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(57) ABSTRACT

A method for impedance measurement using chirp signal
injection is provided. The method includes injecting at least
one chirp signal into the three-phase AC system, and collect-
ing at least one response to the at least one chirp signal. The
method further includes transferring the at least one response
from abc coordinates to dq coordinates. At least one imped-
ance is calculated based on the at least one response to the at
least one chirp signal.
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SYSTEM AND METHOD FOR IMPEDANCE
MEASUREMENT USING CHIRP SIGNAL
INJECTION

PRIORITY

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/677,256, filed Jul. 30, 2012, and
U.S. Provisional Application No. 61/677,271, filed Jul. 30,
2012, both of which are incorporated by reference herein in
their entirety for any purpose.

TECHNICAL FIELD

[0002] The present disclosure relates generally to systems
and methods for impedance measurement and, more particu-
larly, to systems and methods for impedance measurement
using chirp signal injection.

BACKGROUND

[0003] The identification and subsequent measurement of
source and load impedances are useful tools for assessing and
evaluating stability of electrical power systems. The imped-
ance of an alternating current (AC) electrical system may be
measured by injecting a perturbation signal in the direct and
quadrature (dq) reference frame of the system, and measuring
the voltage and current response to the perturbation.

[0004] Problems arise in conventional impedance measure-
ment methods, including low signal-to-noise ratio (SNR) and
the presence of background noise, which can prevent accurate
measurement. One conventional method to improve SNR is
to increase the magnitude and power of the injected pertur-
bation so that the resulting system voltage and current
responses are larger compared to the background noise. How-
ever, there is a practical limit to increasing the injected per-
turbation before it noticeably affects and alters the operating
point of the system being measured. Because of this, injected
perturbation signals are typically small, such as on the order
of'5% of the power level that the system is operating at during
the measurement. Other methods for improving SNR include
decreasing the frequency span (which increases the spectral
density) and averaging of data taken over a longer span of
time. Both of these methods, however, increase the overall
measurement time and decrease accuracy due to an increased
chance for system frequency drift during the measurement.
Frequency drift during impedance measurement strongly
affects measurement accuracy in conventional impedance
measurement systems.

[0005] For online impedance measurements in three-phase
AC systems, a conventional frequency sweep Fast Fourier
Transform (FFT) method can take a long time and may not be
practical in systems where the operating point cannot be
maintained for a long time.

[0006] Therefore, there is a need for a system and method
capable of taking advantage of short measuring times to yield
increased measurement accuracy.

SUMMARY OF THE INVENTION

[0007] An illustrative aspect of the invention provides a
method of impedance measurement for a three-phase alter-
nating current (AC) system. The method comprises injecting
at least one chirp signal into the three-phase AC system and
collecting at least one response to the at least one chirp signal.
The method further comprises transferring the at least one
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response from abc coordinates to dq coordinates. At least one
impedance is calculated based on the at least one response to
the at least one chirp signal.

[0008] Another illustrative aspect of the invention provides
a system for performing impedance measurement for a three-
phase alternating current (AC) system. The system comprises
an injection circuit configured to inject at least one chirp
signal into the three-phase AC system, and a collection circuit
configured to collect at least one response to the at least one
chirp signal. The system also comprises a control unit con-
figured to transfer the at least one response from abc coordi-
nates to dq coordinates and to calculate at least one imped-
ance of the three-phase AC system based on the at least one
response to the at least one chirp signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The accompanying drawings, which are incorpo-
rated in and constitute a part of this disclosure, illustrate
aspects consistent with the present disclosure and, together
with the description, serve to explain advantages and prin-
ciples of the present disclosure. In the drawings:

[0010] FIG. 1 schematically illustrates an example three-
phase alternating current (AC) system is dq coordinates, con-
sistent with certain disclosed embodiments;

[0011] FIG. 2 schematically illustrates an example repre-
sentation of a system response to disturbance, consistent with
certain disclosed embodiments;

[0012] FIG. 3 is an exemplary flow chart illustrating a
method of injecting one or more perturbations and determin-
ing source and load impedance values, consistent with certain
disclosed embodiments;

[0013] FIG. 4a is a graphillustrating an example waveform
of a chirp signal, consistent with certain disclosed embodi-
ments;

[0014] FIG. 45 is a graphillustrating an example waveform
of'a Discrete Fourier Transform (DFT) spectrum of the chirp
signal of FIG. 4a, consistent with certain disclosed embodi-
ments;

[0015] FIG. 4c¢ is a graph illustrating an example waveform
of a band-limited white noise signal, consistent with certain
disclosed embodiments;

[0016] FIG.4d is a graphillustrating an example waveform
of'a DFT spectrum of the band-limited white noise signal of
FIG. 4¢, consistent with certain disclosed embodiments;
[0017] FIG. 5a is a graphillustrating an example waveform
of a time-domain chirp signal, consistent with certain dis-
closed embodiments;

[0018] FIG. 54 is a graphillustrating an example waveform
of'a DFT spectrum of the time-domain chirp signal of FIG.
5a, consistent with certain disclosed embodiments;

[0019] FIG. 5¢ is a graph illustrating an example waveform
of a time-domain chirp signal, consistent with certain dis-
closed embodiments;

[0020] FIG.5d is a graphillustrating an example waveform
ofa DFT spectrum of the time-domain chirp signal of FIG. 5¢,
consistent with certain disclosed embodiments;

[0021] FIG. 5e is a graph illustrating an example waveform
of a time-domain chirp signal, consistent with certain dis-
closed embodiments;

[0022] FIG. 5fis a graph illustrating an example waveform
ofa DFT spectrum of the time-domain chirp signal of FIG. 5e,
consistent with certain disclosed embodiments;
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[0023] FIG. 5gisa graph illustrating an example waveform
of a time-domain chirp signal, consistent with certain dis-
closed embodiments;

[0024] FIG. 5/ is a graph illustrating an example waveform
of'a DFT spectrum of the time-domain chirp signal of FIG.
5g, consistent with certain disclosed embodiments;

[0025] FIG. 6is a block diagram that illustrates an example
representation of a system response to disturbance, consistent
with certain disclosed embodiments;

[0026] FIG. 7 schematically illustrates an example repre-
sentation of a simulation circuit, consistent with certain dis-
closed embodiments;

[0027] FIG. 8a graphically illustrates an example extracted
impedance of a chirp injection signal, consistent with certain
disclosed embodiments;

[0028] FIG. 85 graphically illustrates an example extracted
impedance of a chirp injection signal, consistent with certain
disclosed embodiments;

[0029] FIG. 8¢ graphically illustrates an example extracted
impedance of a chirp injection signal, consistent with certain
disclosed embodiments;

[0030] FIG. 8d graphically illustrates an example extracted
impedance of a chirp injection signal, consistent with certain
disclosed embodiments;

[0031] FIG. 9a is a block diagram illustrating an example
impedance measurement system, consistent with certain dis-
closed embodiments;

[0032] FIG. 95 illustrates an example impedance measure-
ment system, consistent with certain disclosed embodiments;
[0033] FIG. 10 schematically illustrates an example injec-
tion circuit, consistent with certain disclosed embodiments;
[0034] FIG. 1la graphically illustrates an example
extracted impedance of a three-phase R-L load, consistent
with certain disclosed embodiments;

[0035] FIG. 115 graphically illustrates an example
extracted impedance of a three-phase R-L load, consistent
with certain disclosed embodiments;

[0036] FIG. 11c¢ graphically illustrates an example
extracted impedance of a three-phase R-L load, consistent
with certain disclosed embodiments;

[0037] FIG. 11d graphically illustrates an example
extracted impedance of a three-phase R-L load, consistent
with certain disclosed embodiments;

[0038] FIG. 12a graphically illustrates an example
extracted impedance of an input impedance of a diode recti-
fier, consistent with certain disclosed embodiments;

[0039] FIG. 126 graphically illustrates an example
extracted impedance of an input impedance of a diode recti-
fier, consistent with certain disclosed embodiments;

[0040] FIG. 12¢ graphically illustrates an example
extracted impedance of an input impedance of a diode recti-
fier, consistent with certain disclosed embodiments; and
[0041] FIG. 12d graphically illustrates an example
extracted impedance of an input impedance of a diode recti-
fier, consistent with certain disclosed embodiments.

DETAILED DESCRIPTION

[0042] Embodiments of the systems and methods
described herein enable the extraction of data related to elec-
tric power system impedances. Stability of an electric power
system can be assessed by frequency domain analysis of the
“minor loop gain” transfer function, which is defined as the
7.7, impedance ratio, where Z is the source impedance and
7, istheload impedance at interfaces where the source(s) and
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load(s) are connected. The power system may be energized
(online) and operating at various loading levels ranging from
no-load to full-load. Embodiments of the present invention
may use a chirp signal when injecting perturbations to per-
form impedance measurements at alternating current (AC)
power system interfaces. In some aspects, use of a wide band
linear chirp signal can significantly reduce measurement time
by injecting all frequencies of interest at the same time.
Because frequency drift during the impedance measurement
strongly affects accuracy, this may result in the advantage of
improved measurement accuracy.

[0043] The following detailed description refers to the
accompanying drawings. Wherever possible, the same refer-
ence numbers will be used throughout the drawings and the
following description to refer to the same or like parts. While
several exemplary embodiments and features are described
herein, modifications, adaptations, and other implementa-
tions are possible, without departing from the spirit and scope
of the disclosure. For example, substitutions, additions or
modifications may be made to the components illustrated in
the drawings, and the exemplary methods described herein
may be modified by substituting, reordering or adding steps to
the disclosed methods. Accordingly, the following detailed
description is not intended to limit the disclosure to any
specific embodiments or examples.

[0044] FIG. 1 schematically illustrates an example three-
phase AC system in dq coordinates, consistent with certain
disclosed embodiments. As shown in FIG. 1, a three-phase
balanced and symmetrical system 100 in abc coordinates can
be mapped into a stationary system with a constant steady-
state operating condition by applying the dq transformation.
That is, by applying the dq transformation, a common three-
phase AC system receiving shunt current injections can be
expressed using an equivalent representation, such as the
representation shown by the solid parts of FIG. 1.

[0045] Generally, a shunt is a device that allows electric
current to pass around another point in the circuit by creating
alow resistance path. In some embodiments, the shunt device
may be achieved by placing a resistor, having a known resis-
tance value, in series with the load. The voltage drop across
the shunt is proportional to the current flowing through it,
which can be calculated because the resistance value is
known.

[0046] Further, as reflected in FIG. 1, the AC voltages and
currents in abc coordinates may be transformed into direct
current (DC) components in dq coordinates. In some embodi-
ments, the AC voltages and currents collected or sensed at the
interface may be transformed into constant values in the syn-
chronous coordinates at the steady-state. The small signal
impedance can be obtained by linearizing the system around
the operating point. In FIG. 1, the dotted lines represent a
disturbance to the system. The disturbance may be, for
example, a perturbation.

[0047] Asshown in Equation (1), the small-signal interface
voltages and currents are related by the impedances.

Equation (1)
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[0048] where Zg,,(s) is a source impedance matrix;
[0049] Z,,(s) is a load impedance matrix;
[0050] Vv ,(s) is a d-axis voltage perturbation;
[0051] v, (s) is a g-axis voltage perturbation;
[0052] 1 s)is a d-axis source current perturbation;
[0053] i (s) is a g-axis source current perturbation;
[0054] 1, (s) is a d-axis source current perturbation;
[0055] 1, (s)is a g-axis source current perturbation; and
[0056] s is the Laplace parameter.

[0057] FIG. 2 schematically illustrates an example repre-

sentation 200 of a system response to a disturbance, consis-
tent with certain disclosed embodiments. That is, when a
disturbance is introduced to a system, such as the currents
illustrated by the dashed lines in FIG. 1, the response can be
expressed as shown in the example block diagram of FIG. 2.
In some embodiments, the disturbance introduced to the sys-
tem may be a perturbation, and may be introduced for the
purpose of measuring a system response. In the example
diagram of FIG. 2, the tildes denote the small signal compo-
nent of the voltages (i.e., v) and currents (i.e., 1) of FIG. 1.
[0058] The impedances extracted based on the system
response to disturbances, such as the example disturbances
reflected in FIG. 2, can be represented by 2x2 matrices, such
as that of Equation (2).

Zsaa(s)  Zsaq(s) } Equation (2)

Zsqd(S)  Zsqq(s)
Zraa(S)  Zpaq(s) }
Z1d(S) Zigg(s)

Zsaq(s) = [

Z1g(s) = [

[0059] where Zg,,(s) is a source impedance matrix;
[0060] Z,(s)is a dd element of source impedance;
[0061] Z,(s)is a dq element of source impedance;
[0062] Z,(s)is a qd element of source impedance;
[0063] Z,(s)is a qq element of source impedance;
[0064] Z,,(s) is a load impedance matrix;
[0065] Z,,/s)is a dd element of load impedance;
[0066] Z,,(s)is a dq element of load impedance;
[0067] Z,,s)is a qd element of load impedance; and
[0068] Z,,,(s)is a qq element of load impedance.
[0069] FIG. 3 presents an exemplary flow chart illustrating

a method 300 of injecting one or more disturbances into a
power system, and determining source and load impedance
values in response to those disturbances, consistent with cer-
tain disclosed embodiments. As used herein, a disturbance
introduced into the power system may be a perturbation, such
as a series injection signal.

[0070] In the method 300, a perturbation may be injected
into an electrical power system at 305. The electrical power
system may be an alternating current (AC) electrical power
system. In embodiments, the perturbation may be a series
injection signal, such as a chirp signal or a wide-band linear
chirp signal. A chirp signal is a signal in which the frequency
increases or decreases with time. The term chirp is often used
interchangeably with sweep signal or swept-sine signal.
Chirp signals may include, for example, linear chirp signals,
sinusoidal linear chirp signals, and exponential chirp signals.
For linear chirp signals, the instantaneous frequency, which is
the derivative of the signal phase, may change linearly as a
function of time. Equation (3), shown below, is a time-domain
function for a sinusoidal linear chirp signal, consistent with
certain disclosed embodiments.
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Equation (3)

Ao

x(1) = sin(Zﬂ(fo + T

[0071] where {, is a start frequency;
[0072] {1 is an end frequency;
[0073] T is a duration of the chirp signal; and
[0074] tisatime.
[0075] In the time domain, the instantaneous frequency

may be described by Equation (4) below. The instantaneous
frequency may be accompanied by additional frequencies,
referred to as harmonics. Generally, a harmonic frequency of
a wave is a component frequency of the signal that is an
integer multiple of the fundamental frequency. For example,
if the fundamental frequency is f, then the harmonics have
frequencies of 2f, 31, 41, etc. Harmonics exist as a fundamen-
tal consequence of frequency modulation. Frequency modu-
lation is the encoding of information in a carrier wave by
varying the instantaneous frequency of the wave.

fi-Jfo
T

FO= o+ Equation (4)

[0076] FIGS. 4a and 45 are graphs illustrating different
aspects of an example linear chirp signal, consistent with
certain disclosed embodiments. FI1G. 4a is a graph 400« illus-
trating a waveform of the example linear chirp signal, and
FIG. 454 is a graph 4005 illustrating a waveform of a Discrete
Fourier Transform (DFT) spectrum of the example linear
chirp signal of FIG. 4a. In the examples of FIGS. 4a and 45,
the frequency of a chirp signal having a magnitude between
-1 and +1 is illustrated as increasing linearly from 0 Hz to 100
Hz in one second.

[0077] As illustrated in FIGS. 4a and 4b, a linear chirp
signal may have a lower crest factor. A crest factor is a mea-
sure of a waveform, such as alternating current, that shows the
ratio of peak values to the average value. In other words, the
crest factor provides an indication of how extreme the peaks
are in a waveform. Because of the chirp signal’s low crest
factor, the peak, or maximum, power of the injection circuit
can be designed to be smaller. As a result of the lower peak
injection power, the operating point of the system to be mea-
sured may suffer from less system disturbance. Compared to
a load step injection, a chirp signal may have a constant
spectrum on the frequency range of interest instead of being
attenuated when frequency increases. Thus, in order to obtain
a clean measurement for a load step, a load step of 20% of the
converter full rating and nearly 100% of the operating point
may be necessary to be applied to the converter under test.

[0078] FIGS. 4¢ and 4d are graphs corresponding to an
example band-limited white noise signal. FIG. 4¢ is a graph
400c¢ illustrating a waveform of the example band-limited
white noise signal, and FIG. 4d is a graph 4004 illustrating a
waveform of a DFT spectrum of the example band-limited
white noise signal of FIG. 4¢. A white noise is a random
signal with a flat or constant power spectral density. That is, a
white noise is a signal that contains equal power within any
frequency band with a fixed width. A band-limited white
noise signal may have similar spectrum properties as a chirp
signal; however, the white noise signal may require a higher
peak injection power. Thus, as shown in FIGS. 4¢ and 44, the
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peak injection power of the band-limited white noise signal
may be more than twice that of the peak injection power of a
sample linear chirp signal.

[0079] FIGS. 5a through 5/ are graphs illustrating wave-
forms of example time-domain baseline signals, and corre-
sponding graphs illustrating example waveforms of DFT
spectrums of the example time-domain baseline signals. That
is, FIGS. 5a through 5/ compare several approaches for tun-
ing a waveform to improve the signal to noise ratio (SNR).
Typically, background noise may exist in any practical mea-
surement setup. Because a chirp signal spreads the power
over a wide frequency range, the signal’s power density is
increased and it may be more susceptible to the noise.
[0080] FIGS. 54 and 55 illustrate the respective time-do-
main waveform and spectrum of a base line signal. The base-
line signal used by FIGS. 5a and 55 is achieve by taking the
sample signal of FIG. 4a and additing —-6.6 dBW white noise,
which may be calculated by applying the signal on one ohm
resistor. The baseline signal utilized by the graphs of FIGS. 5a
and 56 may be used as the baseline signal for the comparisons
illustrated in FIGS. 5¢-5h

[0081] FIGS. 5¢ and 5d illustrate the effect of a first method
to increase the SNR. As shown in FIGS. 5¢ and 54, the first
method may include reducing the frequency span, which can
increase the signal power density. FIG. 5¢ shows a chirp
signal covering only direct current (DC) to 50 Hz with a same
level of the noise added. As illustrated in the spectrum graph
of FIG. 5d, the corresponding signal level may be increased
by approximately 3 dB.

[0082] FIGS. 5¢ and 5f illustrate the effect of a second
method to increase the SNR, which may include measuring
for a longer time and taking an average of the data. As shown
in FIG. 5e, a chirp signal may be extended to last, for example,
four seconds, and then cut into four equal segments. The DFT
of'each ofthe four equal segments may be determined, and the
average of the four DFT results may be calculated, as illus-
trated in the spectrum graph of FIG. 5f. Although the noise
level is lowered, the signal level may be decreased by the
same level and, in some aspects, no improvement of SNR may
be gained because the four parts cut from a chirp signal are not
correlated to each other. Thus, to create the correlation, the
chirp signal may be repeated instead of extended.

[0083] FIGS. 5¢ and 5/ illustrate the effect of a third
method to increase the SNR, which may include repeating the
sample signal four times. In FIG. 5g, the sample signal is
repeated four times. The DFT of each of the four sample
signals may be calculated, and the average of the four DFT
results may be calculated, as illustrated in the spectrum graph
of FIG. 5/. In this aspect, as shown in FIG. 5/, the noise level
may be lowered by about 6 dB while maintaining a signal
level having the same magnitude as that of FIG. 5a. Both
approaches, i.e., limiting bandwidth and frequency domain
averaging, may be used in the embodiments disclosed herein.
[0084] Due to the possible asynchronous sampling of the
signal, an averaging method may be used for data processing
instead of a direct average of the spectra. In other words, a
frequency domain average method may enhance the SNR and
thereby improve measurement accuracy. This aspect may
involve windowing and overlapping when cutting and calcu-
lating the spectra, which may alleviate the leakage effect
caused by asynchronous sampling.

[0085] Returning to the method 300 of FIG. 3, circuit
responses at the AC interfaces may be collected at 310. Cir-
cuit responses may include Z, the source impedance, and 7,
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the load impedance. In some embodiments, Zsand 7, may be
measured at interfaces where the source(s) and load(s) are
connected.

[0086] A determination as to whether additional perturba-
tions are to be injected may be made at 315. In some embodi-
ments, only a single perturbation may be used, while in other
embodiments, two perturbations may be used. If the system is
held in a steady-state, more than two perturbations may be
used to improve measurement accuracy. In some embodi-
ments, a system for carrying out the method 300 may be
configured to determine whether additional perturbations are
to be performed. This determination may be based on system
measurements or by accessing a memory location and retriev-
ing a parameter that defines a number of desired perturba-
tions. The parameter may be set, for example, via a user
interface associated with the system. The memory location
may include any suitable type of memory, such as, for
example, RAM, ROM, programmable read-only memory
(PROM), erasable programmable read-only memory
(EPROM), electrically erasable programmable read-only
memory (EEPROM), magnetic disks, optical disks, floppy
disks, hard disks, removable cartridges, flash drives, any type
of tangible and non-transitory storage medium. The system
may make the determination using a computer processor
executing computer program instructions, and the computer
program instructions may also be stored in a memory associ-
ated with the system and/or computer processor.

[0087] If the system determines that additional perturba-
tions are desired (315, Yes), one or more additional perturba-
tions may be injected into the system (305) and the responses
collected (310), as discussed above. When no additional per-
turbations are to be injected (315, No), the collected voltage
and current responses may be transferred from the abe coor-
dinate domain to the dq coordinate domain using a phase
obtained by a Phase-Locked Loop (PLL) operating in real-
time during the response acquisition (320). After the coordi-
nate transformation from the abe coordinate domain to the dq
coordinate domain, a Discrete Fourier Transform (DFT) may
be used to obtain the spectra of the voltages and currents
(325).

[0088] In one example of the systems and methods for
extracting system impedances from a physical system, small
disturbances may be injected into the system. The small dis-
turbances may be signal injections, such as, for example,
shunt injection signals, chirp injection signals, series injec-
tion signals, etc. The circuit responses at the AC interface may
be collected through, for example, one or more sensors and
then used to calculate the impedances. As shown above in
Equations (1) and (2), two independent perturbations may be
used to derive four scalar impedances of the matrix. In certain
embodiments, it may be assumed that the system is held at the
same state during the two perturbations, which implies that
impedance matrices do not change during the measurement.

[0089] Referring to the shunt current injection illustrated in
FIG. 1, a first perturbation may be created by injecting only
current i, while setting i, to zero. In this example, i, is the
d-axis perturbation or injection signal and i,, is the g-axis
perturbation or injection signal. The response to the first
perturbation—or the d-axis injection—can be measured to
obtain Equation (5).
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Equation (5)

Va1(s)
=Zsay(s)

Isai(s) }

Vg1 (s) Tsq1(s)
[ Va1(s) } [7&11(5) }
. =Z1aq(s)|
Vg (s) irq1(s)
[0090] where Zg,,(s) is a source impedance matrix;
[0091] Z,,(s)is a load impedance matrix;
[0092] v, (s) is a first perturbation in d-axis voltage;
[0093] V,,(s) is a first perturbation in g-axis voltage;
[0094] 1, (s) is a first perturbation in d-axis source cur-
rent;
[0095] 1, (s) is afirst perturbation in g-axis source cur-
rent;
[0096] 1, ,,(s) is a first perturbation in d-axis load cur-
rent; and

[0097] 1,,,(s)isafirst perturbation in q-axis load current.

[0098] A second perturbation may be achieved by injecting
only current i, while setting i,, to zero. The response to the
second perturbation—or the g-axis injection—can be mea-
sured to obtain Equation (6).

Equation (6)

Va2(s)
=Zsay(s)

Isa(s) }

Vaa(s) Tsq2 ()
[ Vaa(s) } [7&12(5) }
. =Z1aq(s)|
Vg2 (s) Trg2(s)
[0099] where Zg,,(s) is a source impedance matrix;
[0100] Z,,(s) is a load impedance matrix;
[0101] v,5(s) is a second perturbation in d-axis voltage;
[0102] v,.(s) is a second perturbation in g-axis voltage;
[0103] 1,(s) is a second perturbation in d-axis source
current;
[0104] 1,,,(s) is a second perturbation in q-axis source
current;
[0105] 1, ,,(s) is a second perturbation in d-axis load

current; and

[0106] 1, ,,(s) is a second perturbation in g-axis load
current.

[0107] As shown below, Equation (7) may be obtained by
combining Equation (5) and Equation (6) to generate a trans-
fer function. That is, combining Equations (5) and (6) from
the separate perturbation signals on the d channel and q chan-
nel may form a two-by-two matrix, which cannot be obtained
by a single physical perturbation.

[%(S) de(S)} [7Sd1(5) 7Sd2(5)} Equation (7)
= Zsag(s

Va1 (s)  Vgals) Isq1(8) Tsqa(s)

[%(S) de(S)} [7&11(5) 7Ld2(5)}
=Zrdq(s

Vg1(s) Vgals) Ir1(8) Trp(s)

[0108] From Equation (7), the impedance matrices can be
solved as shown in Equation (8) below.
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Pars) Taa®) || Fsar(s) Tsano)] ! Equation (8)
Zsgq(s) = [ - - } . .
Va1(s) Vga(s) || Tgp1(s) Tspals)
ORI EMORO N
Zigg(s) = _ - . .
Va1(8) Vq2($) 1| Trg1(s) Trga(s)
[0109] Inaddition, one or more additional frequency points

of interest may be identified and the impedance calculations
of Equation (8) may be repeated at each of the identified
frequency points of interest. In such embodiments, the volt-
age and current vectors may be acquired by frequency sweep
or by applying an FFT on wide bandwidth signal responses.
Generally, the term “frequency sweep” refers to the scanning
of a frequency band to detect transmitted signals. A Fourier
transform is used to convert time or space to frequency and
vice versa. An FFT is an algorithm that may be used to
compute the DFT and its inverse.

[0110] Insomeembodiments, alinear chirp injection signal
may cause the perturbation power to be spread over a wide
frequency range, causing it to be more susceptible to back-
ground noise in the system. As a result, the impedance results
may be noisier than the ones obtained by a sinusoidal excita-
tion. Influence from uncorrelated noise may be reduced by
taking into account the perturbation signal using, for
example, a cross-correlation method. In such embodiments,
instead of the spectra of the response signals, the transfer
functions from the perturbation signal to the response signals
may be used in the impedance calculation. Equation (9)
describes a generic linear time-invariant discrete-time system
in which v(k) defines the noise signal.

o0, Equation (9)
Y = Y hkoun k) + vin)

k=1

[0111] where y(n) is the output signal;
[0112] kis k™ sample index;

[0113] h(k) is a system impulse response;
[0114] wuis an input signal;

[0115] nis an n™ sample index; and
[0116] v(n) is an uncorrelated noise signal.

[0117] In certain embodiments, the method may calculate
the cross-correlation between input and output signals. Equa-
tion (10) illustrates an example result.

Equation (10)

Ry(m) = > ulm)y(n+m)

B Ry (m — 1) + Ry (m)

g gk

~
Il

1

[0118] where R, (m) is a cross-correlation between
input u and output y;

[0119] m is an m” sample index;

[0120] wuis an input signal;

[0121] u(n) is an n™ input sample;

[0122] Yy is an output signal;

[0123] y(n+m) is an (n+m)” output sample;
[0124] h(n) is an impulse response;
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[0125] R,,(m-n) is an auto-correlation of the input sig-
nal at the (m-n)” sample;

[0126] R, (m) is a cross-correlation between input sig-
nal and noise, which is zero;

[0127] kis an index for the k? sample; and
[0128] nis an index for the n? sample.
[0129] In some frameworks, the input signal may be

selected such that R, (m)=8(m), where d(m) is an impulse
function. In such frameworks, the transfer function H(jw) of
a uy cross-correlation to a uu auto-correlation may be calcu-
lated by applying a DFT to R, (m).

[0130] For alinear chirp injection signal, however, the Ruu
(m) is not equal to d(m). Thus the transfer function may be
calculated by Equation (11) below. In Equation (11), DFT(x)
may refers to the application of DFT on signal x.

B DFT (R,,(m))
" DFT (Ru(m))

i Equation (11)
H(jw)

[0131] where H(jw) is a transfer function of a uy cross-
correlation to a uu is an auto-correlation;
[0132] jis a square root of —1;

[0133] o is a frequency in rad/sec;

[0134] R, isa cross-correlation for input uand output y;

[0135] R, (m)isan m? sample in the auto-correlation of
uandy;

[0136] R,,, is an auto-correlation for input signal u;

[0137] R, (m)isan m™ sample in the autocorrelation for
signal u; and

[0138] m is an m™ sample index.
[0139] FIG. 6is a block diagram that illustrates an example
representation 600 of a system response to disturbance. The
example system block diagram of FIG. 6 may be used to
create single-input-single-output (SISO) transfer functions
that can be solved from the data of one perturbation on the
three-phase AC power system. As illustrated in FIG. 6, G,
(s) may be the transfer function of an infection circuit. In the
embodiment illustrated in FIG. 6, the perturbations on the d
channel and the q channel are no longer considered indepen-
dent of one another, but may be generated from a single
virtual perturbation signal through the transfer function
matrix G, (s). As used herein, a transfer function matrix may
be used to calculate virtual perturbations in the dq coordinate
system based on a single physical perturbation in the abc
coordinate system. Equation (12) shows an equation for gen-
erating a single virtual perturbation signal through the trans-
fer function matrix G,,(s).

Ginja(s) } Equation (12)

Gipils) = [ Gogals)

where G,

inj

[0140]
matrix;
[0141] G,

(s) is an injection transfer function

(s) is a d-axis injection transfer function; and
[0142] G, (s) is a g-axis injection transfer function.
[0143] To generate two independent perturbations in the dq
coordinate system based on a single physical perturbation in
the abc coordinate system, i,,(s) may be kept the same for the
two perturbations and two transfer function matrices G, (s)
may beused. Here, 1,(s) is a perturbation in the source current.

injd'
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In certain embodiments, the two transfer function matrices
G,,,,(s) may be different, as shown in Equation (13).

G (714,811, G,n(s)=[4,B5]" Equation (13)

[0144] where G,,;,(s) is a first injection transfer function
matrix;

[0145] G, »(s) is a second injection transfer function
matrix;

[0146] G, is a first transfer function;

[0147] G, is a second transfer function;

[0148] A, is afirst element in the transfer function G, ;

[0149] A, is afirst element in the transfer function G,,;»;

[0150] B, is a second element in the transfer function
Gin'l;

[0151] B, is a second element in the transfer function
G2 and

[0152] T is the transpose symbol.

[0153] In Equation (13), matrices [A, B,]% and [A, B,]”

may be two independent and constant vectors. In this way,
when a chirp signal is applied as a virtual perturbation in the
abc coordinate system, the perturbations on both the d chan-
nel and the q channel in the dq coordinate system may also be
chirp signals. That is, the system may become a Single Input
Multiple Output (SIMO) system, whereby with only one
excitation at the input port, all the desired transfer functions
may be found.

[0154] Referring again to FIG. 6, the transfer functions
from the input to the voltages and the transfer functions from
the input to the currents may be linked by the system imped-
ances, as shown below in Equation (14).

P4(5) Tsa(s) Equation (14)
Tpls) Tp(s)
=Z
745 5dq(5) o)
ip(s) T(s)
V4(s) 14(s)
Tpls) Tpls)
=Z14(5)| .,
O B
ip(s) To(s)

[0155] In some embodiments, transfer function vectors
from two perturbations in the dq coordinate system may be
used to calculate the impedance matrices, as shown below in
Equation (15).

Tai(s) o) || Fsarls) Psamals) | Equation (15)
;p (s) ;p (s) ;p (s) ;p (s)
z =
D= ) Tl || T Psals)
Bp(s) T B(s) I
Far(s) Va2 |[ Frar(s) Frals) T
) 1,08 IR AG)
Zqu (S) - ~p ~p N P 5 P
Var(s)  Vg2(8) || Vrgr(s)  Vrgals)
7;7(5) 7;7(5) 7p(s) 7p(s)
[0156] FIG. 7 schematically illustrates an example repre-

sentation of a simulation circuit 700, consistent with certain
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disclosed embodiments. As shown in FIG. 7, a three-phase
fixed-frequency voltage source may feed a three-phase R-L.
load through small resistors and inductors representing the
bus impedances. In the embodiment of FIG. 7, the voltage
source may operate at 60 Hz. In this embodiment, the pertur-
bation may be generated using ideal controlled voltage
sources instead of the current sources illustrated in FIG. 1.
The voltage sources may allow for improved high-impedance
load-side measurement, which is the measurement target in
this simulation. In certain embodiments, the circuit param-
eters may be set to the values disclosed below in Table 1.

TABLE I

Simulation Circuit Parameters

Parameter Value
Source Voltages (rms per phase) 266V
Source Resistance 0.01Q
Source Inductance 10 pH
Load Resistance 7Q
Load Inductance 460 uH
Peak Injection Voltage (per phase) 4V
Measurement Frequency Range 1 Hz-1 kHz
[0157] FIGS. 8a-8d4 graphically illustrate example

extracted impedances corresponding to a chirp injection sig-
nal, consistent with certain disclosed embodiments. In FIGS.
8a-8d, white noises with —20 dB/Hz power spectra density
may be added to the three-phase source, producing a voltage
signal SNR of approximately 0 dB. The examples of FIGS.
8a-8d represent the extracted impedances of the Z , , terms for
four different impedance extraction procedures.

[0158] In FIG. 8a, a single chirp is injected for the entire
frequency range, and a DFT-based spectrum calculation is
used to determine the extracted impedance. In FIG. 85, a
single chirp is injected for the entire frequency range, and a
correlation method is used to determine the extracted imped-
ance. In FIG. 8¢, the frequency range is split into ten equal
segments and a single chirp is injection for each segment. In
FIG. 8¢, a correlation method is used to determine the
extracted impedance. In FIG. 84, the frequency range is split
into ten equal segments and ten chirp signals are injection for
each segment. In FIG. 84, a correlation method and average
technique are used to determine the extracted impedance. As
reflected in FIGS. 84-84, frequency range split and frequency
domain average techniques further reduce the noise in the
results. Thus, in embodiments in which all the techniques are
applied, good result are achieved even with 0 dB SNR.

[0159] FIGS. 9a and 95 illustrate example impedance mea-
surement components. FIG. 94 is a block diagram illustrating
an example impedance measurement system 900a, consistent
with certain disclosed embodiments. FIG. 951s an example of
an impedance measurement unit (IMU) 9005, consistent with
certain disclosed embodiments. In some embodiments, IMU
9005 illustrated in FIG. 95 may be used in connection with the
impedance measurement system illustrated in FIG. 9a. In
FIG. 95, IMU 9005 may be configured to use a three-phase
Voltage Source Inverter (VSI) to create perturbations and a
PXI computer to acquire the response. As understood by one
of'ordinary skill in the art, a PXI computer is a PCI eXtensions
for Instrumentation platform. The data captured by the PXI
computer of FIG. 95 may be stored and post-processed by a
host computer. In some embodiments, the host computer may
be connected remotely to the IMU.
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[0160] Insomeembodiments, IMU 9005 of FIG. 95 may be
configured to perform three primary tasks. The first task,
which may be implemented using an injection circuit, may
include setting and creating current and/or voltage perturba-
tions in the system. This task may implemented by, for
example, connecting the VSI into the system either in series,
if voltage is injected, or in shunt, if current is injected. The
second task, which may be implemented using a collection
circuit, may include measuring the responses at the interface.
For example, sensors at the interface may convert the
responses into low-level analog signals. The low-level analog
signal may be first processed by analog circuits then con-
verted into digital signals by the PXI computer. The signals
may then transferred from abc coordinates into dq coordi-
nates using the phase information provided by the Phase
Locked Loop (PLL) running real time in the PXI computer.
The third task, which may be implemented by a control cir-
cuit, may include calculating the impedance matrix, as dis-
cussed above in connection with Equations (4), (5), (6), and
(7). In some embodiments, the third task may be performed
on a host computer, which may be configured to collect digital
signals from the PXI computer. The host computer may also
perform several auxiliary tasks, such as controlling the mea-
surement control unit and interacting with the user. In certain
embodiments, the host computer may run the measurement
control unit and the user interface unit may be connected
remotely through a high-speed wired connection, such as, for
example, Ethernet, or wireless connection, such as, for
example, Wi-Fi, Bluetooth, etc.

[0161] The injection circuit, collection circuit, and control
unit of IMU 90054 illustrated in FIG. 95 may each include one
or more of the following components: at least one central
processing unit (CPU) configured to execute computer pro-
gram instructions to perform various processes and methods,
random access memory (RAM) and read only memory
(ROM) configured to access and store data and information
and computer program instructions, I/O devices configured to
provide input and/or output to the IMU (e.g., keyboard,
mouse, display, speakers, printers, modems, network cards,
etc.), and storage media or other suitable type of memory
(e.g., such as, for example, RAM, ROM, programmable read-
only memory (PROM), erasable programmable read-only
memory (EPROM), electrically erasable programmable
read-only memory (EEPROM), magnetic disks, optical disks,
floppy disks, hard disks, removable cartridges, flash drives,
any type of tangible and non-transitory storage medium),
where the files that comprise an operating system, application
programs including, for example, web browser application,
email application and/or other applications, and data files are
stored.

[0162] In addition, IMU 9005 can include antennas, net-
work interfaces that provide wireless and/or wire line digital
and/or analog interface to one or more networks, a power
source that provides an appropriate alternating current (AC)
or direct current (DC) to power one or more components of
IMU 9005, and a bus that allows communication among the
various disclosed components of IMU 90056 of FIG. 96. Each
of these components is well-known in the art and will not be
discussed further.

[0163] Although not shown, IMU 90056 can also include
one or more mechanisms and/or devices by which IMU 9005
can perform the methods as described herein. For example,
IMU 90054 can include one or more encoders, one or more
decoders, one or more interleavers, one or more circular buff-
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ers, one or more multiplexers, one or more de-multiplexers,
one or more permuters, one or more decryption units, one or
more demodulation units, one or more arithmetic logic units
and/or their constituent parts, etc. These mechanisms and/or
devices can include any combination of hardware and/or soft-
ware components and can be included, in whole or in part, in
any of the components shown in FIG. 94.

[0164] Inone ormoreexemplary designs of IMU 9005, the
functions described can be implemented in hardware, soft-
ware, firmware, or any combination thereof. If implemented
in software, the functions can be stored as one or more
instructions or code on computer-readable medium, includ-
ing the computer-readable medium described above (e.g.,
RAM, ROM, and storage media).

[0165] FIG. 10 schematically illustrates an example injec-
tion circuit 1000, consistent with certain disclosed embodi-
ments. To inject the voltage disturbances, such as the voltage
disturbances reflected in FIG. 7, the output of the VSI in the
IMU is isolated by three transformers 1010, such as, for
example, transformer 1010q, transformer 10105, and trans-
former 1010c¢, as shown in FIG. 10. The VSI controller may
be configured to run in an open-loop.

[0166] InFIG.10,theoutput may be filtered by an L-C filter
stage, such as, for example, L-C filter stage 1020, and then
planed in series through transformers 1010. A DC voltage
controller such as, for example, DC voltage controller 1030,
having a very low control bandwidth may supply the con-
verter from the system to be measured. Since no active power
is injected into the system, the energy consumption of the
converter is only the loss of the circuit. Therefore, the oper-
ating point of the system is not affected by the injection
circuit.

[0167] Inembodiments, the bandwidth of one injection ofa
chirp signal may be limited to enhance the SNR. For example,
one group of chirp signal injections may be set to measure the
frequency range between two adjacent harmonics of the sys-
tem fundamental frequency, where the frequency range is
selected to skip the harmonic frequencies. Although the lim-
iting bandwidth and the average technique may produce good
measurement at most frequency points, the power at some of
the system harmonic frequencies may be large compared to
the injection signal level. Thus, it may not be possible to
obtain a high SNR at these points while keeping the system at
the same operating point. Therefore, in some embodiments,
the harmonic frequencies and the adjacent frequency ranges
may be skipped. Because impedances of a system are consid-
ered to not change rapidly over the frequency range, interpo-
lation from the measured points can be used when the imped-
ances at the skipped frequencies are desired.

[0168] FIGS. 11a-11d graphically illustrate example
extracted impedances of a three-phase R-L load, consistent
with certain disclosed embodiments. That is, FIGS. 11a-11d
illustrate a simulation setup used to verify the performance of
disclosed embodiments. In FIGS. 11a-11d, the source-side
impedances may be different from simulation source-side
impedances, since they come from the internal impedance of
a power supply and parasitic values of the wires. The load
bank is specified as the values used in the simulation circuit.
InFIGS. 11a-11d the graphed solid lines represent a proposed
approach, whereas the circles represent a phase-by-phase
offline measurement of the impedance of the load bank, as
points of comparison. The obtained impedances are trans-
ferred into the dq coordinate system to allow for comparison
with other measured results.
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[0169] FIGS. 12a-12d graphically illustrate example
extracted impedances of an input impedance of a diode rec-
tifier, consistent with certain disclosed embodiments. In
FIGS. 12a-12d, anonlinear load is applied and a diode bridge
is measured. The obtained measurement results of FIGS.
12a-12d are compared with impedances extracted from a
switching model using a sinusoidal injection AC sweep algo-
rithm.

[0170] As reflected in the disclosed embodiments, a chirp
signal may be used as an excitation signal in three-phase AC
impedance measurements in synchronous coordinates. As a
wide bandwidth signal, the chirp signal measures the imped-
ances at all frequencies of interest at once to reduce possible
system state change during measurement. Compared to other
wide bandwidth signals, the chirp signal has a flat, band
width, controlled spectrum and a low crest factor. The various
embodiments of the disclosed system and methods signifi-
cantly reduce the measurement time and improve measure-
ment accuracy.

[0171] The disclosed embodiments include systems and
methods for extracting electric power system impedances
while the power system is energized (online) and operating at
various loading levels ranging from no-load to full-load. Spe-
cifically, the disclosed embodiments include the use of a chirp
signal when injecting perturbations to perform impedance
measurements at Alternating Current (AC) power system
interfaces. The use a chirp signal and, in one example, a wide
band linear chirp signal, for perturbation injection takes
advantage of much shorter measuring times which results in
increased measurement accuracy. The use of a wide band
linear chirp signal significantly reduces the measurement
time by injecting all frequencies of interest at the same time.
This results in the advantage of improved measurement accu-
racy since frequency drift during the impedance measure-
ment strongly affects accuracy. In contrast, the frequency
sweep Fast Fourier Transform (FFT) and load step methods
take significantly longer time and may not be practical in
systems where the operating point cannot be maintained for a
sufficient length of time.

[0172] The identification and subsequent measurement of
source and load impedances are useful tools for assessing and
evaluating stability of electrical power systems. Stability can
be assessed by frequency domain analysis of the “minor loop
gain” transfer function, which is defined as the Z /7, imped-
ance ratio. In order to measure source and load impedance at
an AC electrical system interface, a perturbation is injected in
the direct and quadrature (dq) reference frame. The voltage
and current response to the perturbation are then measured.
This measured data is post processed to obtain the spectra of
the voltages and currents which are then used to calculate Z
and Z,.

[0173] While the foregoing written description of the
invention enables one of ordinary skill to make and use what
is considered presently to be the best mode thereof, those of
ordinary skill will understand and appreciate the existence of
variations, combinations, and equivalents of particular dis-
closed embodiments, systems, methods. The invention
should therefore not be limited by the described embodi-
ments, but by all embodiments and methods within the scope
and spirit of the invention.

What is claimed is:

1. A method of impedance measurement for a three-phase
alternating current (AC) system, comprising:
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injecting at least one chirp signal into the three-phase AC

system,

collecting at least one response to the at least one chirp

signal;

transferring the at least one response from abc coordinates

to dq coordinates; and

calculating at least one impedance of the three-phase AC

system based on the at least one response to the at least
one chirp signal.

2. The method of claim 1, wherein the at least one chirp
signal includes one of the set consisting of a d-axis chirp
signal and a q-axis chirp signal.

3. The method of claim 1, wherein the at least one chirp
signal includes a d-axis chirp signal and a g-axis chirp signal.

4. The method of claim 3, wherein at least one of the d-axis
chirp signal and the g-axis chirp signal is of the form:

h—fo [)[)’

x(1) = sin(Zﬂ(fo + T

where f, is a start frequency, {] is an end frequency, T is a
duration of at least one of the d-axis chirp signal and the
g-axis chirp signal, and t is a time.

5. The method of claim 1, wherein the action of transferring
the at least one response from abc coordinates to dq coordi-
nates comprises:

transforming an AC voltage response to direct current (DC)
voltage components; and

transforming an AC current response to DC current com-
ponents.

6. The method of claim 1, wherein the action of calculating

the impedances of the three-phase AC system comprises:
identifying frequency points of interest; and

calculating impedance at each frequency point of interest.

7. A method of claim 1, further comprising:

generating a virtual perturbation signal through an injec-
tion transfer function matrix; and

collecting a response to the virtual perturbation signal,
wherein the action of calculating at least one impedance
includes calculating an impedance based on the response to
the virtual perturbation signal and the at least one response to
the at least one chirp signal.

8. The method of claim 7, wherein the action of generating
a virtual perturbation signal through an injection transfer
function matrix comprises:

generating the virtual perturbation signal using the equa-
tion

c _ Ginja(5)
ini (S) = Goials) |

where G,,,(s) is the injection transfer function matrix, G,
(s) is a d-axis injection transfer function, and G, (s) is
a q-axis injection transfer function.
9. The method of claim 8, wherein the action of generating
a virtual perturbation signal through an injection transfer
function matrix comprises:
generating two independent perturbation signals using the

equations
Ginjl(s):[A Bi1] T Ginj2 (s)=[4255] Ta

where G,,;,(s) is a first injection transfer function matrix,
G,,,2(s) is a second injection transfer function matrix,
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G, 18 a first transfer function, G,,,, is a second transfer
function, A, is a first element in the transfer function
G,,,11, A, is a first element in the transfer function G,

injls inj2s
B, 1s a second element in the transfer function G, B,
is a second element in the transfer function G, ., and T

inj2s
is a transpose symbol. Y

10. The method of claim 9, wherein matrices [A, B,]" and
[A, B,]” are vectors.

11. The method of claim 10, wherein the matrices [A, B, ]
and [A, B,]” are independent and constant vectors.

12. A system for performing impedance measurement for a
three-phase alternating current (AC) system, comprising:

an injection circuit configured to inject at least one chirp

signal into the three-phase AC system;

a collection circuit configured to collect at least one

response to the at least one chirp signal; and

a control unit configured to transfer the at least one

response from abc coordinates to dq coordinates and to
calculate at least one impedance of the three-phase AC
system based on the at least one response to the at least
one chirp signal.

13. The system of claim 12, wherein the injection circuit is
configured to inject at least one of the set consisting of a
d-axis chirp signal and a g-axis chirp signal into the three-
phase AC system.

14. The system of claim 13, wherein when the injection
circuit is configured to inject a d-axis chirp signal and a g-axis
chirp signal into the three-phase AC system.

15. The system of claim 14, wherein at least one of the
d-axis chirp signal and the g-axis chirp signal is of the form:

fi- fo[)[)’

x(1) = sin(Zﬂ(fo + T

where {, is a start frequency, f, is an end frequency, T is a
duration of at least one of the d-axis chirp signal and the
g-axis chirp signal, and t is a time.

16. The system of claim 12, wherein the control unit is
configured to transform an AC voltage response to direct
currant (DC) voltage components and transform an AC cur-
rent response to DC current components.

17. The system of claim 12, wherein the control unit is
configured to identify frequency points of interest and calcu-
late impedance at each frequency point of interest.

18. The system of claim 12, wherein:

the injection circuit is further configured to generate a
virtual perturbation signal through an injection transfer
function matrix;

the collection circuit is further configured to collect a
response to the virtual perturbation signal; and

the control unit is further configured to calculate an imped-
ance based on the response to the virtual perturbation
signal and the at least one response to the at lease one
chirp signal.

19. The system of claim 18, wherein the injection circuit is

configured to generate the virtual perturbation signal using
the equation

Ginja(5) }

Gipi(s) = [ Cogas)
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where G,,,(s) is the injection transfer function matrix, G,
(s) is a d-axis injection transfer function, and G, (s) is

a q-axis injection transfer function.
20. The system of claim 19, wherein the injection circuit is
configured to generate two independent perturbation signals

using the equations
Ginjl(s):[AlBl]Tx Ginj2(s):[A2B2]T>

where G,,;,(s) is a first injection transfer function matrix,
G,,»(s) 1s a second injection transfer function matrix,
G,y 18 a first transfer function, G,,,» is a second transfer
function, A, is a first element in the transfer function
Gipyy15 A 1s a first element in the transfer function G,
B, is a second element in the transfer function G,
is a second element in the transfer function G, ,,
is a transpose symbol.
21. The system claim 20, wherein matrices [A, B,]* and
[A, B,]” are independent and constant vectors.

inj2s
injls Bz

and T

#* #* #* #* #*



