinf =0
—wMip 1y sin ¢ 4+ XpIp sinf — (1’2 + RE)IZ cosf =0

©)

Equations of (2), (4), and (5) provide the fundamental parameter estimation model for
the S/S converter. Where, w is a known parameter determined by the controller of the IPT
system; ¢, V1, and I can be directly measured on the Tx side; C1, Cy, and V can be known
prior to charging; L1, Ly, M1, 11, Vo, lo, and Ry, are the parameters that need to be estimated.
To facilitate the parameter identification, a primary sensing coil is introduced into the
coupler for the detection of 6. As shown in Figure 3, the sensing coil has a self-inductance,
L3, mutual inductance, Mp3, coupling with Rx coil, and mutual inductance, M;3, coupling
with Tx coil. Adopting a decoupled configuration between Tx and sensing coils, M3 can
approximate to zero. Hence, the phase 6 of I can be obtained in Tx side by the open-circuit

voltage, V3, across the sensing coil, which satisfies

V3 = joMplp — jwMisly = jwMasls (6)
i,

:?z JE
I

Figure 3. Contactless transformer with a primary sensing coil.

Further, the phase difference, v, between i; and i, can be obtained. Substituting
¥ = ¢ — B into (5), yields
r1li +wMyplr siny = Vj cos ¢ (7)
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Xl 11 - wM1212 COS 7y = _Vl sin Y (8)
X1l siny +rily cosy = Vi cos@ 9)
Xpsiny — (1o + Rg)cosy =0 (10)
wMiqp I siny — (1’2 + RE)IZ =0 (11)
wMipli cosy — X1 =0 (12)
The deriving procedure is provided in Appendix A.
Combining (7) and (12) with (4), and eliminating I and X;, gives
w3 sin 29 C, Vi cos ¢
__M? =77 13
2@/ -1 2T T (13)

In (13), M1, and r; are independent of other parameters to be estimated. So, (13) gives
a simple identification equation for M1, and ry. Substituting the identified value of M;, and
r1 into (7) and (11), the values of I and (1, + Rg) can be obtained. Then, according to (2), V,,
I,, and R can be identified easily. It can be seen that, by introducing the phase difference
between i1 and 7y, a straightforward, multi-parameter estimation method can be derived.

However, the determination of w; and the efficient solving of (13) are still two im-
portant issues. In order to avoid any limitations on the operating frequency, we propose
a frequency-sweeping method so as to obtain ws and other required information for the
solving of (13). By selecting some special points with simplified equations for parameter
identification, the solving efficiency can be improved. Thus, the process of the multi-
parameter identification comprises two steps. Before charging, a frequency sweeping is
performed for the IPT system under weak excitation. As a result, M1y, L1, Lp, and r1 can
be determined prior to charging. During charging, V,, I,, and R can be identified rapidly
online, based on the obtained parameters during frequency sweeping. At the same time,
a Tx-side close-loop control for the IPT system can be realized. The proposed two-step
parameter estimation method is suitable for static wireless charging applications, since M1y,
L1, Ly, and r1 do not change during charging.

Next, detailed identifications of the parameters will be described.

2.2. Parameter Estimation during Frequency Sweeping
Firstly, we will discuss how to determine w; through frequency sweeping.
It can be seen from (6) that V3 is 90° ahead of I, when M3 approximates to zero. By

frequency sweeping, it is easy to find a frequency at which V3 is in the phase of I;, meaning
¥ =90°. Substituting y = 90° into (9) and (10), and combining (4), we have

1 w? Vi cos 6 1 [w?
=90°: X1 =—|—-1]| = , X0 = ——1]=0 14
v RSN (w% ) I 27 WG (Wsz > (9

It indicates that the angular frequency, w, corresponding to 7y = 90° is just the secondary
resonance frequency, ws.
Substituting ws = w into (14) yields

90° e (15)
Y= : / [i
Wy =w ViwCy clos€+11

That means, by detecting the values of w, V;,, I1, and 6, corresponding to y = 90°, both

ws and wy can be obtained.

and ws = —-—, L1 and L, can

VLG’

. . . _ 1
Then, substituting ws and w) into w, = iees
be calculated.

At last, we will discuss how to solve (13) to identify M, and 1.
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As can be seen from (13), there are two unknown parameters (M;pp and 1), but only
one equation. During frequency sweeping, multiple sets of variables (w, v, ¢, V1, and I;)
can be measured, ensuring that (13) can be easily solved.

Defining
w? sin 27y w3Cy sin 2y Vi cos ¢
= = = —>= 1
n(w) = Sl = S (w) = (16)
Equation (13) can be rewritten as
x1(W)M2y + 11 — x2(w) =0 (17)

Equation (17) can be iteratively solved using an optimization algorithm, or directly
solved adopting two special cases. We choose the latter for efficient solving. By using two
sets of measured variables (w, v, ¢, V1, and I7) at frequencies w1 and wy, the values of M,
and 71 can be solved as

My = xp(w1)—Xa(wp)
x1 (wp)—x1(wy)
- x1(2) % (@) = (@)1 (1) (18)
x1(wz)—x1 (w1)

"

To facilitate the signal sensing and equation solving, we chose w as the corresponding
frequency when v; is in-phase with iy, i.e., 8 = 0, and w; as (w1 + ws) / 2. Other frequency
selections are also feasible. However, the selection of w1 and w, should be avoided around
the frequency corresponding to v = 90° or ¢ = 90°, near which the slopes of the functions
sin27y and cos¢ are relatively large, having a large phase detection error.

2.3. Online Parameter Estimation
Substituting the identified value of M, and r into (7) and (11), we have.

L = (Vl Cos ¢ — 1’111)/(le2 sin ’)/) (19)
wMiqp L1 siny

147 /Rg

Normally, 7, /RE is less than 3% for achieving a high efficiency. Thus, 1 + r,/Rp ~ 1
in (20).
Substituting (1) into (19) and (20), V, and I, can be derived

V, = REIZ = ~ WM1211 sin’y (20)

_ 0.81Vj, cos ¢ — 0911

I
¢ lez sin Y

(21)

V, =~ 1.11wM1211 Sil‘l’)/ — ZVF (22)

Since My, r1, and Vp are known parameters, and V;,, I1, ¢, v, and w can be measured
online, the real-time identification of V, and I, can be realized.
Combining (11) and (12) with (4), gives

2

1
RE—l—rz—than'y—wCZ(Zz—l) tan vy (23)
S

Combining (23) with (2), Ry, can be obtained as

T 1 w?
—Rp=——(=5-1 24
8 F 8 wG (wg >tan’y @4

2
RL’FL"
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Besides, according to (6), we can calculate the value of M, online, denoted as

My, satisfying
. 2 1 [ w? Vi cos ¢
M = \/Sinz“Y w3Cy (%2 - 1) ( L r1> =

According to the value of Mj, and the difference between Mj, and Mj,, we can
judge if the Rx pad is still in the charging region, thereby improving the reliability of the
IPT system.

3. Implementation of the Proposed Estimation Method
3.1. Diagram of the IPT System

According to the proposed estimation method in Section 2, the diagram of the IPT
system with the Tx-side circuit can be illustrated, as shown in Figure 4, where S; is used for
operating state switching. When S; is connected with Rp, the IPT system will operate in a
frequency-sweeping state under weak excitation, for pre-parameter-identification. When
51 is connected with R;, the IPT system will operate in a normal charging state, and the
online parameter identification is achieved. As shown in Figure 4, v3 and i3 are converted
to square wave signals by the zero detector, to facilitate the detection of ¢, §, and <. After
the parameter estimation, the values of L1, Ly, M1y, r1, V0o, Io, and Ry, can be obtained. Based
on them, a Tx-side, closed-loop control can be conducted.

contactless
i G | transformer C.

J_ g + " Pk 5
Viu gn Ly =
T »E e u 8
m Ver Filtering [ * [

! T e eeaed
: V3 s \ 241

: N\ Vs | L,
l. oi:s

|RMS to DC || Zero detectorl Sampling board

vVin lll l(v‘"‘) l(fl) v(vg)
[ ADC | [Phase difference |

Vi 30 ey vie)
[parameter estimation algorithm |
Vool
[closed — loop control |

PWM generator Dsp

Figure 4. Diagram of IPT system with Tx- side circuit.

v

3.2. Flowchart of the Parameter Estimation

Figures 5 and 6 illustrate the flowcharts of the proposed parameter estimation al-
gorithm, where the values of v, ¢, 8, Vj;,, and I; are measured by the sensors, w can be
obtained by the controller, and V; can be calculated by (2).

First, the offline parameter estimation is conducted. As shown in Figure 5, ws and
w1 are obtained by sweeping the operating frequency f from f,,;; to fjux. The controller
measures y and 6 at each frequency, and compares them with 90° and 0°, respectively.
When 7 = 90°, the corresponding operating frequency is recorded as ws; when 8 = 90°, the
corresponding frequency is recorded as wy. € is the allowable error. Then, based on ws and
w1, the operating angular frequency is adjusted, and the three groups of variables (w, 7y, ¢,
0, Vin, and I1) are measured at different frequencies to calculate w,, M12, and r1.

After finishing the offline parameter estimation, the online real-time identification
of load variables (V,, I,, and R;) can be realized, as shown in Figure 6. During the
operation, M, is estimated and compared with My, to judge if the Rx pad is in the
allowable charging region.

It is worth noting that the proposed estimation method has no operating frequency
limitations. Besides, the proposed identification model has considered the effect of r; and
Vr, offering high accuracy.
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Input finin, fiax, C1, Cy
Frequency sweeping 1.

f — Jmin

‘ Record y, ¢, V3, and [ ‘

Calculate x,(w)),
x2(@1) by (16)

®r=(ws+w1)/2
f=w,/(27)

Record y, ¢, V1, and [,
’ v

| o=2nf Calculate x;(®,),
X

| (@) by (16)
Record Vy, I ¥
Calculate M,

| Calculate o, by (15)] and 7, by (18)
v
[ Calculate L, and L, by (4)

Figure 5. Flowchart of the off-line parameter estimation.

’ Off-line Estimation
inished?
Y

Input estimated M, 71, @), @,

¥

‘ Measure 7, ¢, 6, Vi, I, and @ ‘

Stop power transfer, and
+ restart off-line parameter
estimation process

Calculate 7,, Vo, R,
according to (21), (22),
(24), respectively

Figure 6. Flowchart of the online parameter estimation.

‘ Calculate jl;fI2 by (25)

4. Configuration of the Magnetic Coupler

For the IPT system as shown in Figure 4, the contactless transformer is a crucial part,
not only for power transfer but also for phase detection of the secondary current. In this
section, we will discuss how to determine its configuration.

4.1. Proposed Asymmetrical Configuration

As indicated in (6), to realize an accurate phase detection, the contactless transformer
is required to have a nearly zero M3 and nonzero Mj3. That means the sensing coil should
always be decoupled with Tx coil and coupled with Rx coil. In previous studies, [25] has
presented several decoupled configurations for achieving a nearly zero M;3. However,
they also make M3 zero when Rx coil is exactly aligned with Tx coil. To satisfy the
requirements, an asymmetric structure of the coupler is proposed. As shown in Figure 7,
the coupler adopts different sizes for Tx and Rx pads, and the sensing coil is divided into
two asymmetric segments, Lcy and Lco.

To obtain the zero coupling (Mi3 = 0), two sub coils of the sensing coil, L¢q and Ly,
are concentrically placed on the Tx pad, and reversely connected in a series. Thus, the
equivalent mutual inductance, M3, can be expressed as

Mz = (Neci¢ci — Neagen) /i (26)

where N¢1 and N¢; are the number of turns of L1 and Ly, and ¢c1 and ¢cp represent the
magnetic flux coupled by L1 and Ly, respectively. Both ¢¢1 and ¢cp are produced by the
Tx coil, and they are the same sign. Then, by adjusting L1 and Lcp, M3 can approach zero.
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B Current Receiver Aluminum
Sensing coil (27ecmx27cm) N\ Ferrite

Rx coil L,

Transmitter
65cmx50cm)

Ferrite

@ _ ) (b)

Figure 7. Asymmetric structure and dimensions of the coupler. (a) Two-dimensional graph of Tx pad,
(b) three-dimensional graph of the coupler, and (c) practical configuration of the sensing coil.

The asymmetric structure for Lcj and L¢p, combining with the different size for Tx
and Rx pads, ensures the nonzero My3 under both aligned and misaligned conditions.

4.2. Simulation Results

We choose the magnetic coupler recommended by SAE J2954-2017 as a design example.
Detailed dimensions are as shown in Figure 7, and the clearance, AZ, ranges from 10-16 cm.

As shown in Figure 7a, L. is placed around the center of the Tx pad, with six turns for
Nc1; Le is placed around the outer border of the Tx pad with N¢; turns. By measuring the
mutual inductance with an LCR meter, we can easily find a proper value for N, to achieve
a zero My,. The practical configuration of the sensing coil is shown in Figure 7c. As seen,
N> is about 4.7 since the outermost turn of L, is not fully wound.

We also use the software COMSOL to assist the design of the sensing coil. Figure 8
shows the curves of Mj3 and Mj3 versus N¢;. It can be seen that zero coupling (M3 = 0)
occurs at the point of N, = 4.7, which also guarantees a nonzero Mp3. When Tx and Rx
pads are aligned, due to the asymmetrical configurations of the coupler and the sensing
coil, the couplings between L.1/ Lc» and Rx coil will not be completely offset, yielding a

nonzero M»3. Besides, the simulated value of N¢» (4.7) for M13 = 0 matches the measured
one very well.

~~ 6 [

E . —B= M=% Mo
5 4!-.\=‘.-l—|_

IS \l\ ——a—__g
§ 2+ L D §M23¢0

Q L H

= ")

g L Mi=0 i\-\
ERLS 5

5 r ! |
2_4 PR TN YN ST SR TN T TN TN TN T TN SN N N Y S 1

4 4.1 4243 44 454647 4849 5
Nea

Figure 8. Simulated M3 and Mp3 versus N (AX = AY =0 and AZ =13 cm).
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Using N¢1 = 6 and N¢p = 4.7, My3 and Mp3 are further simulated in the case of
misalignments, as shown in Figure 9. It can be seen that M;3 is close to zero and Mp;3 is
larger than zero within a wide range of misalignments, meeting the coupling requirements.
Therefore, the proposed asymmetric configuration is suitable for phase detection.

10 3 1.8
5 6 1.6
o, £ ' 3 14
3‘ ,;}///I//I;;I”II'I;,,"IO XS ’
-5 ﬂlm%%‘;zf::’:f:‘:::“ 0 1.2
10 G :
& 102 1.0
ss -4 .
AY /em -10 "7g AX Jem
(a)
10 5 0.15
1 0.1
0 0.05
-1 i
0 -2 0
. 0 5 0
AY/Lm -107210 AX /em AY/Lm'IO -10 AX /em
(0 (d)

Figure 9. Simulated M;3 and Mp3 under different misalignments at AZ = 10 cm: (a) M3 and (b) My3.
At AZ =16 cm: (c) M3 and (d) My3.

Since the sensing coil is mounted on the Tx pad, M3 is a constant, while M3 is
a parameter sensitive to the relative position between Tx coil and Rx coil. As shown
in Figure 9, Mp3 gradually decreases with increasing AX and AY. When M3 is reduced
to zero, the sensing coil will lose the function for the phase detection, which should be
avoided. Figure 10 illustrates the simulated zero coupling position of Mj3. The radius of the
effective coupling area is approximately 10 cm, satisfying the misalignment requirements
(AX < £7.5 cm and AY < £10 cm) by the SAE J2954 standard.

10 Y 10
5 5
5o 5o
>
.5 N -5
S op A
210 55 0 5 10 -10 -5 0 5 10
x (cm) x (cm)
@) (b)

Figure 10. Zero coupling position of Mj3 at a clearance of (a) AZ = 10 cm and (b) AZ = 16 cm.

5. Experimental Evaluation and Discussion
5.1. Experimental Prototype

To verify the above analysis, a 1 kW prototype was built and tested in the laboratory.
Figure 11 shows the experimental setup for the built prototype. The system parameters
are listed in Table 2. The variable frequency range is from 85 kHz to 100 kHz. Q;~Q4 are
IXTV200N10T (Rpson) = 5.5 mQ)) and D1~D4 are DSEI120-06A (Vg = 0.7 V). The parameter

estimation method and the closed-loop control are implemented in the DSP TMS320F28335
(150 MHz).
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TS ) Controller )

Figure 11. Photo of the prototype.

Table 2. IPT prototype parameters.

Components Value Components Value

Input voltage 80V Output power 1kW
Resonant frequency 85 kHz Compensation Cy =88.1nF, rc1 =41.2mQO)
Clearance range 10-16 cm P Cp =94.5nF rcp =274 mQ)

The experimental verifications include three parts: (1) the verification of the phase-
detection function; (2) the feasibility and accuracy of the proposed parameter estimation
method; (3) the transmitter-side, closed-loop control with the estimated results.

5.2. Phase Detection of the Secondary Current

The practical inductances and coil resistances (11, 1.2, and r13) of the proposed mag-
netic coupler are listed in Table 3. Figure 12 illustrates the variation of M1y, Mp3, and Mj3
under misalignments and different clearance conditions. As expected, M3 is approximately
zero within the required clearance range and a certain range of misalignments, while Mp3
is greater than zero, satisfying the coupling requirements discussed in Section 4.

Table 3. Measured parameters of the magnetic coupler.

AZ LlluH L2/|,I.H L3/H.H Mlz/pH M13/}1H M23/}1H TL1/Q TL2/Q TL3/Q
10 cm 42.56 38.66 47.26 10.62 0.165 8.36
13 cm 44.07 37.52 46.5 8.455 0.06 4.92 0.065 0.06 0.28
16 cm 4497 36.7 46.25 6.635 0.015 2915
15 ;
o <0
e R S-S S 5 7 (Y« o DA X 5
S e o S S E’ 10 R e, "
3 i ~a— 3 5 \
56 % L M s
S .o Ao 23 8
S 4 L X-axis —6— —a— -8 "-.s,\_ S 0 i
Z o [Faxis-o- s o S Mz E : :
L e e T D510 15 20 25 30 35
Misaligned distance /cm Clearance/cm
(a) (b)

Figure 12. Measured mutual inductances of M1y, Mp3, and M;3 under (a) misaligned conditions with
AZ =10 cm and (b) different clearance conditions with AX = AY =0 cm.

To verify the phase-detection function of the sensing coil, the experimental waveforms
of v3, its filtered output, v3 5, and iy, are tested with different misalignments. As shown in
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Figure 13, v3 is distorted. To correct this distortion, a low-frequency filter with a 90° phase
shift is adopted. In the waveforms, v3 ; and i, are always in-phase, and lag, v3, is nearly
90°, agreeing with the theoretical analysis in (6). Therefore, the presented asymmetrical
configuration of the coupler can accurately detect the phase information of 5.

Hise Filter (1t Hoise Fiter 0ff

e 900

I I e— —
DAV vy TV 50v/div

! time:4uS/diV 4.UUAJ‘S U‘ ST A 35:‘2337%12223‘35
(a) (b) (©)
Figure 13. Experimental waveforms of v3, v3 5, and i under the condition of (a) AX = AY =0 cm;
(b) AX=0cm and AY =6 cm; (¢) AX =4 cm and AY = 0 cm. (AZ = 10cm).
5.3. Parameter Estimation Results
5.3.1. Offline Parameter Estimation
Offline parameter estimation is conducted under weak excitation with V;, = 30 V.
Relay S; in Figure 4 is switched to the test resistor Ro, and Ro is fixed at 8 () during the
estimation process. Following the procedure provided in Figure 5, M5, L1, L, and #; are
obtained, as illustrated in Table 4 and Figure 14.
Table 4. Estimated results of M5, L1, Ly, and rq at different clearances.
AZ Estimated Results Estimation Error
LllpH Lz/uH MlzlpH 1’1/0 LllpH Lz/uH MlzluH 1‘1/0
10 cm 41.98 37.48 10.2 0.156 —1.3% —3.05% —3.95% 33.1%
13 cm 43.61 37.08 8.162 0.15 —1.04% —1.17% —3.47% 27.9%
16 cm 44.52 36.41 6.709 0.147 —1% —0.08% —1.12% 25.4%
a= 50 : 50 1 & a
e S Saaae T e
230 , Mea Gal 8 30 r, Mea Cal
520 ALf ----- o £ 20 ALf ----- o
----- > e O
210 = B 10 f=--~ B
0 H = 0 1
SO =1, == My, o] S = 20 [Li = L, == M) =] A
S5 i < 10
g 0= R e g0 — o ——
e 0 2 4 6 8 10 =105 2 4 6 8
AX/em AY/cm
(a) (b)

Figure 14. Experimental results for the off-line estimation versus (a) AX; (b) AY.

Note that r represents the total equivalent resistance in the transmitter circuit, and its
measured value is calculated as the sum of 711, rc1, and Rpsion)-

"_mea & 2Rps(on) + 711 +1c1 = 117.2mQO)

To evaluate the accuracy of the estimation, the estimation error is defined as

¢ = (Mea. — Cal.)/Mea. x 100%

where Mea. and Cal. represent the measured and calculated values, respectively.

(27)

(28)
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It can be seen from Table 4 that the ¢ for Mj3, L1, and L are all less than 4%, indicating
the high accuracy of the estimation method. However, the ¢ for rq is much larger. From (27),
it can be noted that r; is only 117.2 m(). Thus, a small deviation will lead to a large error.

Figure 14 shows that the estimation accuracy is lower when the misaligned distance is
relatively large. Hence, the misalignment should be set within a suitable range, to ensure
estimation accuracy. Within the misaligned range of AX < 6 cm and AY < 6 c¢cm, the
maximum identification error of My, is 5.5%, the maximum identification error of L; is
3.9%, and the maximum identification error of L, is 3.6%.

5.3.2. Online Parameter Estimation

With the estimated My, L1, L, and rq, the online parameter estimation is carried out
based on the estimation method in Figure 6. The relative position of the Tx coil and the Rx
coil is fixed at (AX =0 cm, AY =0 cm, and AZ =10 cm).

Figure 15 shows the measured and estimated values of V,, and I, at various frequencies
and load resistances. The frequency is changed from 85 kHz to 105 kHz, and R, is varied
from 6 () to 16 ). All the identification results are in good agreement with the measured
ones, and the maximum ¢ is less than 8%. The feasibility and accuracy of the proposed
identification method are well verified.

25 R, Mea.Cal. 0.2
6Q = o
2 N 80 — o 0.15 ke, *‘%%
= 20— & %""'-s.m
=15 o N 16Q =— o F 01 T Meacm% \‘,
A Looonoooodoooo o :D 6Q - O
| i ! 0.05|8Q — o Y Y, o N
i 12Q=— & o
olL6Q=— o
_ S 20 ErYay
Sy O 16Q -0- ﬁ ‘-.*,‘ -
& ORz2zes ,gﬂ*’ i
2 EGnag B s&&&m&g nu fa
4 Pe%e '3?,,,,8;16533@ 00 :
O -6
85 90 95 100 105 85 90 95 100 105
fkHz fkHz
(@) (b)

Figure 15. Identification results of the (a) output voltage and (b) output current at various frequencies

and load resistances.

The online estimated values of M1, with different Ro are illustrated in Figure 16. The
measured value (10.62 pH) and the offline estimated value (10.2 uH) are also marked
in Figure 16 for comparison. As seen, the estimated M, varies around M;,. Therefore,
by comparing My, with My, it can be detected whether there is abnormal movement

during charging.
1 3 8O ===
""""""""""" ' 12Q =
T '06 Y AW j\ _______ 16Q =o=| i
2 105 [ TE j e
(§ === i V=3NSl i e 3 =¥~ g \ --------
10.2 - bl i
10 s A~
; b
9.5 ‘ ‘
86 88 90 92 94 96 98 100

f/kHz

Figure 16. Online mutual inductance estimation results at different loads.
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Figure 17 shows the identification results of R; . The switching frequency is fixed at 85
kHz, and Ry, is changed from 4 to 20 (). The estimated results coincide with the theoretical
results, verifying the effectiveness of the proposed estimation method.

6?20 O Estimation results i
;4 15— Theoretical results
It
= 10 b
=
2 5

0

0 5 10 15 20

Practical R;(Q)
Figure 17. Identification results of the load resistance, R;.

5.4. Closed-Loop Control Results

Based on the dynamically estimated values of V,, and I,, constant current (CC) and
constant voltage (CV) charging for S/S compensation are also achieved by employing only
a transmitter controller. Here, the variable frequency control is employed. The operating
frequency range is set as 85 kHz-100 kHz. The calculation time for I, and V, are listed in
Table 5. As seen, the calculation time is smaller than the switching period. So, V, and I, can
be identified rapidly during charging.

Table 5. Calculation time for I, and V,, (TMS320F28335 150 MHz).

Execution Cycle Calculation Time
Vo 346 2.30667 us
Ip 178 1.18667 us

In the prototype, a bidirectional, programmable DC power supply of IT6006C-500-40
is used to imitate the characteristics of the battery. The parameters of the battery emulator
are set as follows: an empty voltage of 56 V, a full voltage of 80 V, a negative/positive
current limit value of 20 A, and an inner resistance of 10 m(Q). The target charging current
for CC mode is set as 13 A. The battery-charging waveforms of V, and I,, and the measured
efficiency, are shown in Figure 18. As seen in Figure 18a, both CC charging and CV charging
are achieved. It demonstrates the effectiveness of the proposed parameter estimation
method. The maximum efficiency is 88.6%.

90
Vo 23 VUdi : 88.6%0 carmeeroencse
V. :25V/di é/ o A
>
i - ffj 80
1, :5A/div &2 75
| =
_time:200s/div CC CV 7
>0 60 70 80 90 V,/V

(@) (b)

Figure 18. (a) Charging curves for closed-loop control and (b) corresponding efficiencies.

6. Conclusions

In this paper, a multi-parameter estimation method that utilizes the phase difference
between primary and secondary currents is proposed for an S/S compensated contactless
converter. This method has the advantages of generality, i.e., being without operating
frequency limitation, and having high accuracy and identification efficiency, which is suit-
able for transmitter-side, real-time control. The detailed implementation of the parameter
estimation method is studied. For realizing precise phase detection of the secondary cur-
rent, a novel structure, which divides the sensing coil into two asymmetrical segments, is
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presented. A 1 kW wireless charger prototype is built for verification. The estimated results
and the actual values are in close agreement, and the maximum identification error is less
than 8%. Also, a closed-loop control is performed based on the estimated results.
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Appendix A

For clarity, the formulas in (5) are renumbered follows:

X111 cos ¢ + 11l sin g — wMyplpcosf =0 (A1)

— X1y sing + 111y cos ¢ + wMjiplp sinf = (A2)
wMiply cos ¢ — Xplp cos0 — (1o + Rg) I sinf =0 (A3)
—wMplysing + XpIrsinf — (r2+RE)12 cosf =0 (A4)

Multiplying (A1) by sing and (A2) by cos¢, and then adding them up, gives

rl (sin2 @ + cos? ¢) + wMiplr(sinf cos ¢ — cosfsin¢) = Vj cos ¢

= 1 + wMypDhsin(6 — ¢) = Vi cos ¢ (A5)

Substituting v = ¢ — 6 into (A5) yields (7).
Similarly, (8) can be derived by adding the product of (A1) and cos¢ with the product
of (A2) and (—sing), that is

X11; (cos? ¢ +sin® @) — wMyalr(cosfcos ¢ + sinfsing) = —V;sing
= X141 —wMqp Iy COS(9 — gD) = —Vjsin 0 (A6)
= XjI} —wMiplcosy = —Vising (8)

(A1) - sin® + (A2) - cos 6 gives (9).
X1L(cos ¢sin® —sin g cos @) + rili(sin@sinf + cos p cos@) = Vj cos6
= Xilisin(6 — ¢) +riljcos(0 — ¢) = Vjcosf (A7)
= XjLisiny+rIjcosy = Vycosb (9)

The derivations (10)—(12) follow a likewise procedure and are omitted in this paper.
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