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Abstract

The experimental procedure presented in the paper focuses on detecting and isolating the multiplicative fault
of the compensating capacitor which can occur due to certain application conditions, on a wireless energy
transfer system model. The testing was conducted on a laboratory system, which involved measuring changes in
voltages and currents based on the change in the compensating capacitor's value (simulating a fault). The
results obtained from the efficiency curve at the resonant frequency for different compensating capacitor values
were used to detect and isolate the multiplicative fault. Additionally, the same curve was used in the approximate
fault identification process, which involved determining the fault's size.
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INTRODUCTION

With the growing complexity of control
systems, the issue of their security and
robustness has become more prominent in
various processes [l1]-[5]. The reliability,
robustness, availability, and environmental
safety of such systems are mainly expressed
through their sensitivity to random faults. As
a result, a discipline of fault detection and
isolation (FDI) has been developed in
engineering theory and practice to address
these concerns.

Faults can be broadly defined as
deviations from normal system behavior.
However, in engineering, two specific types
of faults are of interest: additive and
multiplicative. Additive faults are unknown,
input signals that affect system response and
are desirable for detection [6]. Multiplicative
faults are changes in process parameters that
occur during operation.

Fault detection and isolation involve
three primary tasks that must be solved.
The first task is to identify the presence of a
fault, which is performed by detecting any
abnormal operation in the system. The
second task is to locate the occurrence of

the fault, which is referred to as fault
isolation. The third task is fault
identification, which involves determining
the severity of the fault. Fault isolation and
identification are collectively referred to as
fault diagnosis. While fault detection is
necessary for all practical processes, and
fault isolation is almost as important, fault
identification is often difficult to
implement. Due to this, many practical
systems only include fault detection and
isolation (FDI), and the term "diagnosis" is
often used synonymously with "isolation".

The foundations for the implementation
of the system for wireless energy
transmission using the resonance method
are analyzed in detail in the literature [7].
Investigation of the coil parameter, on the
wireless power transfer efficiency at greater
air gaps and different receiver capacitance
for electric vehicle applications is discussed
in [5]. A study on transmission coil
parameters for wireless power transfer in
electric vehicles is given in [8].

A design of method proposed to
determine the operating modes of a high-
efficiency inductive wireless power transfer
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system that can support multiple receivers
is presented in [9]. The operating modes are
no-load, safe, and fault modes. The paper
[10] presents a wireless power transfer
(WPT) system that uses a dual-coupled
inductor-capacitor-capacitor and  series
(LCC-S) compensation method to improve
the misalignment performance and achieve
fault tolerant operation. The proposed
system also features a compact receiver size
and ensures stable output power.

In the paper, a system for wireless
energy transmission based on the
application of the resonance method is
implemented. The results of experimental
testing of the laboratory system for wireless
power transfer, as well as the procedure of
experimental detection and isolation of a
multiplicative fault due to compensating
capacitor change, which can occur during
certain operating conditions, are given.

The paper is organized as follows: after
the description of the laboratory system, its
mathematical model is given, followed by a
presentation of the experimental results and
a conclusion.

THE LABORATORY SYSTEM SETUP

The block diagram of the laboratory
system for wireless power transfer is shown
in Fig.1.
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Fig. 1. The block diagram of the laboratory
system for wireless power transfer

The system consists of the following
components: 1) DC voltage source of 0-30
V, 5 A, 2) DC/AC voltage converter, 3)
series connections of the transmitting coil
and compensating capacitor, 4) parallel
connections of the receiving coil and
compensating capacitor, 5) AC voltage
rectifier and 6) receiver in the form of
ohmic resistance.

A DC voltage of 12 V from DC voltage
source 1 is supplied to the input of DC/AC

converter 2 which generates a rectangular
AC voltage of amplitude 0-30 V at
frequencies from 15 kHz to 120 kHz. This
AC voltage is supplied the transmitting coil
3, which is coupled to the receiving coil 4.
At the output of the receiving coil 4, an AC
voltage of a frequency equal to the
frequency of the voltage connected to the
transmitting coil 3 appears. The AC voltage
from the coil 4 is rectified in the rectifier 5
and supplied to receiver 6.

The described system is shown in Fig.
2. The dimensions and electrical parameters
data of the coil system, are given in Table
1. The coils have the same dimensions and
inductance, and the compensating
capacitors have the same capacitance. Their
inductances and  capacitances  were
measured with a PeakTech 2170 universal
RLC bridge. The mutual inductance of the
coils was not determined.

Fig. 2. The laboratory system setup for wireless
power transfer

Table 1. System parameters

The inner diameter of the coils [mm)] 375

The outer diameter of the coils [mm] 440

L1, Ly [uH] 100
C1, C; [nF] 300
Only one capacitor, C;, had its

compensating capacitor value changed.

MATHEMATICAL MODEL OF THE
SYSTEM

The realization of the system for
wireless power transfer is based on the
application of the resonance method. This
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method implies the existence of reactive
(inductive and capacitive) parts in the
transmitting and receiving circuit, for the
system to work in resonant conditions. Due
to the dimensions of the coils, the parasitic
capacitance is not sufficient to ensure
resonance in the operating frequency range,
determined by the application of the
wireless transfer system. Accordingly, to
achieve resonance in the desired frequency
range, it is necessary to add reactive
elements (most often capacitors) on the
transmitting and receiving side, which is
characterized as an additional compensation
network. Thus, series-series, series-parallel,
parallel-series, and parallel-parallel
compensation methods can be realized.

In the observed system, a resonant
circuit with series-parallel compensation
was applied, the connection diagram of
which is shown in Fig. 3.
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Fig. 3. Connection diagram of a resonant
circuit with series-parallel compensation

For the coupled circuit from Fig.3, the
following equations can be written
according to Kirchhoff's I and II laws:

L=1,+1,
|4 —(Rl+](oL1+ - ! jL—ijL, (D
JoL,
1
V,=—(R,+ joL,) I, + joMI, = R, I, =—
JjoC,
where: ® is angular frequency, V,, V,, 1,,

1, , are voltages and currents of the primary
and secondary circuits respectively, /.,, I,

are condenser and resistance currents at the
output of the secondary circuit, L1, Lo, are
inductances of the transmitting and

receiving coils, Ri, R are parasite
resistances of the coils, R; is receiver
resistance, M is mutual inductance, Ci, C>
are compensating capacitances of the
primary and secondary circuits.

Based on (1), the input impedance of the
system is obtained in the form:

3
+
JoC,

s 2)
. o’M?(joC,R, +1)
R, +(R, + joL,)(joC,R, +1)

=ul

v, .
:1—: R + joL, +

=1

The imaginary part of the
impedance
is:

Im(ZW):mLf—a%T+
1

o' ML, (C,R, ~1-0’L,C,R, )
(R, + R, ~'L,C,R,)* +o* (L, + C,R,R,)"

3)

input

—+

Relation (3) can be simplified by
neglecting the parasite resistance of the
secondary coil R, as its numerical value is
much smaller than the resistance of the
receiver Ry:

1 o’M’L,

Im(Z, |=oL - — .
(24) ' oC (R, -o’L,C,R,) +’'L2

(4)

The circuit's resonant frequencies can be
now found by setting the imaginary part of
the input impedance (4), to zero.

When the primary and secondary coils
are at a sufficient distance, the mutual
inductance can be neglected, M =0, so
based on relations (3), i.e. (4), the resonant
frequency depends only on the parameter of
the primary circuit (inductance L; of the

receiving  coil and  compensation
capacitance (1),
1
0, =—. (5)
Llcl
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Based on the values given in Table 1, it
follows:
o, =29kHz. 6)

At smaller distances between the coils,
when the mutual inductance M, defined
with:

M=kLL,,k<1, (7
cannot be neglected, taking into account

C1=C,, Li=L, (Table 1), and numerous
parameters values, at ®=w,, (4) becomes:

)20 @

2

Im(Z

=ul

So the resonant frequency can still be
considered unchanged, given by (5).

EXPERIMENTAL RESULTS

Through experimental testing, it 1is
determined that the output voltage changes
according to a complex law with the change
of the distance between the coils and the
frequency. To examine in more detail the
detection and isolation of the multiplicative
fault, it is determined that the examination
is performed at only one distance of the
wireless transmitter and receiver coil
d=15cm. At the same time, the frequency is
changed with a step of 1 kHz (starting from
20 kHz to 40 kHz), and the simulation of
multiplicative fault on the compensation
capacitor C; is realized by changing its
value with a step of 50nF (starting from
100nF to 700nF).

The performance test of the implemented
system for wireless power transfer was
performed with a passive load (6), a resistor
of 100 €, and a power of 100 W.

DC voltage measurements were made
with a digital voltmeter at the output of the
rectifier 5, which is also the voltage of the
receiver 6, and the system frequency was
measured using a Hantek 6074 DB four-
channel USB oscilloscope.

Fig. 4. The system frequency measurement

Fig.4 shows the realized laboratory setup
and the system frequency measurement. It
can been see that the signal on the receiving
coil 4 before the AC/DC rectifier 5, is
sinusoidal.

The simulation of multiplicative fault on
capacitor C1 was performed by forming
different groups of capacitors, the
combination of which obtained the desired
value of C;. Groups of capacitors were
placed on the circuit board, with connectors
connected in parallel, and after obtaining
the required values, measurements were
made with a range of frequencies.

oy
Fig.5. Plates with connectors for compensating
capacitors and formed groups of capacitors

Table 2 shows the results of one set of
measurements for the value of the nominal
compensation capacitor C;=300nF. The
values of measured frequency f, DC current
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I, DC voltage U», and DC current /> are
shown.

Table 2. The measurement results for
U;=12 'V, C;=300nF, d=15 cm

f(Khz) | ©Li(A) LY) | B@A
40 0.12 3.70 0.035
39 0.14 4.00 0.043
38 0.16 5.30 0.053
37 0.23 6.70 0.067
36 0.33 8.80 0.084
35 0.50 11.40 0.113
34 0.73 14.80 0.144
33 1.12 21.00 0.202
32 1.53 27.70 0.266
31 1.83 32.30 0311
30 1.94 34.70 0.335
29 1.89 35.80 0.341
28 1.62 33.60 0.326
27 1.36 30.10 0.292
26 1.08 25.70 0.248
25 0.80 21.00 0.202
24 0.43 13.60 0.131
23 0.26 8.80 0.086
22 0.17 6.40 0.058
21 0.12 4.00 0.038
20 0.11 2.70 0.024

From the results given in Table 2, the
input and output active power of the
system, as well as the system efficiency n,
were calculated. These results are shown in
Table 3.

One measurement set had 21 individual
measurements of the system input and
output parameters. For this study, 13
measurement sets were performed, which
gives a total of 273  individual
measurements.

Based on these measurements, a 3D
diagram of the efficiency of the system as a
function of the compensation capacitor Cj
and the frequency was created and is shown
in Fig.6.

Analyzing the 3D efficiency diagram, it
can be seen that the maximum efficiency of
the system is for the nominal value of the
compensation capacitor C;=300nF and the
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frequency near the resonant, f=28kHz
(which 1s the influence of the mutal
inductance). It is also observed that when
the capacitance C; changes (simulated
fault), there is a sudden drop in the
efficiency of the system.

Table 3. Calculated power and efficiency of the

System

f(Khz) | Piu(W) | Pou (W) | (%)
40 1.440 0.130 8.99
39 1.680 0.172 10.24
38 1.920 0.281 14.63
37 2.760 0.449 16.26
36 3.960 0.739 18.67
35 6.000 1.288 21.47
34 8.760 2.131 24.33
33 13.440 4242 31.56
32 18.360 7.368 40.13
31 21.960 | 10.045 | 45.74
30 23280 | 11.625 | 49.93
29 22.680 | 12.208 53.83
28 19.440 | 10954 | 5635
27 16.320 8.789 53.86
26 12.960 6.374 49.18
25 9.600 4242 44.19
24 5.160 1.782 34.53
23 3.120 0.757 24.26
22 2.040 0.371 18.20
21 1.440 0.152 10.56
20 1.320 0.065 491

n (%)

55.40
- 49.86
44.32
38.78
3324
27.70
2216
16 62
11.08
5.540

0.000

Fig. 6. 3D diagram of the system efficiency as a
function of the compensation capacitor and the

frequency
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Fig. 7 shows the diagram of the system
efficiency as a function of the
compensation capacitor Ci, at the resonant
frequency. In this diagram, it can be seen
that the maximum efficiency is at the
nominal value of Ci=300nF and that there
are large changes in the efficiency of the
system when the capacitance changes.

60.00
50.00

40.00

n (%)

30.00
20.00
10.00

0.00 — —

[=N-NeleloloNoleNeNeNoNe Nl

C; (uF)

Fig. 7. Diagram of the system efficiency as a

function of the compensation capacitor, at the
resonant frequency f,=29kHz

A change in the capacitance Ci during
operation can be considered a multiplicative
fault. It can be detected and isolated
precisely from the curve of the calculated
efficiency of the system at the resonant
frequency from Fig.7. Based on the
obtained curve, it is also possible to
approximately identify the fault by
observing the relationship between the drop
in efficiency and the size of the change in
the capacitance of the capacitor.

Thus, a drop in efficiency of up to 15%
is an indication of a capacitance change of
approximately +50nF, and 30% 1is an
indication of a capacitance change of
approximately +100nF. A drop in
efficiency of up to 45% is indicative of a
capacitance change of approximately
+150nF.

One of the causes of the possible change
in the value of the capacitor C; can be the
high temperature the component reached
during the opertion. Fig.8 a) shows the
compensation capacitor immediately before
the system starts, and Fig.8 b) shows it,

during system running. The temperature
before the system starts was close to the
ambient temperature in which the test was
performed 22.5°C, and after some time of
operation, the temperature was reached
48.8°C.

a) b)
Fig. 8. Thermal photo of the compensating
condenser a) before b)after the system starting

In real conditions, the cause of the
capacitor capacitance change can be the
influence of some external or internal
factors. Any prolonged operation outside
the conditions prescribed by the
manufacturer (temperature limit, operating
voltage, or life span) can lead to a change in
the capacitance of the capacitor, which
results in the appearance of a multiplicative
fault.

CONCLUSION

The paper presents the procedure of
experimental detection and isolation of a
multiplicative fault, caused by the change in
capacitance of the compensating capacitor
of the primary circuit of the wireless power
transfer system. The main parameter in that
process represents the efficiency of the
system, which was the highest at the
nominal capacitance value of C;=300nF
and the frequency near the resonant

f=28kHz and was n=56.35%. The
experimental results show that the
efficiency  drops significantly = when

changing the capacitance and oscillation
frequency. The recorded efficiency curve at
resonant  frequency and  capacitance
changes in the range of 100—700nF can be
used in the process of approximate
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identification of the size of the
multiplicative fault.

In real conditions, changes in capacitor
capacitance can result from some external
or internal factors. This paper presents an
effective procedure for detecting and
diagnosing this kind of fault.
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