View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Digital Commons @ Montana Tech

Montana Tech Library
Digital Commons @ Montana Tech

Montana Tech Patents Patents

10-21-2014

Method of Estimating Pulse Response Using an
Impedance Spectrum

John L. Morrison Ph.D.
Montana Tech of the University of Montana

William H. Morrison
Jon P. Christophersen

Chester G. Motloch

Follow this and additional works at: http://digitalcommons.mtech.edu/patents _mtech

Recommended Citation

Morrison, John L. Ph.D.; Morrison, William H.; Christophersen, Jon P.; and Motloch, Chester G., "Method of Estimating Pulse
Response Using an Impedance Spectrum” (2014). Montana Tech Patents. Paper 2.
http://digitalcommons.mtech.edu/patents_mtech/2

This Patent is brought to you for free and open access by the Patents at Digital Commons @ Montana Tech. It has been accepted for inclusion in

Montana Tech Patents by an authorized administrator of Digital Commons @ Montana Tech. For more information, please contact ccote@mtech.edu.


https://core.ac.uk/display/48315425?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://digitalcommons.mtech.edu?utm_source=digitalcommons.mtech.edu%2Fpatents_mtech%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.mtech.edu/patents_mtech?utm_source=digitalcommons.mtech.edu%2Fpatents_mtech%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.mtech.edu/patents?utm_source=digitalcommons.mtech.edu%2Fpatents_mtech%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.mtech.edu/patents_mtech?utm_source=digitalcommons.mtech.edu%2Fpatents_mtech%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.mtech.edu/patents_mtech/2?utm_source=digitalcommons.mtech.edu%2Fpatents_mtech%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ccote@mtech.edu

a2 United States Patent

US008868363B2

(10) Patent No.: US 8,868,363 B2

Morrison et al. (45) Date of Patent: Oct. 21,2014
(54) METHOD OF ESTIMATING PULSE (56) References Cited
RESPONSE USING AN IMPEDANCE
SPECTRUM U.S. PATENT DOCUMENTS
. . . 5,061,890 A 10/1991 Longini
(75) Inventors: John L. Morrison, Butte, MT (US); 5261007 A 11/1993 Hirsch
William H. MOl‘l‘iSOIl, Manchester, CT 5,406,496 A 4/1995 Quinn
(US); Jon P. Christophersen, Idaho (Continued)
Falls, ID (US); Chester G. Motloch, ontinue
Idaho Falls, ID (US) FOREIGN PATENT DOCUMENTS
(73) Assignees: Battelle Energy Alliance, LL.C, Idaho TP 2000-009817 A 1/2000
Falls, ID (US); Qualtech Systems, Inc.,
East Hartford, CT (US); Montana Tech OTHER PUBLICATIONS
ﬁr}h&g; iversity of Montana, Bute, Brigham, “The Fast Fourier Transform”, 1974, Prentice-Hall, Chap-
ter 4 pp. 50-74, Chapter 13 pp. 198-223.*
(*) Notice: Subject to any disclaimer, the term of this (Continued)
patent is extended or adjusted under 35
U.S.C. 154(b) by 670 days. Primary Examiner — Jonathan C Teixeira Moffat
| ) Assistant Examiner — Regis Betsch
(21)  Appl. No.: 12/813,750 (74) Attorney, Agent, or Firm — TraskBritt
(22) Filed: Jun. 11, 2010 (57) ABSTRACT
(65) Prior Publication Data Electrochemical Impedance Spectrum data are used to pre-
dict pulse performance of an energy storage device. The
US 2010/0332165 Al Dec. 30, 2010 impedance spectrum may be obtained in-situ. A simulation
Related U.S. Application Data waveform includes a pulse wave W.ith a period greater than or
o o equal to the lowest frequency used in the impedance measure-
(60) Provisional application No. 61/186,358, filed on Jun. ment. Fourier series coefficients of the pulse train can be
11, 2009. obtained. The number of harmonic constituents in the Fourier
series are selected so as to appropriately resolve the response,
+ Sl ut the maximum trequency should be less than or equal to the
(51) Int.Cl but th i frequency should be less th: qual to thy
GOIR 31736 (2006.01) highest frequency used in the impedance measurement.
HOIM 10/0525 (2010.01) Using a current pulse as an example, the Fourier coefficients
(52) US.CL of the pulse are multiplied by the impedance spectrum at
CPC ... GOIR 31/3662 (2013.01); HOIM 10/0525 corresponding frequencies to obtain Fourier coefficients of
(2013.01) the voltage response to the desired pulse. The Fourier coeffi-
USPC e 702/63 cients of the response are then summed and reassembled to
(58) Field of Classification Search obtain the overall time domain estimate of the voltage using
CPC ittt GO1R 31/3662 the Fourier series analysis.
USPC vt 702/63, 65,77

See application file for complete search history.

20 Claims, 9 Drawing Sheets

Comparison between ldeal and Estimated Voltage Pulse Response

Yolts
o
o

=== |deal
Estimated (shifted)

0 20 40 60 80

100 120 140 160 180 200
Tirne, sec



US 8,868,363 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

5454377 A 10/1995 Dzwonczyk et al.
5,512,832 A 4/1996 Russell et al.
5,946,482 A 8/1999 Barford et al.

6,160,382 A * 12/2000 Yoonetal. ........... 320/136

6,208,147 Bl 3/2001 Yoon et al.

6,249,186 Bl 6/2001 Ebihara et al.

6,262,563 B1* 7/2001 Champlin ........cccceenc.. 320/134
6,307,378 B1  10/2001 Kozlowski

6,481,289 B2  11/2002 Dixon et al.

6,653,817 B2  11/2003 Tate, Jr. et al.

6,832,171 B2  12/2004 Barsoukov et al.

7,065,474 B2 6/2006 Petchenev et al.

7,395,163 B1* 7/2008 Morrison et al. ............... 702/75
7,616,003 B2  11/2009 Satoh et al.

7,675,293 B2 3/2010 Christophersen et al.

2002/0065621 Al
2003/0206021 Al

5/2002 Jungerman
11/2003 Laletin et al.
2005/0127908 Al 6/2005 Schlicker et al.
2005/0182584 Al 8/2005 Plusquellic
2007/0257681 Al* 11/2007 Christophersen et al. .... 324/426
2008/0303528 Al  12/2008 Kim
2009/0076752 Al 3/2009 Wang et al.
2010/0010762 Al 1/2010 Seki
2010/0274510 Al 10/2010 Morrison et al.

OTHER PUBLICATIONS

Brigham, “The Fast Fourier Transform”, 1974, Prentice-Hall, Chap-
ter 6 pp. 94-98.*

Brigham, “The Fast Fourier Transform”, 1974, Prentice-Hall, Chap-
ter 1 pp. 1-10.*

Brigham, “The Fast Fourier Transform”, 1974, Prentice-Hall, Chap-
ter 7 pp. 110-122.*

Albreht, Weston, “Battery Complex Impedance Identification with
Random Signal Techniques,” May 4, 2005, Montana Tech of the
University of Montana, 99 pages.

Alpaydin, Ethem, “Radial Basis Functions,” 2004, Chapter 12.3, pp.
284-290, Introduction to Machine Learning, The MIT Press, Cam-
bridge, Massachusetts, London, England.

Chapra, “Numerical Methods for Engineers,” pp. 394-398, McGraw-
Hill Publishing Company, 1985.

Christophersen, Jon P., “Impedance Noise Identification for State-of-
Health Prognostics,” Jul. 7-10, 2008, Philadelphia, PA, 43rd Power
Sources Conference, 4 pages.

Fenton et al., “BSM Development Documentation Senior Project
Final Report for the Idaho National Laboratory,” May 2005, Montana
Tech of the University of Montana, 21 pages.

“FreedomCAR Battery Test Manual for Power-Assist Hybrid Elec-
tric Vehicles,” manual, Oct. 2003, Appendix D, DOE/ID-11069,
Idaho National Laboratory, 130 pages.

Mix, Dwight F., “Random Signal Processing,” p. 296, Prentice Hall
Publishing Company, 1995.

Morrison et al., “Real Time Estimation of Battery Impedance,” Pro-
ceedings from the IEEE Aerospace Conference, Mar. 5-11, 2006, Big
Sky, MT, 13 pages.

Morrison, William H., “Intelligent Self-Evolving Prognostic Fusion,
Phase I STTR Interim Report,” Jul. 29, 2005, Qualtech Systems, Inc.,
NASA, Ames Research Center, 23 pages.

Nikolopoulos et al., “Accurate Method of Representation of High-
Voltage Measuring Systems and its Application in High-Impulse-
Voltage Measurements,” Mar. 1989, IEEE, vol. 136, Issue 2, pp.
66-72, Science, Measurement and Technology, IEEE Proceedings A,
Dept. of Electr. Eng., Nat. Tech. Univ., Athens, Greece.

Smith et al., “Model Validation Approaches for Nonlinear Feedback
Systems Using Frequency Response Measurements,” Dec. 7-10,
1999, 1500-1504, vol. 2, IEEE, Proceedings of the 38th IEEE Con-
ference on Decision and Control, Phoenix, AZ.

Smyth, Brian, “Development of a Real Time Battery Impedance
Measuring System,” M.S. Thesis Montana Tech of the University of
Montana, 2008, 128 pages.

U.S. Appl. No. 12/217,013, filed Jun. 30, 2008 to Morrison et al.,
titled, “Method of Detecting System Function by Measuring Fre-
quency Response.”

U.S. Appl. No. 13/100,184, filed May 3, 2011 to Christophersen et
al., titled, “Crosstalk Compensation in Analysis of Energy Storage
Devices.”

U.S. Appl. No. 13/100,170, filed May 3, 2011 to Christophersen et
al., titled, “In-Situ Real-Time Energy Storage Device Impedance
Identification.”

Wasserman, Philip D., “Radial Basis-Function Networks,” Chapter
8, pp. 147-176, Advanced Methods in Neural Computing, 1993, New
York: Van Nostrand Reinhold.

Ziemer et al., “Signals and Linear Systems,” 2002, Chapter 2, pp.
56-123, Principles of Communications, 5th edition, John Wiley &
Sons.

PCT International Search Report and Written Opinion of the Inter-
national Searching Authority for PCT/US2010/038401, dated Dec.
31, 2010, 8 pages.

PCT International Search Report and Written Opinion of the Inter-
national Searching Authority for PCT/US2010/038358, dated Dec.
31, 2010, 8 pages.

PCT International Search Report and Written Opinion of the Inter-
national Searching Authority for PCT/US11/35052, dated Jul. 26,
2011, 11 pages.

Ramos et al., Comparison of impedance measurements in a DSP
using ellipse-fit and seven-parameter sine-fit algorithms, Measure-
ment 42 (May 23, 2009) pp. 1370-1379. Retrieved online at <http://
www.sciencedirect.com/science/article/pii/S0263224109001031>.
Ranade et al., An overview of harmonics modeling and simulation,
Elect. Power Syst. Res., vol. 74, pp. 37-56, Apr. 2005, Retrieved
online at <http://www.calvin.edu/~pribeiro/IEEE/ieee_ cd/chapters/
pdffiles/c1pdf.pdf>.

Christophersen, J.P., et al., Effects of Reference Performance Testing
during Aging Using Commercial Lithium-ion Cells, J. Electrochem
Soc., 2006, pp. A2406-A1416, 153.

Morrison, J.L., et al, Fast Summation Transformation for Battery
Impedance Identification, IEEE Aerospace 2009 Conference, Mar.
7-14, 2009, Big Sky, Montana.

Christophersen, J.P., et al., Lumped Parameter Modeling as a Predic-
tive Tool for a Battery Status Monitor, Oct. 2003, Proceedings from
IEEE Vehicular Technology Conference.

Christophersen, J.P,, et al., Electrochemical Impedance Spectroscopy
Testing on the Advanced Technology Development Program
Lithium-ion Cells, 2002, IEEE Trans. Veh. Technol., pp. 1851-1855,
56(3).

* cited by examiner



U.S. Patent Oct. 21, 2014 Sheet 1 of 9 US 8,868,363 B2

LPM Excitation Pulse Current
148

a4

Amps
-

0.5

0 20 40 2] 30 100 120 140 160 180 200
Time, sec

FIG. 1



U.S. Patent Oct. 21, 2014 Sheet 2 of 9 US 8,868,363 B2

LPM Fourier Current Pulse Response
15

s s

0.5

Amps
a

05

-1.5

0 20 40 60 80 100 120 140 160 180 200
Time, sec

FIG. 2



U.S. Patent Oct. 21, 2014 Sheet 3 of 9 US 8,868,363 B2

Ro Coc

T i @ -

FIG. 3



Oct. 21, 2014

Sheet 4 of 9

US 8,868,363 B2

200

U.S. Patent
LPM Recursive Pulse Response
386
384
382
o 38
fay]
[}
S
378
3.76
3.74
372
a 20 40 60 a0 100 120 140 160 180
Time, sec

FI1G. 4



U.S. Patent Oct. 21, 2014 Sheet 5 of 9 US 8,868,363 B2

LPM Magnitude Response
0.04

+  |deal
0.038 ¥ —8—F5T

0.036

0.034

0.032

Imped hag

0.03

0.028

0.026

e e e ke P ———

0'024-2 -1.5 -1 0.5 0 0.5 1 1.5 2

Log Frequency

FIG. Sa



U.S. Patent Oct. 21, 2014 Sheet 6 of 9 US 8,868,363 B2

LPM Phase Response

] " " g i
—+ |deal
e EST
-5
-10
[ni]
®
.
o
-15
20
-25
-2 -15 -1 05 0 0.5 1 1.6 2

Log Frequency

FIG. 5b



U.S. Patent Oct. 21, 2014 Sheet 7 of 9 US 8,868,363 B2

LPM Fourier Voltage Pulse Response
3.88

3.86
364

3.82

“olts

3.8

3.78

3.76

3'?40 20 40 B0 80 100 120 140 160 180 200

Time, sec

FIG. 6



U.S. Patent Oct. 21, 2014 Sheet 8 of 9 US 8,868,363 B2

Compatison between ldeal and Estimated Voltage Pulse Response
3.88

==== |deal
Estimated (shifted)

3.88

3.64 1

382

38

Yolts

3.78

3.76

3.74

3.72
a 20 40 50 80 100 120 140 160 180 200

Tirme, sec

F1G. 7



U.S. Patent

Oct. 21,2014 Sheet 9 of 9

/ 800

US 8,868,363 B2

Measure an impedance spectrum.

\i

Configure a simulated pulse to emulate the
excitation pulse.

Y

Decompose the simulated pulse by Fourier
analysis to obtain Fourier series
coefficients, the Fourier series coefficients
comprising at least a low frequency and a
maximum frequency.

/“806

y

Combine the Fourier series coefficients of
the simulated pulse with the measured
impedance spectrum to obtain an
estimated response at each Fourier series
coefficient.

/—808

y

Assemble the estimated response at each
Fourier series coefficient into an overall
time response of the energy storage
device.

A

Subtract the assembled overall time
response from a bias voltage of the energy
storage device to estimate the response of
the energy storage device to the excitation

pulse.

K—812

FIG. 8



US 8,868,363 B2

1
METHOD OF ESTIMATING PULSE
RESPONSE USING AN IMPEDANCE
SPECTRUM

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/186,358, filed Jun. 11, 2009. The
disclosure of this application is hereby incorporated by ref-
erence in its entirety, including all figures, tables and draw-
ings.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Contract No. DE-AC07-051D14517 awarded by the United
States Department of Energy. The government has certain
rights in the invention.

TECHNICAL FIELD

Embodiments of the present disclosure relate generally to
determining parameters of energy storage devices and, more
specifically, to determining impedance and output character-
istics of energy storage devices.

BACKGROUND OF THE INVENTION

Energy storage devices (e.g., batteries, fuel cells, ultraca-
pacitors, etc.) have become significantly more prevalent in
many government and commercial applications (e.g., auto-
motive, military, space, electric utilities, medical, etc.). Con-
sequently, there has also been an increased interest in smart
monitoring systems that can effectively manage energy stor-
age devices (ESDs) so as to optimize performance and extend
life. An important aspect of these smart monitoring systems is
the ability to estimate the response of an ESD to an antici-
pated load.

For example, the Lumped Parameter Model (LPM) has
been used extensively by the Idaho National Laboratory
(INL) to estimate the voltage response of a battery to a con-
stant-current pulse for automotive applications. The LPM is
an equivalent circuit model that recursively solves for the
voltage behavior based on a given excitation current and a set
of difference equations. It has been shown that the LPM is
sensitive to variations in pulse amplitude and duration and
could, therefore, be a useful measure of state-of-health
(Christophersen et al., “Lumped Parameter Modeling as a
Predictive Tool for a Battery Status Monitor,” Proceedings
from 2003 IEEE Vehicular Technology Conference, October
2003), the content of which is hereby incorporated by refer-
ence in its entirety.

However, the excitation signals required to obtain esti-
mates of the ESD response are not well suited for in-situ
applications since it generally requires a pulse test, which
may cause larger state-of-charge (SOC) swings than desired
and even adversely affect the ESD (Christophersen et al.,
“Effects of Reference Performance Testing During Aging
Using Commercial Lithium-Ion Cells,” J. Electrochem. Soc.,
153, A1406-A1416, 2006), the content of which is hereby
incorporated by reference in its entirety. A need still exists to
estimate the response of an ESD to an anticipated load using
benign measurement techniques.

The INL has also shown that the pulse resistance for bat-
teries is strongly correlated with the growth observed from
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corresponding electrochemical impedance spectroscopy
(EIS) measurements (Christophersen et al., “Electrochemical
Impedance Spectroscopy Testing on the Advanced Technol-
ogy Development Program Lithium-Ion Cells,” IEEE Trans.
Veh. Technol., 56 (3), 1851-1855, 2002), the content of which
is hereby incorporated by reference in its entirety. It has also
been shown that EIS techniques are more benign than pulse
tests (Christophersen et al., “Effects of Reference Perfor-
mance Testing During Aging Using Commercial Lithium-Ion
Cells,” J. Electrochem. Soc., 153, A1406-A1416, 2006) since
it is a low-level, charge neutral signal that minimally perturbs
the ESD. Suitable means for obtaining in-situ impedance
spectra have already been developed. The Impedance Noise
Identification method (U.S. Pat. No. 7,675,293), the content
of which is hereby incorporated by reference in its entirety)
uses a random signal excitation to acquire a high-resolution
impedance spectrum, but at the expense of computationally
intensive data processing. An alternative approach is known
as “Compensated Synchronous Detection” (U.S. Pat. No.
7,395,163), the content of which is hereby incorporated by
reference in its entirety), and it incorporates a wideband sum-
of-sines (SOS) input signal to measure the impedance. It
yields a faster measurement, but at the expense of lower
resolution. A variant of Compensated Synchronous Detection
is Fast Summation Transformation (FST). The principal
attributes of FST (Morrison et al., “Fast Summation Trans-
formation for Battery Impedance Identification,” I[EEE Aero-
space 2009 Conference, March 7-14, Big Sky, Mont., the
content of which is hereby incorporated by reference in its
entirety) are that it only requires one period of the lowest
frequency to complete the measurement, and the data pro-
cessing algorithm is very simple.

BRIEF SUMMARY OF THE INVENTION

The subject invention involves a method by which the
response of an energy storage device (ESD) to a pulse exci-
tation can be predicted using impedance measurement tech-
niques. This method assumes that the amplitude and duration
of'the anticipated or desired pulse excitation is known a priori,
or can be inferred based on historical data (e.g., an average
pulse profile based on typical automotive driving cycles).
Assuming a periodic behavior of the desired pulse profile, the
Fourier series coefficients can then be determined (note that
the assumption of a periodic signal is for analytical purposes),
and combined with measured impedance data to estimate the
response.

The Fourier Series coefficients of the desired pulse profile
are first used to establish the frequency range of the imped-
ance measurement. For example, the period of the lowest
frequency for the impedance measurement should be less
than or equal to the period of the desired pulse profile. The
maximum frequency of the impedance measurement should
be greater than or equal to the largest desired harmonic value
used in the Fourier coefficients used to recreate the desired
pulse profile.

Knowing the desired frequency range, the ESD impedance
spectrum can then be measured using any available method-
ology. For rapid, in-situ applications, techniques such as
Impedance Noise Identification, Compensated Synchronous
Detection, or Fast Summation Transformation can be easily
implemented. The frequencies in the impedance measure-
ment spectrum should correspond to the Fourier coefficients
from the simulated pulse. In some cases (i.e., with Fast Sum-
mation Transformation), the impedance spectra will be lower
resolution than desired due to the need for a very rapid mea-
surement. However, the use of linear interpolation, cubic
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spline functions, or other similar types of curve-fitting tech-
niques can be used to estimate the impedance at other desired
frequencies within the measured range.

Using a constant-current pulse as an example, the Fourier
coefficients of the desired or anticipated pulse profile are
multiplied by the corresponding impedance measurements at
each frequency. These data will provide the voltage response
at each frequency of interest, and the results can then be
summed to determine the overall voltage response of the ESD
to the anticipated current pulse profile.

Thus, the ESD response of a pulse excitation can be esti-
mated based on a simple impedance measurement combined
with the Fourier coefficients of a simulated pulse. The esti-
mated response behavior can be used by smart monitoring
systems to more effectively manage ESD usage. For example,
if the estimated response exceeds a desired threshold, the
smart monitoring system can either shut down operations, or
iteratively determine a pulse excitation level that can be suc-
cessfully applied to the ESD without violating operational
limits (i.e., managing how much power assist is provided by
the ESD in automotive applications). A smart system can also
use this information to know when warning signals should be
sent to a user prior to a demand being placed on the ESD.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is an example excitation pulse profile with a con-
stant-current input.

FIG. 2 depicts a reproduction of an example excitation
pulse profile using 21 Fourier Series coefficients.

FIG. 3 is a diagram of an LPM equivalent circuit with a
current source excitation.

FIG. 4 is a plot of an ideal voltage response of an LPM to
a pulse excitation.

FIG. 5a is a plot of an impedance spectrum magnitude for
both ideal and simulated conditions.

FIG. 54 is a plot of an impedance spectrum phase for both
ideal and simulated conditions.

FIG. 6 is a graph of an estimated voltage response of an
excitation pulse based on a wideband impedance measure-
ment.

FIG. 7 is a comparison between an ideal and an estimated
voltage response of an excitation pulse.

FIG. 8 is flow chart showing a method of using an imped-
ance spectrum of an energy storage device to estimate a pulse
response of the energy storage device.

DETAILED DESCRIPTION OF THE INVENTION

The method of the subject invention uses wideband imped-
ance measurements to predict the response of an energy stor-
age device (ESD) to a pulse excitation. The impedance spec-
tra can be acquired by various methods, but rapid, in-situ
techniques such as Fast Summation Transformation (FST)
are preferred. FST is based on a computationally simple
approach, and it only requires one period of the lowest fre-
quency to complete a measurement (Morrison et al., “Fast
Summation Transformation for Battery Impedance Identifi-
cation,” IEEFE Aerospace 2009 Conférence, March 7-14, Big
Sky, Mont.).

In a preferred embodiment, the anticipated or desired exci-
tation pulse consists of a constant-current square wave pro-
file. If it assumed that this profile is periodic (for analysis
purposes only), the waveform can be decomposed into the
constituent harmonic components using Fourier series meth-
ods. An example of an excitation pulse is shown in FIG. 1 and
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4

described by Equation 1, where a constant-current pulse (i.e.,
1) is applied for a discharge (i.e., +1,) and charge (i.e., -1,)
step over two periods with T, set to one-half the period T.
Given the exponential Fourier series pair shown in Equation
2, the coefficient C, for the given square wave is provided by
Equation 3. The Fourier series harmonic frequency is pro-
vided in Equation 4. Based on these equations, the reas-
sembled square wave of FIG. 1 using 21 harmonics is
depicted in FIG. 2. As shown, using 21 harmonics is sufficient
to capture the shape of the square-wave pulse with only a
small ripple at the desired £1 A current level. As expected, the
Gibbs effect is also evident as well.

fo=Ip, 0<1<Ty (9]
{f(f)=—1P, To<t, T }
Where:
T is the period
T, is the pulse width

1 is the current pulse amplitude

> i 27 1 . 2)
_ Jnwot _ = _ —jnwot
1= 3} (GePoN, wo= T G Tfo(t)e odr
C, = Ipsinc(g)efj%r, n==+1,+3,£5 ... (&)
2

n2r 4)

Wy =MWy = —

T

The frequency range of the impedance measurement
should be well matched with the Fourier series harmonic
frequencies (Equation 4). For example, the lowest frequency
for the impedance measurement should be less than or equal
to the period of the simulated pulse (i.e., less than or equal to
1/T). The highest frequency for the impedance measurement
should correspond to the maximum harmonic component
desired to recreate the pulse waveform (i.e., the maximum
value for n used to recreate f(t) in Equation 2).

If the measured frequencies in the impedance spectrum
match the desired Fourier harmonic frequency components
from the simulated pulse waveform, then the responses from
the ESD to an excitation pulse can be obtained at each fre-
quency. For example, the impedance of the ESD at a given
frequency (i.e., w,=nw,), is shown in Equation 5. The voltage
response at that frequency is the impedance (Equation 5)
multiplied by the corresponding harmonic component of the
current pulse (Equation 3), as shown in Equation 6. Based on
the Fourier series pair of Equation 2, the estimated voltage
drop due to a current pulse is the sum of the individual
frequencies, as shown in Equation 7. Given a bias voltage
(V50), the ESD voltage response (V) can then be estimated
as shown in Equation 8, where the voltage drop (V) is sub-
tracted from the bias. Thus, if the terminal voltage of the ESD
is known or measured, and if a relatively recent impedance
spectrum of the ESD is available, then an estimate of the
response to an excitation pulse can be obtained.

Z5(,) = Z5(,)<d,, ©)

— nr nr
Vz(o = Ipsinc(7)|ZB (nwo)lcos(nwot— 5 + ¢nw0)
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-continued
Vo) = Z Ipsinc(%)lZB(nwo)lcos(nwot— % + ¢Z(mu0)) [€))]
=135, ... )
Vp() = Vo — Vz() (3)

To make use of Equation 8, the values of the impedance

spectrum 73 at the Fourier series frequencies w, must be
obtained. In most cases, however, the impedance measure-
ments will have a logarithmic frequency spread, whereas the
Fourier series uses linearly increasing frequency compo-
nents. This can be resolved by using linearly increasing fre-
quencies during the impedance measurement instead, but at
the expense of longer measurement durations and more com-
putationally intensive analysis techniques. Another option is
to estimate the impedance at the desired frequencies within
the measurement range using techniques such as linear inter-
polation or cubic spline fits to obtain the values of the imped-

ance spectrum Z ,, at the Fourier series frequencies w,,.
Analytical Validation

The Lumped Parameter Model (LPM) was used to verify
the effectiveness of this method. The LPM equivalent circuit
is shown in FIG. 3, and example component values for a
lithium-ion battery are shown in Table 1 (Morrison et al.,
“Fast Summation Transformation for Battery Impedance
Identification,” IEEE Aerospace 2009 Conference, March
7-14, Big Sky, Mont.). The ideal voltage response of the LPM
to the pulse excitation of FIG. 1 is shown in FIG. 4. As
expected, there is an initial jump due to an ohmic effect,
followed by a polarization effect for the remainder of the
pulse duration.

TABLE 1

Representative LPM and Analysis Data

Voc = 38V
Cp= 666.6667 F.
Coc = 1.6667¢+003 F.
Ro = 0250 Q
Rp= 015 Q

The impedance spectrum of the LPM can be simulated
using the Fast Summation Transformation measurement
technique (Morrison et al., “Fast Summation Transformation
for Battery Impedance Identification,” IEEE Aerospace 2009
Conference, March 7-14, Big Sky, Mont.) and compared to
the ideal response of the equivalent circuit. The FST algo-
rithm was applied to the LPM at the same starting frequency
as the square wave pulse profile of FIG. 1 (i.e., 0.01 Hz).
FIGS. 5a and 56 show that the FST analysis matches very
well in both magnitude and phase, respectively, with the
expected LPM response over fourteen octave steps for abroad
frequency range.

However, as described above, the resolution of FST is
insufficient to estimate the pulse response. To obtain a higher
resolution impedance spectrum, the cubic spline fit was
implemented using built-in software functions (e.g., in MAT-
LAB® matrix calculation computer software) and the result-
ing impedance estimations were compared to the expected
response. The expected impedance can be calculated based
on the frequency response of the LPM using the assumed
parameters shown in Table 1. Table 2 shows the expected and
estimated impedance for ten sequential odd-numbered har-
monic frequencies, with a starting frequency of 0.01 Hz. As
shown, the spline fit is very good compared to the expected
impedance spectrum.
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TABLE 2

Cubic Spline Fit of FST Impedance
Data Compared to Ideal LPM Response

Freq Spline LPM Spectrum Expected LPM Spectrum
.01 0.0358-0.01631 0.0358-0.0163i
.03 0.0283-0.00931 0.0283-0.0094i
.05 0.0264-0.0062i 0.0264-0.00621
.07 0.0257-0.00461 0.0257-0.00461
.09 0.0255-0.00361 0.0255-0.00361
11 0.0253-0.00301 0.0253-0.00301
13 0.0252-0.00251 0.0252-0.00251
15 0.0252-0.0022i 0.0252-0.0022i
17 0.0251-0.00201 0.0251-0.00201
.19 0.0251-0.0018i 0.0251-0.0018i

Equations 6 through 8 were then implemented to estimate
a voltage response of the desired pulse based on the known
input current and the FST impedance measurements. The
resulting voltages at each frequency were summed, and the
total response is shown in FIG. 6. Compared to the ideal
response (FIG. 4), the overall shape of the estimated response
is similar, but there is still a small ripple due to the Fourier
Series Gibbs effect. Also, the estimated response profile
shows a small voltage offset (~15 mV) compared to the ideal.
FIG. 7 shows the estimated response (scaled by 15 mV)
overlaid onto the ideal response. The estimated change in
voltage is very closely matched with the ideal response for
each pulse in the profile. The initial estimated behavior (i.e.,
for the first 20 seconds) is slightly different since the ideal
response through the LPM assumed the initial conditions
were at rest, whereas the Fourier Series analysis necessarily
assumes a steady-state operation (i.e., infinite periodic behav-
ior).

FIG. 8 is flow chart showing a method 800 of using an
impedance spectrum of an energy storage device to estimate
apulse response of the energy storage device. These acts may
be accomplished with a system including a computing system
and a data acquisition device, such as, for example, a system
shown in FIG. 3 of U.S. Pat. No. 7,675,293 which was incor-
porated by reference earlier in this description. The method
800 may be used to assess a condition of an energy storage
device by estimating a response to an excitation pulse. Opera-
tion block 802 indicates that an impedance spectrum is mea-
sured. The impedance spectrum includes a response of the
energy storage device to a stimulus including a frequency
range including at least a lowest frequency and at least a
highest frequency, as previously described.

Operation block 804 indicates that a simulated pulse is
configured to emulate the excitation pulse. Operation block
806 indicates that the simulated pulse may be decomposed by
Fourier analysis to obtain Fourier series coefficients, the Fou-
rier series coefficients comprising at least a low frequency and
amaximum frequency. Operation block 808 indicates that the
Fourier series coefficients of the simulated pulse may be
combined with the measured impedance spectrum to obtain
an estimated response at each Fourier series coefficient.

Operation block 810 indicates that the estimated response
may be assembled at each Fourier series coefficient into an
overall time response of the energy storage device. Operation
block 812 indicates that the assembled overall time response
may be subtracted from a bias voltage of the energy storage
device to estimate the response of the energy storage device to
the excitation pulse.

It is understood that the foregoing examples are merely
illustrative of the present invention. Certain modifications of
the articles and/or methods may be made and still achieve the
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objectives of the invention. Such modifications are contem-
plated as within the scope of the claimed invention.
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The invention claimed is:
1. A method of assessing a condition of an energy storage
device by estimating a response to an excitation pulse, the
method comprising the acts of:
defining a simulated pulse profile comprising a periodic
train of pulses to emulate the excitation pulse;

decomposing the simulated pulse profile by Fourier analy-
sis to obtain Fourier series coefficients at Fourier series
frequencies, the Fourier series frequencies comprising a
low frequency at the frequency of the periodic train of
pulses, a largest selected harmonic frequency and har-
monic frequencies therebetween;
measuring an impedance spectrum comprising measured
responses of the energy storage device to a stimulus at a
plurality of frequencies, wherein one or more frequen-
cies of the plurality of frequencies is different from the
Fourier series frequencies;

estimating values for the impedance spectrum at one or
more of the Fourier series frequencies when the imped-
ance spectrum does not include a value at the one or
more of the Fourier series frequencies;

for each of the Fourier series frequencies, combining the

Fourier series coefficients with either a measured value
or an estimated value of the impedance spectrum at a
corresponding frequency to obtain an estimated
response at that corresponding frequency;

assembling the estimated responses for each of the Fourier

series frequencies into an overall time response of the
energy storage device; and

subtracting the overall time response from a bias voltage of

the energy storage device to estimate the response of the
energy storage device to the excitation pulse.

2. The method of claim 1, wherein the impedance spectrum
is obtained offline over a broad frequency range between a
frequency that is less than or equal to the low frequency and
a frequency that is greater than or equal to the largest selected
harmonic frequency of the low frequency.

3. The method of claim 1, wherein the impedance spectrum
is obtained offline over a broad frequency range between a
frequency that is less than or equal to the low frequency and
a frequency that is greater than or equal to the largest selected
harmonic frequency of the low frequency and the impedance
spectrum is selected from the group consisting of a logarith-
mic frequency range, and a linearly spread frequency range.
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4. The method of claim 1, wherein the impedance spectrum
is obtained online over a broad frequency range between a
frequency that is less than or equal to the low frequency and
a frequency that is greater than or equal to the largest selected
harmonic frequency of the low frequency using techniques
selected from the group consisting of Impedance Noise Iden-
tification, Compensated Synchronous Detection, and Fast
Summation Transformation.

5. The method of claim 4, wherein the impedance spectrum
is obtained in-situ.

6. The method of claim 1, wherein the simulated pulse
profile is selected from the group consisting of a square wave,
a triangle and a sawtooth wave.

7. The method of claim 1, wherein the simulated pulse
profile is configured from a constant current, a constant volt-
age, or a constant power.

8. The method of claim 1, wherein the low frequency used
in the Fourier series is greater than or equal to a lowest
frequency of the impedance spectrum and wherein the largest
selected harmonic frequency used in the Fourier series is less
than or equal to a highest frequency of the impedance spec-
trum.

9. The method of claim 1, further comprising estimating
values for the measured impedance spectrum at frequencies
corresponding to the Fourier series coefficients through meth-
ods selected from the group consisting of linear interpolation
and cubic spline fit.

10. The method of claim 1, further comprising smoothing
the estimated response through signal processing techniques
to minimize or mitigate a Gibbs effect.

11. A system for assessing a condition of an energy storage
device by estimating a response to an excitation pulse, the
system comprising:

a data acquisition device configured to:

provide a stimulus to the energy storage device, the
stimulus including a frequency range including at
least a lowest frequency and at least a highest fre-
quency; and

obtain an impedance spectrum, the impedance spectrum
comprising a response of the energy storage device to
the stimulus; and

a computing system configured to:

define a simulated pulse profile comprising a periodic
train of pulses to emulate the excitation pulse;
decompose the simulated pulse profile by Fourier analy-
sis to obtain Fourier series coefficients at Fourier
series frequencies, the Fourier series frequencies
comprising a low frequency at the frequency of the
periodic train of pulses, a largest selected harmonic
frequency and harmonic frequencies therebetween;
estimate values for the impedance spectrum at one or more
of the Fourier series frequencies when the impedance
spectrum does not include a value at the one or more of
the Fourier series frequencies;

for each of the Fourier series frequencies, combine the

Fourier series coefficients with either a measured value
or an estimated value of the impedance spectrum at a
corresponding frequency to obtain an estimated
response at that corresponding frequency;

assemble the estimated response at each of the Fourier

series frequencies into an overall time response of the
energy storage device; and

subtract the overall time response from a bias voltage of the

energy storage device to estimate the response of the
energy storage device to the excitation pulse.

12. The system of claim 11, wherein the data acquisition
device is further configured to obtain the impedance spectrum
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offline over a broad frequency range between a frequency that
is less than or equal to the low frequency and a frequency that
is greater than or equal to the largest selected harmonic fre-
quency of the low frequency.

13. The system of claim 11, wherein the data acquisition
device is further configured to obtain the impedance spectrum
offline over a broad frequency range between a frequency that
is less than or equal to the low frequency and a frequency that
is greater than or equal to the largest selected harmonic fre-
quency of the low frequency using techniques selected from
the group consisting of a logarithmic frequency range, and a
linearly spread frequency range.

14. The system of claim 11, wherein the data acquisition
device is further configured to obtain the impedance spectrum
online over a broad frequency range between a frequency that
is less than or equal to the low frequency and a frequency that
is greater than or equal to the largest selected harmonic fre-
quency of the low frequency using techniques selected from
the group consisting of Impedance Noise Identification,
Compensated Synchronous Detection, and Fast Summation
Transformation.

15. The system of claim 14, wherein the data acquisition
device is further configured to obtain the impedance spectrum
in-situ.
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16. The system of claim 11, wherein the computing system
is further configured to define the simulated pulse profile as at
least one of a square wave, a triangle wave, and a sawtooth
wave.

17. The system of claim 11, wherein the computing system
is further configured to define the simulated pulse profile with
a constant current, a constant voltage, or a constant power.

18. The system of claim 11, wherein the low frequency
used in the Fourier series is greater than or equal to the lowest
frequency of the impedance spectrum and wherein the largest
selected harmonic frequency used in the Fourier series is less
than or equal to the highest frequency of the impedance
spectrum.

19. The system of claim 11, wherein the computing system
is further configured to estimate values of the measured
impedance spectrum at frequencies corresponding to the Fou-
rier series coefficients through methods selected from the
group consisting of linear interpolation and cubic spline fit.

20. The system of claim 11, wherein the computing system
is further configured to smooth the estimated response with
signal processing techniques to minimize or mitigate a Gibbs
effect.
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