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Abstract—For maximizing the power transfer in an inductive
power transfer system, the operating frequency of the system is
normally designed to be the same as the resonant frequency of the
secondary power pick-up. But the load deviation reflected from
secondary side to primary side will result in the frequency mis-
match issue. Therefore, the contactless load detection technique
is significant to ensure the power transfer efficiency and capac-
ity. The emerging technique taking advantages of the amplitude
decay rate in a transient process is promising. The robustness and
practicability can get enhanced and the complicated steady circuit
model is avoided. However, the accuracy for the small resistance
application is still a challenge even with sophisticated compensa-
tion algorithms. This paper classified the system detectable region
through the root locus method. The transient process in different
subregions is excavated mathematically. It is revealed that the vari-
ation of the system from the second order to fourth order is the
key issue for the detection error in the small load resistance appli-
cation. The analysis brings out a novel automatic contactless load
detection method to extend the detection range. Both simulation
and experimental results verified the effectiveness of the proposed
theory and detection method.

Index Terms—Contactless load detection, energy injection,
inductive power transmission, root locus.

I. INTRODUCTION

HE inductive power transmission (IPT) is becoming pop-
T ular for the transportation and household appliances due
to its clean and convenience [1], [2]. For maximizing the power
transfer in an IPT system, the operating frequency of the system
is normally designed to be the same as the resonant frequency
of the secondary power pick-up. However, one feature of an
IPT system is that the deviation of load will reflect from sec-
ond side to primary side and result in the frequency mismatch
issue [3]. As a result, the system efficiency and power transfer
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capacity will decrease dramatically [4]-[7]. Thus, the load in-
formation is essential for the system optimization and control.
A few research works on the contactless load identification for
the IPT system has been reported. A steady-state load identifi-
cation method for the IPT system is studied based on switching
capacitors [3]. Load identification by detecting the energy dis-
sipation time of self-oscillation circuit is studied in wireless
household appliances [8]. A load identification method for the
IPT system is proposed based on the least square algorithm
[9]. Most of aforementioned methods can achieve good per-
formance through an accurate steady circuit model. However,
the high-order and nonlinear characteristics in the IPT steady
circuit model are the challenges for their implementations [10].
Recently, a load detection method based on the amplitude de-
cay rate of the voltage or current in the transient process is
proposed, aiming to compete with the conventional steady cir-
cuit method. This method utilizes the relationship of the system
power dissipation and load in the secondary side. It obtained
the load information from the voltage or current in primary
side. Less parameters are needed and the complicated solu-
tion for the high-order model gets avoided. A load detection
based on the current decay process is demonstrated in [11]
and [12] and it proved to own high accuracy and robustness
to the parameter variation. However, there still exist problems
for its implementation [5], [11]-[16]: 1) the effective region is
narrow. The experimental results show that the accuracy gets
deteriorated when the resistor is below 100 €2; 2) the precondi-
tion of its application is not well discussed and demonstrated.
Thus, for the error elimination, research works mainly focus
on the compensation method like data sampling or processing
algorithms; and 3) the offline data processing is often required.
An automatic online data processing will make this method more
competitive.

In this paper, the principle of the contactless load detec-
tion based on the amplitude decay rate in the transient pro-
cess is researched. Two subregions are classified through the
root locus method and the corresponding transient character-
istics are excavated mathematically. The deterioration issue
for the small load resistance detection in previous research
works is revealed. The analysis brings out a novel automatic
detection method to extend the detection range. The proposed
theory and detection method are verified by simulations and
experiments.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 2. System equivalent circuit in different operation phases. (a) Energy

injection phase. (b) Energy dissipation phase.

II. CONTACTLESS LOAD DETECTION BASED ON THE
AMPLITUDE DECAY RATE IN THE TRANSIENT PROCESS

A. Basic Principle

The schematic diagram of the contactless load detection based
on the amplitude decay rate in the transient process is shown
in Fig. 1. There are two phases for the load detection operation
[11], as shown in Fig. 2.

In the first phase, a half-bridge converter works in chopping
mode. The devices S; and S5 switch in complementary state.
Energy is injected through a high frequency square voltage U,
into the coil primary side, as shown in Fig. 2(a). When the first
phase finishes, the circuit input voltage gets removed by keeping
S1 OFF and Ss ON. After that, the system enters the energy
dissipation phase, as shown in Fig. 2(b). The energy stored in
the circuit gets released and dissipated through the load Ry. The
load information can then be obtained by the amplitude decay
rate of the inductor voltage or current curve in the transient
process.
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Fig. 3. Complex frequency domain circuit in the energy dissipation phase.

B. Equivalent Circuit and Root Locus of the Contactless Load
Detection System

The equivalent circuit in complex region for the circuit in
Fig. 2(b) can be expressed as Fig. 3.

The voltage on the inductor L; can be derived from Fig. 3 and
written as Vz1(s) =Gy - N(s)/F(s), where G11, N(s), and
F(s) represents the voltage amplitude on frequency domain, the
numerator equation, and the denominator equation, respectively.
The characteristic equation F'(s) = 0 is as follows:

R 1
2 L1
(S + Ly 8+L101>
Ry + Ry 1
2 2 4
—k =0 1
x(s + I 8+L2C2) TS @))

where Ry, L1, and C; mean the resistor, inductor, and ca-
pacitor in the primary side, respectively, and Rra, Lo, and Cs
mean the resistor, inductor, and capacitor in the secondary side,
respectively. Ry means the load. M means the mutual induc-
tance of the coils. k7 means the coupling factor of the inductors
and k2T = M? /L Ly. The roots of (1): s, (n = 1, 2, 3, 4)
correspond to four poles of the system. The system root locus
equation for (1) can be written as follows:

G(s)+1=0

L 2 Rpy 1
Ry Lzs(s + S+L101)

2 R 2 R 2 5,4 ’
< L22 L202) < Lll LIOL) kT

Assuming Ly = L, = L, C} = Cy = C,the3-Dlocus of
s, with Ry as the Z-axis is shown in Fig. 4(a). Corresponding
2-D root locus curves are shown in Fig. 4(b). In Fig. 4(b), s;
and s3 forms a pair of complex-conjugate poles. According
to the existence conditions for the dominant poles [17], the
dominant poles should be significantly closer to imaginary axis
than other poles like ||, |ais| > A]a |, A > 5. Thus, define the
critical value of load resistor corresponding to the dominant
poles existence condition as R*. Then, Fig. 4 can be divided into
two subregions: H region (0 < Ry < R*) and K region (R* <
Ry < Ryax)- The root locus in H and K regions is expressed in
Table L.

In Fig. 3, Ry = R" can be viewed as a plane named X.. The
region above X means the K region and the one below X is the

G (s)=
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Fig. 4. System root locus plot: (a) three dimension and (b) two dimension.

TABLE I
Root Locus IN H AND K REGIONS

Poles  Expression Locus Hregion K region
S1 ap + jwi TX TA XA
52 Qs + jwa UGE UB BGE
S3 ] —jw VY vc cyYy
EN g+ jwy WGF W D DGE

H region. In the K region, the existence condition for the domi-
nant poles is satisfied. There exists a pair of dominant poles s;
and s3. In the H region, no dominant pole exists.

III. CHARACTERISTICS OF POLES, TRANSIENT PROCESS, AND
DETECTION METHOD IN SUBREGIONS H AND K

The characteristics of poles in subregions H and K are studied
in this section to illustrate the corresponding transient process.
The real parts of the poles affect the decay rate while the imag-
inary parts determine the oscillation frequency. The curves of
the real parts (a1, o and ag) can be found by the projection
of Fig. 3 on real axis, as shown in Fig. 5. The line 3 in Fig. 5
represents Aag. The curves of the imaginary part (w1, ws, and
ws) are shown in Fig. 6 by the projection on the imaginary axis.
Then, the characteristics of the poles in K and H regions will
be discussed from the real and imaginary parts in following
sections.
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Fig. 6. Relationship between the imaginary part and Ry.

A. Poles Characteristics in K Region

The real parts of the poles in K region satisfy
azl, |as| > Alag] and A > 5. 3)

Thus, the system can be viewed as a second-order system and
the transient process is dominated by s; and s3.This is the poles
real part characteristic in K region.

According to the root locus theory, s; and s3 converge to the
zeroes s, of G(s) in (2) as follows:

. Ry . R\’
AL 18 = 87 = g wé‘(i) @

where wy the oscillation frequency and wy = 4/1/LC, and w,
means the absolute value of the imaginary part in s,

s (B ’
“ oL

Wl R Wy R wy. (®)]

Wy =

Ry,

when o < wp, we get

Equation (5) means the imaginary part of s; and s3 are close
to wy. This is the poles imaginary part characteristic in K region.
As shown by the curves in Figs. 5 and 6, the amplitude of the

real part and imaginary part in K region satisfy
aq

w1

~0.1<1. (6)
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Equation (6) implies that the absolute value of real part is
much smaller than the imaginary part for the dominant poles.
This is named as the poles combination characteristic.

B. Poles Characteristics in H Region

As the Ry decreases, the poles move from K region to H
region. As shown in Fig. 6, all the poles will locate in the right
side of 8

AMai| > |ag| =|ay] = |ay]. (7)

The system performs as a fourth-order system. As no domi-
nant pole exists in H region, the responses of the poles s, and
s4 cannot be neglected. This is the poles real part characteristic
in H region.

As shown in Fig. 6, the relationship of the imaginary part can
be expressed as follows:

(®)

W] "Wy = —Ww4.

It means that the oscillation frequencies of the poles are
close to each other. This is the imaginary part characteristic in
H region.

Based on the aforementioned analysis, it can be concluded
that there exists a pair of dominant poles in K region and the
imaginary parts of them are close to wy. The transient process
can be viewed as a second-order system response. In H region,
by contrast, no dominant poles exist so the transient process is a
fourth-order system response. In following sections, the detailed
transient processes in K and H regions are explained based on
aforementioned characteristics.

C. Transient Process in K Region and Detection Method
Based on the imaginary part characteristic and combination
characteristic in K region, it can be found that

s13 = a1 £ jw;

A+ jwo. )

Then, the characteristic equation (1) can then be simplified as
(10) in K region. The dominant poles s; and s3 shape the tran-
sient process like the underdamped second-order linear system
as Fig. 7. V1o in Fig. 7 means the initial voltage in L; in the
energy dissipation phase

w3M2

R + R,
2 L1 T
S Ry +Rpo’

7 s+wi =0 where R, =

(10)

According to Vieta’s formulas from (10), oy can be derived
as follows:
B Rp + OJ(Q)MQ/(RQ =+ RLQ)
2L

] = . (1 1 )

Equation (11) is the same with the load detection model in
[12]. Thus, the methods in [12] can be cataloged into K region
and (3) is its precondition. According to the derivation in the
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Fig. 7. Curve of the inductor voltage in K region.
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Fig. 8. Detection accuracy and error in K region.

TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameter name Value Parameter name Value

Peak input voltage Uiy, /V 5.0 Switching frequency fsy /kHz 156
Ri1/Q 10.0 R, /kQ 4.0
Ri2/Q 15.5 R,5/kQ 10
Cy,Cy /nF 2.2 Reqa/kQ 1.0
L,/pH 465 Ceq /nF 10
Ly/uH 474 Ry /%2 1.1
Coupling factor for Ly L. kp 0.20 Clpe /nF 2.2

Appendix, we get Ry from (3) as follows:

Ry > (25 -3 k}) Rpy — R

6L

+ \/(2.5 —3k2)°RZ, + k2 (1—k2). (12

c
Equation (12) means the lower bond of R» for the K re-
gion. As Ry decreases, the system will leave K region and enter
H region. Thereby, (3) and (10) is not satisfied. Above implies
that the detection error in H region is inevitable. This is consis-
tent with the experimental phenomena in [12], where the accu-
racy deteriorated dramatically for the small Ry. The theoretical
error e, with Ry is demonstrated in Fig. 8 with the parameters
listed in Table II.
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As Ry decreases in Fig. 8, the system leaves the K region
gradually. The results show that the detection error is relatively
small when the Ry > 300 2. When Ry < 300 2, the detection
error increased significantly.

D. Transient Process in H Region and Corresponding
Detection Method

Since the method in [12] is suitable for K region, a novel
method for the H region detection is studied in this section. As
the responses of s and s, cannot be neglected, V71 in time
domain should be rewritten as follows:

Vi1 = Aje® ! sin(wit + 1) + Aze®? sin(wat + )

_ (Aleoqt +A2€a2t)COS ((UI ngt‘i’ ¥1 ;902)
sin <w1 ‘;w2t+ Y1 ;@2) + (Alealt _ AQe(yzt)
. Wy — Wy Y1 — P2
. t
sm( 5 + 5 )
xcos(wl;rwthr%;ﬂpz). (13)
According to the Laplace theorem, we can get
A, = 2G,, (s1—21) (51— 22) (s1 — 23)
(51— 82) (51— 83) (51 — 54)
—920G, |s1 — 21| |81 — 22| - [s1 — 23]
= 1
|s1 — s2| - [s1 — s3] - [s1 — 54
A, =26, (52— 21) (52 — 22) (52 — 23)
(52— s1) (52 — 83) (82 — 54)
— 20, |s2 — 21 - [s2 — 22| - [s2 — 23]
|s1 = s2| - [s2 — s3] - [s2 — s4]
A _[si—al [si— 2zl s -] ls2 = sl [s2 — s
AQ |82 — 2’1‘ |82 — ZQ| |82 — 2’3| ‘81 - 83| ‘81 - S4|

where z, (n = 1,2, 3) represents the zeroes in V7,1 (s). Accord-

ing to the poles characteristics as (7) and (8), we can get
A1 ~ AQ. (14)

Therefore, (15) can be obtained from (7), (13), and (14). The
corresponding inductor voltage is shown in Fig. 9

2 2

. w1 + wo ©1 + P2
- t
s < 5 =+ 5 )

Vi ~ (A1 + Ay) e™5 cos (“’1 2y A _“’2>

= (A; + Ay) e cos (wdt + u)

2
sin (m + M) (15)

2

and w, = L5

where wq = #52
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Fig. 9. Inductor voltage curve for H region.
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Fig. 10. Implementation of the load detection circuits.

According to the imaginary part characteristic as (8), it is easy
to get wy << w,.. Fig. 9 shows that a typical beat phenomenon
for the fourth-order system occurs with exponential decaying
beat amplitude. Define the amplitude decay rate in H region o,

as follows:
ap = (a1 +ag)/ 2. (16)

According to Vieta’s formulas, the relationship of Ry and ay,
can be derived from (1) as follows:

4
Ry1+ Ry + Ry
si=2( +ay)=——"———7— "% 17)
; L(1—kr?)
Rr1 + Ry + Rp»
= (a1 + Q== = " 18
ap (061 Oéz)/ 4L(1—kT2) (13)
Ry = —4(1 — kr®)Lay, — Rp1 — Ryo. (19)

From (19), R» is a monotonic function of cy;, with a linearity
of —4(1 — k2.) L. Then, the load value can be obtained by mea-
suring «y,. For the steady circuit method [3], not only the value
of the inductance, resistance, and peak current but also the value
of frequency, input voltage, and resonant capacitor are needed
for the resistor detection. The solution of a high-order system
is also a challenge. However, the amplitude decay rate method
based on (19) takes advantage of the relationship between the
power decay rate and load. According to (19), only the value of
the inductance, resistance, and peak current are needed. Thus,
the system is more robust to the parameter deviation.

E. Implementation of the Proposed Method for H Region

The measurement of «;, is discussed in this section from
the hardware circuits and software algorithm. The signal sam-
pling circuit is designed to extract the positive beat envelope of
V1, as demonstrated in Fig. 10. It is formed by a proportional
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Fig. 11.  Voltage curves in the test procedures.
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Fig. 14. Load detection and signal processing: (a) simulation and
(b) experiment.

TABLE III
VERIFICATION FOR THE TRANSIENT PROCESS ANALYSIS IN H REGION

Theoretical value  Simulation value ~ Experimental value

V1 decay rate —23 600 —23 543 —23 599
Vheat decay rate —23 600 —23 602 —23 582
Load resistor/$2 1.0 1.01 0.97

amplifier, an envelope demodulator, and a low-pass filter. The
corresponding output signal waveforms are shown in Fig. 11.
The proportional amplifier makes the ration between 1}, and
Vi1 equalto—R, /R, . The envelope demodulator extracts the
envelope of the peak value of V{,. The envelope curve is defined
as V1. and is related with the value of R.qC.q, which should
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Fig. 15. Comparison of the experimental results: (a) load resistance and

(b) battery internal resistance.

satisfy (20) based on the derivation in the Appendix

AL(1 — kr?)
ReqCog < —mM————.
edted = Ry + R+ Ry
The low-pass filter is designed to reduce the high frequency
ripple in V1 and output the filtered beat envelope Vieat for
analog-to-digital converter devices. The bandwidth of the filter
should satisfy (21) according to (14)

1
Rlpfclpf = W

Finally, the overall operation is demonstrated as Fig. 12 and
separated into two procedures: system operation and data pro-
cessing. Both of these procedures are carried out by the con-
troller automatically.

During the data processing procedure, N sampled data of
Vbeat and corresponding time are acquired in the energy dissi-
pation phase. After that, «;, is calculated and the load value R,
is detected based on (19).

(20)

wy < BW = 1)

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the proposed detection method for H region
will be verified by the simulations and experiments. The plat-
form and the parameters are demonstrated in Fig. 13 and Table II.
The test value of Ry equalsto 1 2.

The simulation and experimental waveforms are shown in
Fig. 14. The results are shown in Table III.
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The theoretical value of decay rate is calculated based on (18).
It can be found that the simulation and experimental results are
close to the theoretical ones. An error analysis is carried out
through multiple detections and the results are shown in Fig. 15.

Fig. 15(a) shows that the detection results reach good consis-
tency. The average value of the detection results is 1.03 2 and
the standard deviation is 0.08 2. Then, the method is tested by
detecting the internal resistor of a battery. The test results are
shown in Fig. 15(b) and the average value is 0.59 ). The stan-
dard deviation is 0.02 ). The average test value by a bridge is
0.55 €2 and the standard deviation is 0.02 ). The results by the
proposed contactless load detection method are similar to the
bridge results. That implies the proposed method can be applied
to the battery safety application based on the internal resistor.

Finally, the detections with other load values below 100 €
are demonstrated in Fig. 16.

Compared with the results in Fig. 8, the detection accuracy
in Fig. 16 gets improved around 100 €. It can be found that a
better accuracy can be achieved with smaller load resistor.

This is consistent with the poles characteristics analysis in
H region, because (7) and (8) are better satisfied with a smaller
load resistor.

V. CONCLUSION

In this paper, the principle of the contactless load detection
based on the amplitude decay rate in the transient process is re-
searched. The characteristics of the detectable region are studied
through the system root locus method. The results show that,
as the load resistor value decreases, the system transient pro-
cess will transfer from a second-order type into a four order
type. This is the key issue for the deterioration issue in the
conventional method with small resistance application. Based
on that a detection method for the small load resistor region is
proposed. Both simulation and experimental results verified the
effectiveness. Meanwhile, the capability to monitor the inter-
nal resistor in the battery package is demonstrated. The method
can also be applied to other topologies for the contactless load
detection.
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APPENDIX

A. Lower Bond of the Detection Method for K Region

The real part of dominant poles in the K region is shown as
(11) in Section III and Vieta’s formulas for (1) is demonstrated
as follows:

4

ZSZ‘ =2(a1+a2):

i=1

Ry + R+ Ry 22)
L (1= kr?)

Then, the inequality for R, can be obtained based on (3),
(11), and (22)

Ry > (25—3k7) R1 — Rp»

6L

- \/(2.5 —3k2)°RZ, + =KX (1—k2).  (23)

C

B. Parameter Design for the Envelope Demodulator

The envelope demodulator aims to extract the envelope of V.
When the diode D,q is blocked, the decay ratio of V; ;. is equal
to —1/ReqCeq. To acquire the peak value of the beats, decay
ratio of V1 should be higher than the decay ratio of V{), which
is defined as «y, in (16). Then, we get

< ap (24)

_Redced
1 AL(1—kr?)

o  Rpi+Ro+Rpo

In order to cover the H region, we can substitute R* into (25)
AL(1 — kr?)

RgCog < ——MmM———— -2

eded > RLl + R* + RL2

where R* is the upper region of H region, as discussed in
Section II-B.

Rcd Ccd < — (25)

(26)
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