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1
SYSTEM AND METHOD FOR IMPEDANCE

MEASUREMENTUSING CHIRP SIGNAL

INJECTION

PRIORITY

This application claims the benefit of U.S. Provisional
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

The present disclosure relates generally to systems and

methods for impedance measurementand, moreparticularly,
to systems and methods for impedance measurement using

chirp signal injection.

BACKGROUND

Theidentification 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 measur-
ing the voltage and current response to the perturbation.

Problems arise in conventional impedance measurement

methods, including low signal-to-noise ratio (SNR) and the
presence of background noise, which can prevent accurate

measurement. One conventional method to improve SNRis
to increase the magnitude and powerofthe injected pertur-

bation so that the resulting system voltage and current

responses are larger compared to the background noise.
However,there is a practical limit to increasing the injected

perturbation before it noticeably affects and alters the oper-
ating point of the system being measured. Because ofthis,

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 increasesthe 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 measure-

ment accuracy in conventional impedance measurement
systems.

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.

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

An illustrative aspect of the invention provides a method
of impedance measurement for a three-phase alternating

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

10

20

25

30

35

40

45

50

55

60

2
one response from abc coordinates to dq coordinates. At

least one impedanceis calculated based on the at least one

response to the at least one chirp signal.

Another illustrative aspect of the invention provides a

system for performing impedance measurementfor a three-

phase alternating current (AC) system. The system com-

prises 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 configured to transfer the at least one response from abe

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.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated 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 principles of

the present disclosure. In the drawings:

FIG. 1 schematically illustrates an example three-phase

alternating current (AC) system is dq coordinates, consistent

with certain disclosed embodiments;

FIG. 2 schematically illustrates an example representation

of a system response to disturbance, consistent with certain

disclosed embodiments;

FIG.3 is an exemplary flow chart illustrating a method of

injecting one or moreperturbations and determining source

and load impedance values, consistent with certain disclosed

embodiments;

FIG.4a is a graphillustrating an example waveform of a

chirp signal, consistent with certain disclosed embodiments;

FIG.46 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;

FIG.4c is a graph illustrating an example waveform of a

band-limited white noise signal, consistent with certain

disclosed embodiments;

FIG.4dis a graphillustrating an example waveform of a

DFT spectrum ofthe band-limited white noise signal of FIG.

4c, consistent with certain disclosed embodiments;
FIG.5a is a graphillustrating an example waveform of a

time-domain chirp signal, consistent with certain disclosed
embodiments;

FIG. 56 is a graphillustrating an example waveform of a

DFT spectrum of the time-domain chirp signal of FIG. 5a,
consistent with certain disclosed embodiments;

FIG.5c is a graph illustrating an example waveform of a
time-domain chirp signal, consistent with certain disclosed

embodiments;
FIG.5d is a graphillustrating an example waveform of a

DFT spectrum of the time-domain chirp signal of FIG. 5c,

consistent with certain disclosed embodiments;
FIG.5e is a graph illustrating an example waveform of a

time-domain chirp signal, consistent with certain disclosed
embodiments;

FIG. 5fis a graph illustrating an example waveform of a
DFT spectrum of the time-domain chirp signal of FIG. 5e,

consistent with certain disclosed embodiments;

FIG.5g is a graphillustrating an example waveform of a
time-domain chirp signal, consistent with certain disclosed

embodiments;
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FIG.5h 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;

FIG. 6 is a block diagram that illustrates an example
representation of a system response to disturbance, consis-

tent with certain disclosed embodiments;
FIG. 7 schematically illustrates an example representation

of a simulation circuit, consistent with certain disclosed

embodiments;
FIG. 8a graphically illustrates an example extracted

impedance ofa chirp injection signal, consistent with certain
disclosed embodiments;

FIG. 8 graphically illustrates an example extracted
impedance ofa chirp injection signal, consistent with certain

disclosed embodiments;

FIG. 8c graphically illustrates an example extracted
impedance ofa chirp injection signal, consistent with certain

disclosed embodiments;
FIG. 8d graphically illustrates an example extracted

impedance ofa chirp injection signal, consistent with certain
disclosed embodiments;

FIG.9ais a block diagram illustrating an example imped-

ance measurement system, consistent with certain disclosed
embodiments;

FIG. 96 illustrates an example impedance measurement
system, consistent with certain disclosed embodiments;

FIG. 10 schematically illustrates an example injection
circuit, consistent with certain disclosed embodiments;

FIG. 11a graphically illustrates an example extracted

impedanceofa three-phase R-L load, consistent with certain
disclosed embodiments;

FIG. 114 graphically illustrates an example extracted
impedanceofa three-phase R-L load, consistent with certain

disclosed embodiments;

FIG. 11e graphically illustrates an example extracted
impedanceofa three-phase R-L load, consistent with certain

disclosed embodiments;
FIG. 11d graphically illustrates an example extracted

impedanceofa three-phase R-L load, consistent with certain
disclosed embodiments;

FIG. 12a graphically illustrates an example extracted

impedance of an input impedance of a diode rectifier,
consistent with certain disclosed embodiments;

FIG. 126 graphically illustrates an example extracted
impedance of an input impedance of a diode rectifier,

consistent with certain disclosed embodiments;
FIG. 12c graphically illustrates an example extracted

impedance of an input impedance of a diode rectifier,

consistent with certain disclosed embodiments; and
FIG. 12d graphically illustrates an example extracted

impedance of an input impedance of a diode rectifier,
consistent with certain disclosed embodiments.

DETAILED DESCRIPTION

Embodiments of the systems and methods described

herein enable the extraction of data related to electric 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 Z./Z,
impedance ratio, where Z, is the source impedance and Z,

is the load impedanceat interfaces where the source(s) and
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

perform impedance measurements at alternating current
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4
(AC) power system interfaces. In some aspects, use of a
wide bandlinear chirp signal can significantly reduce mea-

surementtime by injecting all frequencies of interest at the

same time. Because frequency drift during the impedance
measurementstrongly affects accuracy, this may result in the

advantage of improved measurementaccuracy.
The following detailed description refers to the accom-

panying drawings. Wherever possible, the same reference
numbers will be used throughout the drawings and the

following description to refer to the sameor 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, addi-

tions or modifications may be made to the components
illustrated in the drawings, and the exemplary methods

described herein may be modified by substituting, reorder-

ing 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.
FIG. 1 schematically illustrates an example three-phase

AC system in dq coordinates, consistent with certain dis-
closed 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.

Generally, a shunt is a device that allows electric current

to pass around anotherpoint in the circuit by creating a low
resistance path. In some embodiments, the shunt device may

be achieved byplacing a resistor, having a knownresistance
value, in series with the load. The voltage drop across the

shunt is proportionalto the current flowing through it, which

can be calculated because the resistance value is known.
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

embodiments, the AC voltages and currents collected or
sensed at the interface may be transformed into constant

values in the synchronous 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
maybe, for example, a perturbation.

As shown in Equation (1), the small-signal interface
voltages and currents are related by the impedances.

Equation (1)| vals)

Vg(s)

 

isa(s)
= Lsaq(s))

isq(s)

Vals) izals)
« = ZrdqlS))
Vals) ing(s)

where Z.4,(8) is a source impedance matrix;

Zra,(8) 1s a load impedance matrix;
vs) is a d-axis voltage perturbation;

V,(s) is a q-axis voltage perturbation;
i,,AS) is a d-axis source current perturbation;

ig,(s) is a q-axis source current perturbation;

iS) is a d-axis source current perturbation;
i,,(S) is a q-axis source current perturbation; and

s is the Laplace parameter.

c
—
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FIG.2 schematically illustrates an example representation

200 of a system response to a disturbance, consistent with

certain disclosed embodiments. That is, when a disturbance

is introduced to a system, such as the currents illustrated by
the dashedlines 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 system may

be a perturbation, and maybe introducedfor the purpose of

measuring a system response. In the example diagram of
FIG.2, the tildes denote the small signal componentof the

voltages (i.e., v) and currents (i.e., i) of FIG. 1.
The impedances extracted based on the system response

to disturbances, such as the example disturbancesreflected
in FIG. 2, can be represented by 2x2 matrices, such as that

of Equation (2).

z _ Zsaa(S) Zsag(s) Equation (2)

Sa) =| 7s) Zeal’)

a eon Zest? Zul
tea) =| 7s) Ziggl)

where Z.,,(S) is a source impedance matrix;

ZsadS) 18 a dd element of source impedance;
Zsaq(S) 18 a dq element of source impedance;

ZsqAS8) 18 a qd element of source impedance;
Zsqq(8) 18 a qq element of source impedance;

Zzaq(8) 18 a load impedance matrix;
ZradS) is a dd element of load impedance;

Zzaq(8) 1s a dq element of load impedance;

Zzqd) 1s a qd element of load impedance; and
Zrqq(8) 18 a qq element of load impedance.

FIG. 3 presents an exemplary flow chart illustrating a
method 300 of injecting one or more disturbances into a

powersystem, and determining source and load impedance
values in response to those disturbances, consistent with

certain disclosed embodiments. As used herein, a distur-

bance introduced into the power system may bea perturba-
tion, such as a series injection signal.

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 bea 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 sig-
nal. Chirp signals may include, for example, linear chirp

signals, sinusoidallinear chirp signals, and exponential chirp
signals. For linear chirp signals, the instantaneous fre-

quency, 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.

Equation (3) Ah),x(t) = sin|2rfo + oF

where f, is a start frequency;
f, is an end frequency;

T is a duration of the chirp signal; and

t is a time.
In the time domain, the instantaneous frequency may be

described by Equation (4) below. The instantaneous fre-
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6
quency 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 frequencyis f, then the harmonics have

frequencies of 2f, 3f, 4f, etc. Harmonics exist as a funda-

mental consequence of frequency modulation. Frequency

modulation is the encoding of information in a carrier wave

by varying the instantaneous frequency of the wave.

fi-fo
or |

fO=f+ Equation (4)

FIGS. 4a@ and 46 are graphsillustrating different aspects

of an example linear chirp signal, consistent with certain

disclosed embodiments. FIG. 4a is a graph 400a illustrating

a waveform of the example linear chirp signal, and FIG. 45

is a graph 4006illustrating 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 44, 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.
Asillustrated in FIGS. 4a and 48, a linear chirp signal

mayhave a lowercrest factor. A crest factor is a measure of
a waveform, such as alternating current, that showstheratio

ofpeak values to the average value. In other words, the crest
factor provides an indication of how extreme the peaks are

in a waveform. Becauseofthe chirp signal’s low crest factor,

the peak, or maximum, powerofthe 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
measured may suffer from less system disturbance. Com-

pared to a load step injection, a chirp signal may have a

constant spectrum on the frequency range ofinterest instead
ofbeing attenuated when frequencyincreases. Thus, in order

to obtain a clean measurementfor 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 undertest.

FIGS. 4c and 4d are graphs corresponding to an example

band-limited white noise signal. FIG. 4c is a graph 400c
illustrating a waveform of the example band-limited white

noise signal, and FIG. 4d is a graph 400d illustrating a
waveform of a DFT spectrum of the example band-limited

white noise signal of FIG. 4c. A white noise is a random
signal with a flat or constant power spectral density. Thatis,

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. 4c and 4d,

the peak injection power of the band-limited white noise
signal may be more than twice that of the peak injection

powerof a sample linear chirp signal.

FIGS. 5a through 5/ are graphsillustrating waveforms of
example time-domain baseline signals, and corresponding

graphs illustrating example waveforms of DFT spectrums of
the example time-domain baseline signals. That is, FIGS. 5a

through 54 compare several approaches for tuning a wave-
form to improve the signal to noise ratio (SNR). Typically,

background noise may exist in any practical measurement

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.
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FIGS. 5a and 56 illustrate the respective time-domain

waveform and spectrum of a base line signal. The baseline

signal used by FIGS. 5a and 56 is achieve by taking the

sample signal of FIG. 4a and additing -6.6 dBW white
noise, which maybe calculated by applying the signal on

one ohm resistor. The baseline signal utilized by the graphs
of FIGS. 5a and 5 may be usedas the baseline signal for

the comparisonsillustrated in FIGS. 5c-5h
FIGS.5c and 5dillustrate the effect of a first method to

increase the SNR. As shown in FIGS. 5c and 5d, the first

method may include reducing the frequency span, which can
increase the signal power density. FIG. 5c shows a chirp

signal covering only direct current (DC) to 50 Hz with a
samelevel of the noise added. Asillustrated in the spectrum

graph of FIG. 5d, the corresponding signal level may be
increased by approximately 3 dB.

FIGS.5e and 5fillustrate 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 shownin 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 of the four equal segments may be determined, and the
average of the four DFT results may be calculated, as

illustrated 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.

FIGS. 5g and 5h illustrate the effect of a third method to

increase the SNR, which mayinclude 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. 5h.

In this aspect, as shown in FIG. 5h, 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, 1.e., limiting bandwidth and frequency domain

averaging, may be used in the embodiments disclosed
herein.

Due to the possible asynchronous sampling ofthe 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
calculating the spectra, which may alleviate the leakage

effect caused by asynchronous sampling.

Returning to the method 300 of FIG.3, circuit responses
at the AC interfaces may be collected at 310. Circuit

responses mayinclude Z,,, the source impedance, and Z,, the
load impedance. In some embodiments, Z, and Z, may be

measured at interfaces where the source(s) and load(s) are
connected.

A determination as to whetheradditional perturbations are

to be injected may be madeat 315. In some embodiments,
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

retrieving a parameter that defines a number of desired
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8
perturbations. The parameter maybeset, 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 instruc-

tions, and the computer program instructions may also be

stored in a memory associated with the system and/or

computer processor.
If the system determines that additional perturbations are

desired (315, Yes), one or more additional perturbations may

be injected into the system (305) and the responses collected

(310), as discussed above. When noadditional perturbations

are to be injected (315, No), the collected voltage and

current responses may be transferred from the abe coordi-

nate 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 coor-

dinate transformation from the abc 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).

In one example of the systems and methodsfor extracting

system impedances from a physical system, small distur-

bances may be injected into the system. The small distur-

bances may besignal injections, such as, for example, shunt

injection signals, chirp injection signals, series injection

signals, etc. The circuit responsesat 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 independentperturbations may be

used to derive four scalar impedances of the matrix. In

certain embodiments, it may be assumedthat the system is

held at the same state during the two perturbations, which

implies that impedance matrices do not change during the

measurement.

Referring to the shunt current injection illustrated in FIG.
1, a first perturbation may be created by injecting only

currentip, while setting i,, to zero. In this example,i, is the
d-axis perturbation or injection signal and i,, is the q-axis

perturbation or injection signal. The response to the first
perturbation—orthe d-axis injection—can be measured to

obtain Equation (5).

Equation (5)Var (s)
| | = Zsagq(S)
Vai (s) isqi (5)

an Zunls) izai(s)
= Ss

Vals) a iz(9)

where Z.4,(8) is a source impedance matrix;
Zrag(S) 18 a load impedance matrix;

v4(s) is a first perturbation in d-axis voltage;
V,,(s) is a first perturbation in q-axis voltage;

isi(S) is a first perturbation in d-axis source current;

iggi(S) is a first perturbation in q-axis source current;
i,ai(S) is a first perturbation in d-axis load current; and

iz41(s) is a first perturbation in q-axis load current.

 

isat(s) |
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A secondperturbation may be achieved by injecting only

current 1,, while setting ip, to zero. The response to the

second perturbation—or the q-axis injection—can be mea-

sured to obtain Equation (6).

Vaa(s)
. = Lsag(s)
Vea (s)

 

isan(s) | Equation (6)

isqa(s)

izaa(s)|eing (s)

where Z.,,(S) is a source impedance matrix;

Zraq(8) is a load impedance matrix;

V,o(S) is a second perturbation in d-axis voltage;

V,2(s) is a second perturbation in q-axis voltage;

ig2(S) is a second perturbation in d-axis sourcecurrent;

iggo(s) is a secondperturbation in q-axis source current,

i,72(S) is a second perturbation in d-axis load current;

and

izgo(s) is a second perturbation in q-axis load current.

As shown below, Equation (7) may be obtained by

combining Equation (5) and Equation (6) to generate a

transfer function. That is, combining Equations (5) and (6)

from the separate perturbation signals on the d channel and

q channel may form a two-by-two matrix, which cannot be

obtained by a single physical perturbation.

| Vaa(s)

Vaals)

ails) Vals) isai(s) isan (s) Equation (7)
| . . | = Zsagls)} .
Pals) Fgals) isqi(s) Esq (s)

i ol izai(s) izar(s)
= Zhdg(s

Vai ls) Vgr(s) itgi(s) itgr(s)

From Equation (7), the impedance matrices can be solved

as shown in Equation (8) below.

Equation (8)
Zeal) en wo isa (8) isar(s) 7

sy=

saa Vals) Ty265) |]Isq1(s) Tsgals)

tals) [me rat) inat(s) inaats)]
S)=

| Vals) Va2l)|| Fegis) Tugals)

In addition, one or more additional frequency points of

interest may be identified and the impedancecalculations of
Equation (8) may be repeated at each of the identified

frequency points of interest. In such embodiments, the
voltage 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 andits inverse.
In some embodiments, a linear 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
excitation. Influence from uncorrelated noise may be

reduced by taking into accountthe perturbation signal using,

10
for example, a cross-correlation method. In such embodi-

ments, instead of the spectra of the response signals, the

transfer functions from the perturbation signal to the

response signals may be used in the impedancecalculation.

> Equation (9) describes a generic linear time-invariant dis-

crete-time system in which v(k) defines the noise signal.

oo. Equation (9)

y(n) =D) Atk=k) + V(r)
k=l

where y(n) is the output signal;

k is k” sample index;
h(k) is a system impulse response;

u is an input signal;

nis an n™ sample index; and

v(n) is an uncorrelated noise signal.

In certain embodiments, the method may calculate the

cross-correlation between input and output signals. Equation

(10) illustrates an example result.

15

35 Equation (10)

Ruy(m) = >)uln)y(n + m)

A(A)Ryy(m — 2) + Ruy(m)M
s
M
s

> II 1

30

where R,,,(m)is a cross-correlation between input u and

output y;

m is an m™” sample index;

u is an input signal;
u(o) is an n” input sample;

y is an output signal;
y(n+m) is an (n+m)” output sample;

h(n) is an impulse response;
R,,,4m-n) is an auto-correlation of the input signal at

the (m-n)” sample;
R,,,(m) is a cross-correlation between input signal and

noise, which is zero;

k is an index for the k” sample; and
n is an index for the n” sample.

In some frameworks, the input signal may be selected
such that R,,,(m)=6(m), where 8(m) is an impulse function.

In such frameworks, the transfer function HGjm) of a uy

cross-correlation to a uu auto-correlation may be calculated
by applying a DFT to R,,,(m).

Fora linear chirp injection signal, however, the Ruu(m)is
not equal to 6(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.
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DFT (Ryy(m))

DFT (Ru (m))

| Equation (11)
H(jw) =

where H(jw) is a transfer function of a uy cross-correla-
tion to a

uu is an auto-correlation;
j is a square root of -1;

w is a frequency in rad/sec;

R,,, is a cross-correlation for input u and output y;
R,,,(m)is an m” sample in the auto-correlation ofu and

¥;

a oO
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R,,, 18 an auto-correlation for input signal u;

R,,{m) is an m” sample in the autocorrelation for
signal u; and

m is an m” sample index.

FIG. 6 is a block diagram that illustrates an example

representation 600 of a system responseto 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. Asillustrated in FIG. 6,

G.o,(s) may be the transfer function of an infection circuit.
In the embodimentillustrated in FIG.6, the perturbations on

the d channel and the q channel are no longer considered
independent of one another, but may be generated from a

single virtual perturbation signal through the transfer func-

tion 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 generating a single virtual perturbation signal through
the transfer function matrix G,,,(s).

Ginja(s) | Equation (12)
Guy (s)= on

where G(8) is an injection transfer function matrix;

G,,,AS) is a d-axis injection transfer function; and

G,,,q(8) 18 a q-axis injection transfer function.

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 samefor the
two perturbations and twotransfer function matrices G,,,,(s)

may be used. Here, i,(s) is a perturbation in the source

current. In certain embodiments, the two transfer function
matrices G,,,,(8) maybe different, as shown in Equation (13).

Gry (S)=[A1 Bi, Gyy2(8)=[A2 Bo|F Equation (13)

where G,,,,,(s) is a first injection transfer function matrix;my

G,,,2(8) is a secondinjection transfer function matrix;

G,,,, 18 a first transfer function;

G,,,2 18 a second transfer function;

A, is a first element in the transfer function G,,,;

A, is a first element in the transfer function G,,,,9;

B,is a second elementin the transfer function G,,,,,;

B, is a second element in the transfer function G,
and

wy23

T is the transpose symbol.

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 channel

and the q channel in the dq coordinate system may also be
chirp signals. That is, the system may becomea Single Input

Multiple Output (SIMO) system, whereby with only one
excitation at the input port, all the desired transfer functions

may be found.

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).
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Fg(s) isa (s) Equation (14)

wa = Zsagls) -

ip(s) Ils)

vals) tals)

i ena
 

i,(6) p(s)

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 Equa-

tion (15).

    

  

    

Pals) als) IfPals) Psag(s) T' Equation (15)
Zeuls) = Zs) tts) ||BO) 7,6)

Tails) Vaa(s) |]Vsqils) Psqa(s)

i) its) ILEB) ips)

Pals) Faa(s) PfPrals) Parts) T

“unls) = ips) its) |]i) ips)

Vgil(s) Vgals) |]Vegi ls) Vzg2(s)    
ip(s) p(s) JLip(s) —ipls)

FIG. 7 schematically illustrates an example representation

of a simulation circuit 700, consistent with certain 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

perturbation 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-imped-

ance load-side measurement, which is the measurement

target in this simulation. In certain embodiments, the circuit

parameters maybeset to the values disclosed below in Table

1.

TABLEI
 

Simulation Circuit Parameters

 

Parameter Value

Source Voltages (rms per phase) 266 V

Source Resistance 0.01 Q

Source Inductance 10 pH

Load Resistance 7Q

Load Inductance 460 pH

Peak Injection Voltage (per phase) 4V

Measurement Frequency Range 1 Hz-1 kHz
 

FIGS. 8a-8d graphically illustrate example extracted

impedances corresponding to a chirp injection signal, con-

sistent with certain disclosed embodiments. In FIGS. 8a-84d,
white noises with -20 dB/Hz powerspectra density may be

added to the three-phase source, producing a voltage signal

SNRof approximately 0 dB. The examples of FIGS. 8a-8d
represent the extracted impedancesofthe Z,,, terms for four

different impedance extraction procedures.
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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. 8), a

single chirp is injected for the entire frequency range, and a
correlation methodis used to determine the extracted imped-

ance. In FIG. 8c, the frequency rangeis split into ten equal
segments and a single chirp is injection for each segment. In

FIG. 8c, a correlation method is used to determine the
extracted impedance.In FIG. 8d, the frequency rangeis split

into ten equal segments and ten chirp signals are injection

for each segment. In FIG. 8d, a correlation method and
average technique are used to determine the extracted

impedance. As reflected in FIGS. 8a-8d, 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.

FIGS. 9a and 96 illustrate example impedance measure-
ment components. FIG. 9a is a block diagram illustrating an

example impedance measurement system 900a, consistent
with certain disclosed embodiments. FIG. 96 is an example

of an impedance measurement unit (IMU) 9004, consistent
with certain disclosed embodiments. In some embodiments,

IMU 9006illustrated in FIG. 95 may be used in connection

with the impedance measurement system illustrated in FIG.
9a. In FIG. 9b, IMU 9005 may be configured to use a

three-phase Voltage Source Inverter (VSI) to create pertur-
bations and a PXI computer to acquire the response. As

understood by one of ordinary skill in the art, a PXI
computer is a PC] 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.
In some embodiments, IMU 9006 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 pertur-

bations 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 inter-

face. For example, sensors at the interface may convert the
responses into low-level analog signals. The low-level ana-

log signal may be first processed by analog circuits then
converted into digital signals by the PXI computer. The

signals may then transferred from abe coordinates into dq
coordinates 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 circuit, may include calculating the impedance

matrix, as discussed 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 measurement 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.

The injection circuit, collection circuit, and control unit of

IMU 9006 illustrated in FIG. 96 may each include one or
more of the following components: at least one central

processing unit (CPU) configured to execute computer pro-
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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 program-

mable read-only memory (EEPROM), magnetic disks, opti-
cal 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.

In addition, IMU 9004 can include antennas, network
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 9008, and a bus that allows communication among the

various disclosed components of IMU 9008 of FIG. 98.

Each of these components is well-known in the art and will
not be discussed further.

Although not shown, IMU 9006 can also include one or
more mechanismsand/or devices by which IMU 9008 can

perform the methodsas described herein. For example, IMU
9006 can include one or more encoders, one or more

decoders, one or more interleavers, one or more circular

buffers, one or more multiplexers, one or more de-multi-
plexers, one or more permuters, one or more decryption

units, one or more demodulation units, one or more arith-
metic logic units and/or their constituent parts, etc. These

mechanisms and/or devices can include any combination of

hardware and/or software components and can be included,
in whole or in part, in any of the components shown in FIG.

9b.
In one or more exemplary designs of IMU 9008, 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,andstorage media).
FIG. 10 schematically illustrates an example injection

circuit 1000, consistent with certain disclosed embodiments.
To inject the voltage disturbances, such as the voltage

disturbancesreflected in FIG. 7, the output of the VSIin the

IMU is isolated by three transformers 1010, such as, for
example, transformer 1010a, transformer 1010, and trans-

former 1010c, as shown in FIG. 10. The VSI controller may
be configured to run in an open-loop.

In FIG. 10, the output may befiltered 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
poweris injected into the system, the energy consumption of

the converter is only the loss of the circuit. Therefore, the
operating point of the system is not affected by the injection

circuit.

In embodiments, the bandwidth of one injection of a chirp
signal may belimited to enhance the SNR.For example, one

group of chirp signal injections may be set to measure the
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frequency range between two adjacent harmonics of the

system fundamental frequency, where the frequency rangeis

selected to skip the harmonic frequencies. Although the

limiting 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 impedancesof a

system are considered to not change rapidly over the fre-

quencyrange, interpolation from the measured points can be

used when the impedances at the skipped frequencies are

desired.

FIGS. 11a-11d graphically illustrate example extracted

impedances of a three-phase R-L load, consistent with

certain disclosed embodiments. That is, FIGS. lla-1ld

illustrate a simulation setup used to verify the performance

of disclosed embodiments. In FIGS. 1la-11d, the source-

side impedances may be different from simulation source-
side impedances, since they come from the internal imped-

ance of a power supply and parasitic values of the wires. The

load bank is specified as the values used in the simulation
circuit. In FIGS. 11a-11d the graphedsolid lines represent a

proposed approach, whereas the circles represent a phase-
by-phase offline measurement of the impedanceofthe load

bank, as points of comparison. The obtained impedances are
transferred into the dq coordinate system to allow for

comparison with other measured results.

FIGS. 12a-12d graphically illustrate example extracted
impedances of an input impedance of a diode rectifier,

consistent with certain disclosed embodiments. In FIGS.
12a-12d, a nonlinear load is applied and a diode bridge is

measured. The obtained measurementresults of FIGS. 12a-

12d are compared with impedances extracted from a switch-
ing model using a sinusoidal injection AC sweep algorithm.

Asreflected 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-

ancesat all frequencies of interest at once to reduce possible

system state change during measurement. Compared to
other wide bandwidth signals, the chirp signal has aflat,

band width, controlled spectrum anda low crest factor. The
various embodiments of the disclosed system and methods

significantly reduce the measurement time and improve
measurement accuracy.

The disclosed embodiments include systems and methods

for extracting electric power system impedances while the
powersystem is energized (online) and operating at various

loading levels ranging from no-load to full-load. Specifi-
cally, 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

measurementtime by injecting all frequencies of interest at
the same time. This results in the advantage of improved

measurement accuracy since frequency drift during the

impedance measurementstrongly affects accuracy. In con-
trast, the frequency sweep Fast Fourier Transform (FFT) and

load step methodstake significantly longer time and may not
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be practical in systems where the operating point cannot be

maintained for a sufficient length of time.

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./Z,

impedance ratio. In order to measure source and load

impedanceat an AC electrical system interface, a perturba-

tion is injected in the direct and quadrature (dq) reference

frame. The voltage and current responseto the perturbation

are then measured. This measured data is post processed to
obtain the spectra ofthe voltages and currents which are then

used to calculate Z, and Z,;.

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.

Whatis claimedis:
1. A method of impedance measurementfor a three-phase

alternating current (AC) system, comprising:
connecting an injection circuit of an impedance measure-

ment unit to the three-phase AC system, the injection

circuit comprising a voltage source inverter configured
for drawing power from the three-phase AC system to

charge a capacitor and for using discharged powerfrom
the capacitor to inject chirp signals into the three-phase

AC system;
injecting by the injection circuit at least one chirp signal

into the three-phase AC system;

collecting by a collection circuit of the impedance mea-
surementunit at least one response to the at least one

chirp signal;
transferring by an instrumentation platform computer the

at least one response from three-phase (abc) coordi-
nates to direct and quadrature (dq) coordinates; and

calculating by a control circuit 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 q-axis chirp

signal.
4. The method of claim 3, wherein at least one of the

d-axis chirp signal and the q-axis chirp signalis of the form:

 fi-ax(t) = sin(2rfo + OF

wheref, 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

q-axis chirp signal, and t is a time.
5. The method of claim 1, wherein the action of transfer-

ring the at least one response from abe coordinates to dq

coordinates comprises:
transforming an AC voltage response to direct current

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

ponents.

6. The method of claim 1, wherein the action of calcu-

lating the impedances of the three-phase AC system com-

prises:

identifying frequency points of interest; and

calculating impedanceat each frequencypointofinterest.

7. The 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 gener-
ating a virtual perturbation signal through an injection

transfer function matrix comprises:

5

10

15

generating the virtual perturbation signal using the equa- 5

tion

Giyals) |
Guy (s) = ae

where G,,,(s) is the injection transfer function matrix,
G,,,A8) 1s a d-axis injection transfer function, and

G,,,q(8) 18 a q-axis injection transfer function.

9. The method of claim 8, wherein the action of gener-
ating a virtual perturbation signal through an injection

transfer function matrix comprises:
generating two independentperturbation signals using the

equations

Gry (S)=[A1 By, Gyy2(8)=[A2 Bol,

where G,,,,,(s) is a first injection transfer function matrix,

G,,,2(8) is a second injection transfer function matrix,
G,,,1 18 a first transfer function, G,,,. is a second

transfer function, A, is a first element in the transfer
function G A, is a first element in the transfer

function G, B, is a second element in the transfer

function G, B, is a second element in the transfer
function G,,,,., and T is a transpose symbol.

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 measurementfor

a three-phase alternating current (AC) system, comprising:
an injection circuit comprising a voltage source inverter

(VSI) connectable to the three-phase AC system and a
capacitor, the VSI being configured for drawing power

from the three-phase AC system to charge the capacitor

and for using discharged power from the capacitor 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;
a control unit configured to transfer the at least one

response from three-phase (abc) coordinates to direct

and quadrature (dq) coordinates andto calculate at least
one impedance ofthe three-phase AC system based on

the at least one responseto the at least one chirp signal.
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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 q-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
q-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 q-axis chirp signalis of the form:

 fi-ax(t) = sin(2rfo + OF

wheref, 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
q-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
current (DC) voltage components and transform an AC
current response to DC current components.

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

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
impedance based on the responseto the virtual pertur-

bation signal andthe at least one response totheat least

one chirp signal.
19. The system of claim 18, wherein the injection circuit

is configured to generate the virtual perturbation signal using
the equation

Giyals) |
Gin, (5) = lon

where G,,,(s) is the injection transfer function matrix,

G,,,4S) is a d-axis injection transfer function, and
G,,yq (S) 18 a q-axis injection transfer function.

20. The system of claim 19, wherein the injection circuit
is configured to generate two independentperturbation sig-

nals using the equations

Gay(S)=[A1 By", Giyy2(8)=[A2 Bol,

where G,,,,,(S) is a first injection transfer function matrix,

G,,,2(8) is a second injection transfer function matrix,
G,,,, 18 a first transfer function, G,,,. is a second

transfer function, A, is a first element in the transfer
function G, A, is a first element in the transfer

function G, B, is a second element in the transfer
function G,,,, B, is a second element in the transfer

function G,,,,., and T is a transpose symbol.

21. The system of claim 20, wherein matrices [A, B,]”
and [A, B,]” are independent and constant vectors.

22. The system of claim 12 wherein the injection circuit
further comprises, for each phase of the three-phase AC

system, an L-C filter and a transformer connected in series
between the VSI and the three-phase AC system.
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