244

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 67, NO. 1, JANUARY 2020 %

A Novel Controlled Frequency Band Impedance
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Abstract—The accurate information of the wide-
bandwidth impedance versus the frequency is urgently
needed for evaluating the system resonances, instabilities,
and operations of the railway traction power system (TPS),
and to avoid/control the harmonic resonance and oscilla-
tion issues. As the system topology and detailed param-
eters of the TPS are not fully known even timely varying,
we have to obtain the detailed wide-bandwidth impedance
information through exciting the harmonic disturbance into
the system, and then, calculating the response information.
Therefore, a controlled wide-bandwidth impedance mea-
surement approach is presented in this paper, in which, a
butterfly-type disturbance circuit and chirp pulsewidth mod-
ulation signal model are incorporated to generate the de-
sired controlled-bandwidth harmonics with a high aggrega-
tion as well as the average amplitude. Impedance measure-
ment results of the proposed approach have been validated
through both simulation and experiment. Considering the
measured errors, the proposed method is efficient in testing
the wide-bandwidth impedance of the single-phase railway
traction system.

Index Terms—Controlled harmonic excitation, harmonic
resonance, impedance measurement, railway traction

power system (TPS).

RACTION power system is a significant part of the elec-
T tric railway system that delivers the power from the utility
power system to electric trains [1]-[3]. Previous publications
pointed out that the impedance of the traction system largely
affects the operation and control of the electric train [4]-[8].
The instability problems (e.g., harmonic resonance and low-
frequency oscillation) have frequently occurred and reported
around the world due to the impedance mismatch of the train
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and traction network system (hereinafter, train-network system)
[5]. One effective solution is improving the electric train control
according to the specific traction network impedance [9]-[12].
The harmonic resonance points or instable damping informa-
tion can be obtained according to the system impedance. As a
result, the corresponding mitigation schemes in terms of filters
and control parameter optimization can be applied, and the har-
monic resonances and instabilities can be greatly reduced for
guaranteeing the safety and stability of the TPS.

However, solely utilizing the mathematical deduction to esti-
mate the impedance seems to be difficult and inaccurate owing
to unknown detailed parameters of the TPS and its complicated
mathematical process. Therefore, the impedance measurement
technique is required to obtain the TPS impedance.

There are two conventional categories of methods for the
grid impedance measurement on the basis of exciting distur-
bance, i.e., internal system operation disturbance [13] and addi-
tional disturbance [14] by means of connecting devices. In order
to obtain the accurate and reliable grid impedance, additional
disturbance methods are more popular and reliable. Further-
more, to reduce the injection times of the disturbance, wide-
bandwidth impedance measurement approaches have been paid
more concern [15], [18]-[21]. Nevertheless, wide-bandwidth
disturbance, being applied to measure the impedance, should
address the following three key technologies.

1) The frequencies of exciting the wide-bandwidth distur-
bance should be controllable and with enough power
that can acquire accurate response under an actual noise
environment.

2) The amplitude values of exciting harmonics at different
frequencies should be averaged and approximately same,
and can be controlled. It saves the required power of the
disturbance circuit and avoids the effect of the excessive
injection.

3) The disturbance should not affect the normal operations
of the power system. It is needed to limit the disturbance
power of each frequency, which is contradictory with the
first one.

Existing impedance measurement techniques, such as the
sinusoidal waveform sweep-based method in [16] and [17],
produce the promising signal-to-noise ratio to measure the
accurate impedance. Nevertheless, the sinusoidal waveform
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sweep method needs more time to generate different frequency
injections repeatedly and compute the impedance information
using the frequency scan. The random pulsewidth modulation
(PWM) signal is presented in [18], and the grid impedance can
be measured over a wide bandwidth through only single injec-
tion so that the measurement time is greatly shortened. However,
this excited frequency band is not controllable.

Dr. Roinila has done some meaningful researches on the
pseudo-random binary sequences, such as the maximum-length
binary sequence [19], [20] and discrete-interval binary sequence
[21]. They can give an adjustable harmonic excitation relying
on the grid-connected converters. Using the small-power chirp
signal introduced in [22]-[24] can detect the bioelectrical
impedance, but is futile for the large-power/capacity electric
grid. Thus, a method for producing the large-power chirp signal
is proposed in [25], but that makes the voltage disturbance
connecting to the grid in series, being not practical for the
railway system.

Therefore, a novel impedance measurement approach for the
TPS is presented here. The disturbance circuit along with the
chirp-PWM signal being connected to the TPS in parallel is more
practical to measure the wide-bandwidth impedances. The main
contributions of this paper are listed as follows.

1) A butterfly-type disturbance circuit is designed to pro-
duce the wide-bandwidth harmonic excitation. The cir-
cuitis simple and only few switching devices are required.

2) The chirp-PWM used in the impedance measurement has
been derived. The disturbance circuit is controlled by the
given chirp-PWM signal so that the injected frequency
spectrum can be easily controlled.

3) We have defined three indices, namely, harmonic con-
centration ratio (HCR), harmonic distribution uniformity
(HDU), and harmonic frequency resolution (HFR), to
evaluate the performance of the harmonic excitation.
These indices help us to focus on the injection power
at the desired frequencies or bandwidth for the accurate
and efficient measurement.

In order to validate the performance and practicality of the
presented approach, impedance measurement results of the pro-
posed approach have been conducted according to simulation
and experiment. The rest of this paper is organized as follows.
An impedance measurement strategy for the TPS is introduced
in Section II. Section III presents the method to produce har-
monic injection at controlled frequency band. Thus, a simulation
measurement for the TPS is presented and discussed in detail
in Section IV. Section V shows the experimental validation.
Finally, Section VI concludes this paper.

[I. IMPEDANCE MEASUREMENT FOR THE TPS

The TPS is a typical single-phase industrial power system,
in which, the traction transformer steps down the high volt-
age of the three-phase utility power system to two single-phase
27.5-kV voltages to supply electric trains. The auto transformer
(AT)-fed catenary system [2], [26] is widely applied in the high-
speed railways around the world, as illustrated in Fig. 1. The
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Fig. 1. TPS with AT catenary system.

traction system contains the utility grid, traction transformer,
and the catenary system including contact wires (77, , T3), rails
(R, Rp), and positive feeders (Fy,, Fj3). It should be noted that
the measurement will be conducted without running trains in
order to obtain the accurate harmonic impedances of the TPS.
The impedance measurement of the modern electric trains, char-
acterizing different behaviors and disturbance modes, is not de-
scribed in this paper. With considering the frequency coupling,
the method can be found in our previous work [27].

When the TPS operates without additional disturbances, the
self-generated harmonics existed in the system can be applied to
compute the impedance only versus the corresponding frequen-
cies. The more desired harmonics excited by the disturbance
can be applied for detecting the more complete impedance. If
the excited harmonics can be controlled, the frequency band of
the measured impedance is controllable.

In the actual measurement, the background harmonics should
be considered to guarantee the accuracy of the measurement
[27]. The voltage Ugq and current I of the TPS are measured
first without imposing disturbances, which also comprises of
background harmonic frequencies besides the fundamental fre-
quency. Then, the disturbance circuit is connected to the TPS
for measuring the response voltage Ug and current Iy with a
desired frequency band. Finally, fast Fourier transform (FFT)
is adopted to obtain the frequency-domain components of the
measured data, and the impedance can be calculated by

Us (jw) — Uso (jw)
I (jw) — Iso (jw)

where Ugg (jw) and Iso (jw) are the voltage and current of the
TPS without imposing the disturbance in the frequency domain,
respectively; and Ug(jw) and I(jw) are the response voltage
and current after imposing the disturbance, respectively.

ZS(jW) =

ey

[ll. DISTURBANCE INJECTION AT A CONTROLLED
FREQUENCY BAND

A. Chirp-PWM Signal

The chirp signal, one of the common wide-bandwidth signals,
is a sinusoidal waveform signal possessing the time-varying
frequency [22]-[25]. It is widely used in signal transmission,
such as the radar system. The linear chirp waveform owning the
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linear time-varying frequency is given by

ychirp (t) = sin {27Tt |:fmin + (fmax - fmin)2tj-,:| } (2)

where fi,in and fi,ax are the specified minimum and maximum
frequencies, respectively; and 7" is the duration of the linear
chirp waveform. Seen from (2), the instantaneous frequency of
the linear chirp can be written as

t
fchirp(t) = fmin + (fmax - fmin)f~ (3)
The specified frequency fi,i, and fy,.x can control the spec-
trum at the desired frequency band. A typical linear chirp signal
shown in Fig. 2 is employed to describe (2) and (3) clearly.

The frequency spectrum of the chirp signal, setting and in-
creasing its bandwidth from the initial 4000 to 5000 Hz in 1 s,
is presented in Fig. 3. One can find that the spread frequency
spectrum can distribute the harmonic power over the specified
frequency band 4000-5000 Hz satisfactorily.

As a novel PWM scheme, the chirp-PWM proposed in [28]
has various switching frequencies with a chirp feature instead
of fixing (as in [27]) or randomizing (as in [18]) the switch-
ing frequencies for the classical PWM scheme. To adapt the
aforementioned linear chirp signal yeniyp(t) to PWM-type
(i.e., chirp-PWM) signal, an effective converting scheme
Ychirp — PWM (t) can be actualized as

1a Yehirp (t) 2 0

- )
07 ychirp (t) < 0

Yehirp — PWM (1) = {

The aforementioned equation illustrates that the converting
scheme switches the chirp signal to “1” as the chirp value is
larger than O (i.e., Ychirp () > 0), and for another state, chirp
signal with a value smaller than O (i.e., Yenirp (t) < 0) should be
switched to “0.” The detailed converting scheme can be seen in
Fig. 4.

The spread frequency spectrum of a chirp-PWM signal, e.g.,
controlling its frequency band at the same 4000-5000 Hz, is
shown in Fig. 5. It illustrates that the actual frequency spectrum
can also spread at the specified frequency band 4000-5000 Hz.
The chirp-PWM signal, usually being obtained by the micro
controller unit (MCU), just has a low power and seems to be fu-
tile to detect the impedance of the large-power/capacity TPS. To
excite a harmonic disturbance at a specified frequency band with
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a large power into the TPS to detect the system impedance, the
chirp-PWM signal is adopted to drive the insulated-gate bipo-
lar transistor (IGBT) of the proposed butterfly-type disturbance
circuit presented in following subsection.

B. Butterfly-Type Disturbance Circuit

The butterfly-type circuit with two controllable switches is
illustrated in Fig. 6 to produce the harmonic disturbance with
a large power in the TPS. The circuit contains two IGBTs (T1
and T2), four uncontrollable diodes (D1, D2, D3, and D4),
and three adjustable resistors (Rq1, 42, and Rg3). The voltage
sensor (PT) and current sensor (CT) can detect the response data
for impedance calculation by the MCU that can also generate
the chirp-PWM signal to drive the IGBTs of the butterfly-type
circuit.

The proposed disturbance circuit has four topological stages,
which are shown in detail in Fig. 7. Two of these four stages
are for the positive cycle of the input voltage vy, in which
the current flows through the black circuit pointed by the red
dotted line detailed in Fig. 7(a) (IGBTs get an instruction “ON”)
and Fig. 7(b) (IGBTs get an instruction “OFF”). The other two
topological states are for the negative cycle and are similar to
those for the positive cycle, and the current flows through the
black circuit detailed in Fig. 7(c) (IGBTs get an instruction
“ON”) and Fig. 7(d) (IGBTs get an instruction “OFF”).

In the first topological stage seen in Fig. 7(a), the controllable
IGBTs are turned ON and only the resistor Ry3 is fed in the
black circuit loop (pass through D1, T1, and R;3 successively),
which causes a resulted current v, / Ry3 for the positive cycle of
the input voltage v;.

The second topological stage seen in Fig. 7(b) starts when the
controllable IGBTs are turned OFF; hence, both the resistor R,
and Rg3 are fed together in the black circuit loop (pass through
D3, R41, and Ry3 successively), resulting in a response current
vs/(Rg1 + Rqs) for the positive cycle of v;.

The other two topological stages for the negative cycle of v;
are similar to the stages of the positive cycle and are shown in
Fig. 7(c) and (d), respectively.

In steady-state operations, the response current detailed in
Fig. 8 going across all the four topological stages repeatedly
are v,/ Ry3, vs/(Rai + Raz), vs/Ry3, and vy /(Raa + Ras),
respectively. The iterative four stages generate some gaps with
achirp-PWM feature on the response current, which can provide
harmonic disturbance at a specified frequency band for the TPS.

The resistors Z4; and Rg49 inside the arms of the butterfly-
type disturbance circuit and R;3 outside the arms quantify the
gap depth of the response current that(Ry1 + Rq3)/Ras (i-e.,
R41/Rg3 + 1) for the positive cycle and (Rg2 + Ra3)/Ras (i-e.,
Rg2/Rg3 + 1) for the negative cycle. It indicates that larger ratio
of Ry1/Ry3 and Rys/Rys3 can facilitate the deeper gap on the
response current.

Fig. 9 presents the spread frequency spectrum of the response
current for a given case with a specified frequency band at
4000-5000 Hz. The actual frequency spectrum spread exactly
matches the specified frequency band from 4000 to 5000 Hz
with the other harmonics having a tiny amplitude, which val-
idates the effectiveness of the proposed disturbance method.
Besides harmonic components, it is noteworthy that the funda-
mental component accounts majority of the injection power due
to the fundamental waveform-based distortion. There are some
filtering solutions to control the injection of the fundamental
component [29].

The proposed measurement equipment is connected to the
catenary of the TPS in parallel, and a circuit breaker (QF) and
corresponding relay protection equipment are installed at the in-
put terminal of the measurement equipment, as shown in Fig. 6.
The corresponding protection strategies (e.g., current protec-
tion, overload protection, and differential protection) can be set
to protect both TPS and measurement equipment.

C. Evaluating Indices of Harmonic Disturbance

In order to evaluate the harmonic disturbance at a specified
frequency band for impedance measurement, three indices in
terms of disturbance injection are given as follows.

1) Harmonic Concentration Ratio (HCR): HCR charac-
terizes the proportion of the excited harmonics at a specified
frequency band to the full band, which can be described by

S, (@)

HCR = fuax
Z‘L—fMIN (I)

&)

where I(x) is the excited harmonic current by the disturbance
circuit; and fyny and fyax are the minimum and maximal
frequency of the full frequency band, respectively. A larger value
of the HCR characterizes a more centralized spread frequency
spectrum, and thus, gives a more suitable harmonic disturbance
for impedance measurement at the specified frequency band.
2) Harmonic Distribution Uniformity (HDU): HDU, being
defined to evaluate the uniformity for the excited harmonics at
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a specified frequency band, is given by

o2

HDU = (6)
Ylmr  (x)/N

where N is the sampling number; and o? is the variance of
excited harmonic currents at the specified frequency band and
it can be described by

max 2
2 _ T H(@) = g
g
N

where p is the mean value of excited harmonic currents at a
specified frequency band and can be obtained by

_ g, i)

N

@)

®)

A smaller HDU characterizes a more uniform spread fre-
quency spectrum at the specified frequency band, which will
give a more accurate measurement result. The reason is that a
uniform spread frequency spectrum indicates that the magni-
tudes of injected harmonics have the similar values, and there
are no or less relatively small harmonic magnitudes occurring
to the injected harmonics.

3) Harmonic Frequency Resolution (HFR): FFT being ap-
plied to extract the information in frequency domain from the
time-domain data can give an HFR as

1
HFR = n )
where ¢ is the time of the chirp-PWM signal in a periodical

sinusoidal waveform shown in Fig. 8. One can control the
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the impedance.

The two indices HCR and HDU, reported in Fig. 10 with
differentratios of Ry / Ry3 and Ry2 / Ry3, indicate that the HCR
has a upward trend without deteriorating the HDU along with
increasing the ratios of Ry;/Rg3 and Rgo/Rgy3. Thus, for the
disturbance circuit design, the ratios of Ry1 /Ry3 and Rgo/Rys
would better be large (50 is the best) to bring a highly centralized
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Fig. 11.  Schematic of the TPS simulation model using MTL.

TABLE |
SIMULATION PARAMETERS FOR THE TPS

Parameter Value
Utility power system voltage 220 kV
Connection of traction transformer V/x
Voltage ratio of traction transformer 220 kV/27.5kV
Primary side parameters of traction trans- 3.46 Q, 255 mH
former
Secondary side parameters of traction trans- 0.054 Q. 3.98 mH
former
The number of segments 10

Voltage ratio of step-down transformer 27.5kV/500 V

Ry of butterfly-type disturbance circuit 5000 Q

Ry, of butterfly-type disturbance circuit 5000 Q

R of butterfly-type disturbance circuit 100 Q
ratios of Ryq; / Rgz and Ry / Ra3 50

spread frequency spectrum at a specified frequency band, which
would be appropriate for the impedance measurement.

The third indicator the HFR being related to the sampling time
can be confirmed according to the actual measurement require-
ment of the frequency resolution, and the sampling time should
be larger when the requirement of the frequency resolution is
higher.

[V. SIMULATION RESULT OF THE IMPEDANCE MEASUREMENT
AT A CONTROLLED FREQUENCY BAND

A. Simulation Model

In order to validate the effectiveness of the proposed measure-
ment approach, a detailed TPS is considered as the test system.
The catenary system, being regarded as one symmetrical linear
and passive multiport network, is builtin MATLAB/SIMULINK
based on the multiple transmission line (MTL) model [5]. The
schematic of the TPS simulation model using the MTL is given
in Fig. 11.

The MTL unit represents the segment of different lengths
of the catenary system. As to detect the impedance at different
location of the catenary system, the proposed disturbance circuit
should disturb the different segments to excite the harmonic
disturbance.

B. Simulation Results

The simulation parameters are given in Table I. The volt-
age of the utility power system is 220 kV being transformed
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to 2 x 27.5 kV by the traction transformer for supplying the
catenary system. The simulation time step is set as Ty =
1 x 1075 s. For a given case, the specified frequency band is set
as 4000-5000 Hz and the measured results are shown in Fig. 12.
The impedance extracted from the simulation measurement at
the specified frequency band 4000-5000 Hz (the yellow region)
is almost consistent with the theoretical value and that out of the
specified frequency band is inaccurate since there is no enough
harmonic excitation at these frequencies. Considering the exor-
bitant harmonic excitation may affect the normal operation of
the TPS, in order to measure the TPS impedance at a broader
band, 0—10 000 Hz, for example, we can conduct a segmental
measurement every 2000 Hz (i.e., 0-2000 Hz, 2000-4000 Hz,
4000-6000 Hz, 6000-8000 Hz, and 8000—10 000 Hz), as shown
in Fig. 13. The measured impedance at a specified frequency
band can be detected accurately to validate the effectiveness of
the proposed measurement method.

Lri=1 mH; Lg,=1 mH
Rp1=0.1 Q; Rpp=0.1 Q
Lr=2 mH; Lp,=2 mH
CTR|:1.5 uF; C}rm:l.s UF;
CT]:1=3 LlF; CTR2=1-5 LIF;
C}:RZZI.S UF; CTF2:3 uF

Negative feeder resistor
Negative feeder inductor

Catenary system capacitor

Rated voltage ratio of step-down transformer 110 V/50 V
Rqi of butterfly-type disturbance circuit 100 Q
R4, of butterfly-type disturbance circuit 100 Q
R4s of butterfly-type disturbance circuit 50 Q

V. EXPERIMENTAL VALIDATION
A. Experimental Setup

An experimental system including the disturbance circuit,
shown in Figs. 14 and 15, is conducted to validate the practi-
cality and capability of the impedance measurement approach,
and the electric parameters of the experimental system are listed
in Table II. The TPS model is built referring to the actual engi-
neering structure including the utility power system, V/x-type
traction transformer, and catenary system. A DSP 28335 control
system selected as an MCU can provide the chirp-PWM signal
to control the IGBTs of the butterfly-type disturbance circuit,



HU et al.: NOVEL CONTROLLED FREQUENCY BAND IMPEDANCE MEASUREMENT APPROACH FOR SINGLE-PHASE RAILWAY TPS

251

Voltage w ave

200 = o
>
S 0
3 {
S /
-200 — : : :
0 0.02 0.04 0.06 0.08 0.1
Time (s)
Background harmonics THD=3.77%
— 4 | 7th | 13th i
\>, 4 Zoom in
[0) 21 5th 11th J
E LLLL] | |
T 2 0 L L. -
g 0 500 1000
SRR 1111
0 | ATIT L
0 1000 2000 3000 4000 5000
Frequency (Hz)
Fig. 16. Background voltage waveform and its harmonic spectrum

without disturbance.

s0 as to produce the harmonic excitation at the controlled band-
width. Besides, the electrical signals acquisition device is used
to measure the data of voltage and current waveforms, and then,
processing data by MATLAB to calculate the TPS impedances.

In the measurement process, the desired measured frequency
band is first set up by the operator via controlling the minimum
and maximum frequencies of the chirp-PWM signal. Thereafter,
the butterfly-type disturbance circuit can excite the harmonics at
the controlled frequency band, so as to detect the response data
of the voltage and current with the electrical signals acquisition
device. Finally, the computer can calculate the measured TPS
impedances and show them on the screen.

B. Experimental Results

To detect the voltage waveform and background harmonics
of the measurement point, they can be seen in Fig. 16. Usu-
ally, there are some normal background harmonics (e.g., Sth,
7th, 11th, and 13th harmonics) brought by the traction trans-
former, utility power system, and some nonlinear devices and it
is accordant with actual engineering [2].

The impedances of the specified frequency band consider-
ing the impact of background harmonics can be measured via
the proposed method mentioned in Sections I and III, and the
operator controls the specified frequency band. For instance,
the specified frequency band is controlled at 2000-3000 Hz,
and Fig. 17 gives the voltage waveform and its harmonic spec-
trum of the measurement point after imposing the disturbance.
The excited harmonics can follow the specified frequency band
and the total harmonic distortion (THD) is 9.58% (seen from
Fig. 17) rising from the original 3.77% (seen from Fig. 16). The
harmonic distortion can be acceptable and does not affect the
normal operation of the TPS without electric trains.

Fig. 18 presents the measurement results and the measured
impedances at the specified 2000 —3000 Hz frequency band that
can match the theoretical value accurately. Therefore, the mea-
sured impedance is reasonably accurate under the traditional
operations of the traction system. The variations of the THD

Voltage Wave

Magnitude (V)

2000
Frequency (Hz)

3000 4000 5000

Fig.17.  Voltage waveform and harmonic distribution after imposing the
disturbance.
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Fig. 18.  Measured TPS impedance when the specified frequency band
is 2000-3000 Hz.

values also indicate that the disturbance power is neither exces-
sive nor insufficient in measuring the network impedance. It is
noted that the disturbance power may not be the most capable
one for measuring the network impedance and can be stud-
ied further in the future with considering the system damping
conditions.

In order to measure the TPS impedance at a broader band
0-5000 Hz, similarly, one can excite the harmonics directly at
0-5000 Hz. However, the exorbitant harmonic excitation may
affect the normal operation of the TPS. Thus, we can con-
duct a segmental injection and measurement, for instance, every
1000 Hz (i.e., specified frequency bands at 0—-1000 Hz, 1000-
2000 Hz, 2000-3000 Hz, 3000-4000 Hz, and 4000-5000 Hz)
using the proposed measurement method for dividing the
excited harmonic power.
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Fig.19. Measured TPS impedance when the specified frequency band

is 0-5000 Hz with 1000-Hz measurement interval.

TABLE Il
VALUES OF THREE INDICES FOR EXPERIMENTAL DISTURBANCE

Frequency band HCR HDU HFR

0-1000 Hz 0.9640 0.18 10 Hz
1000 — 2000 Hz 0.9044 0.19 10 Hz
2000 —3000 Hz 0.9416 0.22 10 Hz
3000 — 4000 Hz 0.9608 0.19 10 Hz
4000 — 5000 Hz 0.9814 0.17 10 Hz

Consequently, Fig. 19 gives the measured result, and the accu-
rate impedance at 0-5000 Hz can be obtained via the segmental
measurements, which validates the correctness and capability
of the proposed measurement method at a specified frequency
band. The values of proposed three indices are calculated in Ta-
ble III. The power of fundamental and harmonics at a specified
frequency band is sufficient and can reach over 90% according
to the HCR. The spread frequency spectrum at a specified fre-
quency band is uniform with the small HDU values. The HFR is
10 Hz as the sampling time is set as 0.1 s. All of the three indices
show that the proposed impedance approach has a suitable dis-
turbance power and achieve a good performance and accuracy
under practical conditions.

VI. CONCLUSION

This paper presented an impedance measurement method for
the TPS so that the measured frequency band could be con-
trolled. A butterfly-type disturbance circuit consisted of two
IGBTs, four uncontrollable diodes, and three adjustable resis-
tors was designed, and the broad harmonic excitation at specified
frequency band could be produced by means of the chirp-PWM
signal to drive the IGBTs. Three defined indices, namely, HCR,
HDU, and HFR, were proposed to evaluate the performance of
the disturbance injection. These indices help to determine the
values of adjustable resistors of the butterfly-type disturbance
circuit for getting a most suitable disturbance. Finally, the TPS
impedance can be calculated using the response voltages and
currents. The proposed method was verified by simulations and

experiments. Applying this technique, the measured frequency
band can be controlled more flexibly, and the impedance at
desired frequency band can be measured by imposing the dis-
turbance only once that greatly reduces the measurement time.
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