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ABSTRACT

The reliability of battery technologies has become a critical issue as the United
States seeks to reduce its dependence on foreign oil. One of the significant limitations of
in-situ battery health and reliability assessments, however, has been the inability to
rapidly acquire information on power capability during aging. The Idaho National
Laboratory has been collaborating with Montana Tech of the University of Montana and
Qualtech Systems, Incorporated, on the development of a Smart Battery Status Monitor.
This in-situ device will track changes in battery performance parameters to estimate its
state-of-health and remaining useful life. A key component of this onboard monitoring
system will be rapid, in-situ impedance measurements from which the available power
can be estimated. A novel measurement technique, known as Harmonic Compensated
Synchronous Detection, has been developed to acquire a wideband impedance spectrum
based on an input sum-of-sines signal that contains frequencies separated by octave
harmonics and has a duration of only one period of the lowest frequency.
For this research, studies were conducted with high-power lithium-ion cells to
examine the effectiveness and long-term impact of in-situ Harmonic Compensated
Synchronous Detection measurements. Cells were cycled using standardized methods
with periodic interruptions for reference performance tests to gauge degradation. The
results demonstrated that in-situ impedance measurements were benign and could be
successfully implemented under both no-load and load conditions. The acquired
impedance spectra under no-load conditions were highly correlated to the independently
determined pulse resistance growth and power fade. Similarly, the impedance
measurements under load successfully reflected changes in cycle-life pulse resistance at
elevated test temperatures. However, both the simulated and measured results were
corrupted by transient effects and, for the under-load spectra, a bias voltage error. These
errors mostly influenced the impedance at low frequencies, while the mid-frequency
charge transfer resistance was generally retained regardless of current level. It was
further demonstrated that these corrupting influences could be minimized with additional
periods of the lowest frequency. Therefore, the data from these studies demonstrate that
Harmonic Compensated Synchronous Detection is a viable in-situ impedance
measurement technique that could be implemented as part of the overall Smart Battery
Status Monitor.

1
CHAPTER 1
INTRODUCTION

Motivation and Purpose

Battery technologies have become a critical component to several industries
including automotive, military, space, medical, electric utility, and consumer electronics.
The global market sale of rechargeable batteries in 2008 was $36 billion and it is
projected to increase to $51 billion by 2013 [1]. In the automotive industry, global
lithium-ion battery sales in 2010 were approximately $878 million and it is estimated to
increase as high as $8 billion by 2015 [2]. Secondary (or rechargeable) batteries consist
of various chemistries including lithium-ion, nickel metal hydride, lead acid, and nickel
cadmium [3]. The choice of chemistry depends on performance requirements, cost,
weight, and anticipated use. For example, military aircraft require batteries to survive in
uncontrolled temperature conditions ranging from -40 to +50°C [4] and batteries
designed for commercial automotive applications must provide sufficient power and
energy over a 10-year (electric vehicle) [5] or 15-year (hybrid electric vehicle and plug-in
hybrid electric vehicle) calendar life [6, 7] while potentially undergoing a few hundred
thousand shallow discharge and charge cycles. These types of applications require
extensive research and development to identify the best performing and lowest cost
battery systems that can meet the design specification.
Since battery systems, and the corresponding research and development, can be
very costly, another critical component to successful manufacturing and implementation
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in the field is accurate, in-situ monitoring techniques for state-of-health (SOH) and
remaining useful life (RUL) assessment. To date, no accepted industry standard has been
adopted for SOH and RUL. Key performance parameters for successful prognostics such
as available power and available energy are hard to determine based on simple passive
monitoring of voltage, current, and temperature. Given the complexity of the problem,
many applications using prognostic tools tend to be very specific to a particular chemistry
and anticipated use. In the automotive industry, for example, batteries are expected to
last 15 years, so manufacturers tend to oversize their devices to minimize warranty
claims. Other industries, (e.g., the military) choose to replace batteries at conservatively
chosen intervals to minimize mission-critical failures [4].
Recently, more emphasis has been placed on AC impedance as a useful measure
of battery SOH and RUL. Impedance spectra are acquired through low-level, charge
neutral input signals at various frequencies, and the data have been shown to correlate
well with the corresponding pulse resistance and power capability results [8]. However,
Electrochemical Impedance Spectroscopy (EIS) requires expensive and delicate
equipment operating in a laboratory environment. EIS measurements are also typically
sequential and can take a long time to complete (usually within ten minutes to an hour
depending on settings), especially when very low frequencies are included. Therefore,
most of the research to date has emphasized either offline EIS measurements or online
measurements at only a small set of frequencies to obtain the impedance spectra.
The purpose of this work is to investigate the effectiveness and impact on the
battery of a novel impedance measurement technique known as Harmonic Compensated
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Synchronous Detection (HCSD). The HCSD technique is based on a wideband sum-ofsines input signal that simultaneously incorporates logarithmically increasing frequencies
so as to more fully cover the spectrum range and it only requires one period of the lowest
frequency to complete the measurement. Additionally, the technique can be successfully
applied as a rapid impedance measurement under both no-load and load conditions.
Harmonic Compensated Synchronous Detection appears to be a significant improvement
over the existing online impedance assessment techniques and it helps to address a
critical gap in the literature for successful battery health prognostics. The simulated and
experimental results discussed herein addressed three key questions related to the
successful implementation of HCSD as an onboard diagnostic tool for rapid, in-situ
impedance measurement:
1. Can HCSD provide a useful estimate of battery life under no-load conditions
without impacting life as a result of the measurement?
2. Can the HCSD technique be successfully implemented under load conditions
without impacting battery life?
3. Can HCSD measurements under load provide a useful estimate of battery life?

Organization

Chapter 2, LITERATURE REVIEW provides a detailed overview of the available
published material on battery SOH assessment techniques that have been previously
developed, with a particular emphasis on impedance measurement applications. Since
very little information was available in the literature about rapid, in-situ, wideband
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impedance measurements for online applications under both no-load and load conditions,
the research activities discussed herein address a significant deficiency with the presently
available battery SOH assessment tools. Chapter 3, BATTERY TESTING
METHODOLOGIES provides background information on battery testing and analysis
activities at the Idaho National Laboratory, including how impedance measurements can
provide a useful alternative to pulse testing as a measure of SOH. This chapter also
discusses the development of the Smart Battery Status Monitor, including the
development of unique impedance measurement techniques that perform rapid
measurements with a simultaneous frequency excitation signal using hardware that could
be designed as an embedded system (e.g., HCSD). Chapter 4, THEORETICAL
DEVELOPMENT shows how impedance spectra are derived from HCSD measurements
based on an example input sum-of-sines signal with two frequencies.
The purpose of this research work is to investigate the viability of HCSD as an insitu impedance measurement technique that can successfully gauge resistance growth and
power fade during cell aging. Chapter 5, SIMULATIONS shows that the voltage
response from an input sum-of-sines signal can be successfully resolved at each
frequency of interest to generate an impedance spectrum. The simulated results under
no-load conditions showed a transient effect that caused the spectra to deviate from the
theoretical response, especially at low frequencies. The simulated spectra under load
conditions were corrupted by a bias voltage error as well. Nevertheless, the simulated
spectra demonstrated that these errors do not change much with cell age, and the
impedance grew with increasing cell age. Chapter 6, EXPERIMENTAL describes the
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testing sequence for three experiments using high-power lithium-ion cells from Sanyo
Electric Company, Ltd. These studies included an initial scoping study to verify the
feasibility of in-situ impedance measurements, a long-term HCSD study with in-situ
impedance measurements under no-load and load conditions, and a short term transient
study to assess the electrochemical response from input signals containing more than one
period of the lowest frequency. Chapter 7, RESULTS details the performance data
acquired during testing, and shows that the transient effect and voltage bias error
observed from simulations were also present in measured cell response. As with the
simulated spectra, the results still showed that HCSD impedance measurements under
load strongly correlate to resistance and power degradation determined from independent
tests. Chapter 8, CONCLUSIONS, therefore, summarize the observed results from both
simulation and testing activities, and shows that HCSD is a viable technique for the
Smart Battery Status Monitor. However, these testing activities have also revealed some
weakness in the present methodology and Chapter 9, FUTURE WORK AND
RECOMMENDATIONS provides some suggestions on how to improve the modeling
capability, hardware, and control software.
The appendices provide additional background information on the simulation and
testing activities related to this research work. APPENDIX A provides the derivations of
the voltage recursive solutions for the two equivalent circuit models that were used in the
simulations. APPENDIX B provides the test plans for the initial scoping study, longterm HCSD study, and transient study that were conducted at the Idaho National
Laboratory.

6
CHAPTER 2
LITERATURE REVIEW

Overview

Battery SOH assessment has been discussed extensively in the literature. Most
techniques can be narrowed down into three basic categories (offline, online, and smart
monitoring systems).

Offline battery monitoring generally requires expensive

laboratory equipment, but techniques such as Scanning Electron Microscopy, IonExchange Chromatography, Mass Spectrometry and X-ray Diffraction can be used for
detailed analytical studies that provide useful information about degradation sources [9].
Electrochemical impedance spectroscopy using reference cell data is also a useful offline
study that isolates the degradation of the positive and negative electrodes [10]. Simpler
offline tests would include pulse testing to assess resistance and power capability [11].
Online monitoring techniques generally involve measuring direct parameters such as
voltage, current, and temperature. If applicable, other measured parameters like pressure
could be included as well. However, both offline and online techniques require human
interaction and interpretation for proper battery management.
Smart systems, on the other hand, can directly interface with the battery
management system to monitor and control usage. These systems usually incorporate
direct measurements and bookkeeping strategies that are often combined with various
adaptive systems (e.g., Kalman filtering, neural networks, or fuzzy logic) to predict SOH
[11]. Bookkeeping techniques can require lookup tables combined with direct parameter
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measurements and calculations (e.g., using coulomb-counting to estimate the state of
charge, efficiency, self-discharge, and capacity loss). Simpler systems tend to control
state-of-charge (SOC) swings by monitoring the voltage and preventing over-charge or
over-discharge [9]. These integrated system control strategies are implemented to track
performance history, detect the onset of failure, determine smart replacement schedules,
and effectively manage battery usage so as to extend service life [12].
This literature review has been organized into four major sections: offline SOH
assessment, online SOH assessment, impedance measurements under no-load conditions,
and impedance measurements under load conditions. Offline state-of-health assessment
can be very extensive, and is useful for accurate model development, and in some cases,
as an adjunct in warranty determination. The non-impedance based online state-of-health
assessment techniques include coulomb counting, voltage monitoring, and/or
conductance or resistance measurements. Impedance measurements under no-load
conditions can include standardized measurement techniques (e.g., EIS) or make use of
noise signals to resolve the spectra. Of particular interest for this research work is
impedance measurements while the battery is under load, so a more thorough discussion
or previously published work related to periodic AC signals superimposed over constant
DC loads is also provided herein.

Offline State-of-Health Assessment

Prior to implementing expensive battery technologies in the field, it is first useful
to estimate life capability based on anticipated usage. The purpose of the Department of
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Energy’s Technology Life Verification Testing (TLVT) Program is to estimate the
overall battery life expectancy under typical stress conditions with a high statistical
confidence within a short period of testing [13]. The two key components of successful
TLVT life estimation are a statistically developed design of experiments and a robust life
modeling tool. The test matrices must encompass the known battery stress factors (e.g.,
temperature, SOC, energy throughput, etc.) over the anticipated range of use. For
automotive applications, testing usually consists of calendar and cycle life aging with
interspersed reference performance tests such as the Hybrid Pulse Power Characterization
test (HPPC, see Chapter 3, BATTERY TESTING METHODOLOGIES) and/or EIS
measurements over a broad frequency range. Off-normal testing conditions (e.g., low
temperature cycling) could also be included in a supplemental test matrix to verify effect
on battery life capability. Depending on the number of key stress factors and test
conditions, the test matrix could require hundreds of cells. The life model could be
empirical or, preferably, physics-based with parameters that cover the anticipated stress
factor range, and also account for the error associated with both manufacturing and
measurement variability. In the absence of such a model, a default model has been
developed using a quasi-empirical/physical approach [14].
Given a life and error model, a statistically valid matrix is designed based on the
assumed stress factor interactions and the experimental results are then simulated
hundreds of times using a Monte Carlo approach. The Monte Carlo approach is to
randomly perturb the degradation parameters over the range of anticipated error (both
manufacturing and measurement) to create a simulated set of test data. With these
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simulated data, battery life is estimated at the desired statistical confidence level (e.g., 15
year life at 90% confidence). If the simulation results are not satisfactory, the matrix
must be redesigned and reevaluated. If the simulation results are successful, they are then
verified with actual cell testing. Preferably, the full matrix will be verified, but a partial
matrix can be considered as well if resources are limited. The actual test data are then
assessed for lack-of-fit using the bootstrap approach. Bootstrapping [15] essentially
creates several new realizations of the original test data by random sampling and
recalculation of the life estimate to determine the uncertainty of the original estimate. If
the bootstrapped results are reasonably close to the Monte Carlo simulated results, the
model is acceptable and there is a high degree of confidence in the life estimate.
Otherwise, the whole process must be repeated until satisfactory results are achieved [13,
14]. Initial validation testing of this methodology was completed using high power Saft,
S.A. lithium-ion cylindrical cells [16, 17, 18].
Offline state-of-health assessment such as TLVT is a thorough approach to
establishing battery behavior based on a given model and anticipated use. It is typically
used to validate a battery’s readiness for transition into mass production [13], and it
cannot be adapted for onboard applications. Testing is performed in a laboratory
environment and can include standardized techniques such as HPPC and EIS
measurements [16, 17, 18], though other exploratory techniques (e.g., HCSD) could be
included as well if necessary. While impractical for onboard situations, the TLVT
methodology can be useful in establishing the expected performance characteristics that
onboard applications can use for comparison (e.g., through the use of a lookup table).
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Online State-of-Health Assessment (Non-Impedance Based)

Passive Monitoring
Non-impedance based online SOH assessment generally focuses on passive
monitoring of voltage, current, and temperature. A smart system uses the information to
count coulombs while also compensating for degradation losses (e.g., using a weighting
factor to compensate for efficiency losses). These can also require periodic full
discharges and charges to assess overall remaining capacity as a function of use [19] and
to recalibrate the system. Alternatively, the remaining capacity could be estimated based
on equivalent circuit models that track the changes in the main charge storing capacitor
element using a sliding-mode observer and Kalman estimator techniques [20]. Other
methods include offline testing to establish lookup tables that can be used in combination
with expert learning systems to assess SOH from passive measurements. For example,
Okoshi et. al. developed lookup tables of SOC versus direct current resistance for vehicle
idling-stop-system applications, and incorporated Kalman filtering techniques to predict
SOH based on direct current measurements [21].
Of particular interest for lead-acid battery applications, the coup de fouet region is
a small voltage dip at the start of a discharge. Tracking changes in the coup de fouet has
been shown to yield valuable information about SOC and SOH [22]. One significant
advantage of this technique is that it eliminates the need for full discharge cycles that can
adversely impact the battery. Instead, the information required for SOH assessment can
be found with a small discharge pulse (e.g., 2% drop) [23]. However, the operating
conditions would have to be carefully controlled since it doesn’t always work under
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irregular cycling conditions [24]. For automotive applications, the coup de fouet voltage
drop due to engine start-up could be used as a means of assessing SOH since it is directly
proportional to the increase in battery resistance, whereas the load resistance remains
relatively constant regardless of battery age [25].
Another approach that has been investigated in the telecommunication industry is
passively monitoring the battery conductance as a measure of SOH. Conductance, when
combined with temperature and float current monitoring, has been shown to be a noninvasive means of assessing the health of stationary lead acid batteries [26]. The float
current increases with decreasing conductance, resulting in a corresponding temperature
increase as well. Consequently, passive conductance monitoring could also be useful in
the early detection and prevention of thermal events [27].

Active Monitoring
With increasing demands on the battery performance, however, simple passive
monitoring is becoming an insufficient measure of SOH. Resistance data are also
necessary as a means of ascertaining the power capability in addition to capacity and
SOC. However, the best way to determine resistance is to actively pulse the battery using
a constant current signal and observe the voltage response. Tinnemeyer used short (e.g.,
30-s) constant current charge and discharge pulses at a 0.5 C1 rate separated by a brief
rest period to find resistance. The data were incorporated into a fuzzy logic adaptive
system to determine the SOH of electrochemical devices [28]. Banaei et. al. considered
using constant current pulses at various C-rates (e.g., 0.5 C1) with significantly less
duration (e.g., one second) to predict the terminal voltage behavior based on the
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convolution of the input current signal and the corresponding impulse response stored in
a lookup table. The impulse responses at various SOC conditions were calculated offline,
and the data were stored in a database for online predictive applications [29]. These
types of pulses, however, can cause SOC swings to the battery. Hariprakash et. al.
investigated the possibility of a 50-s pulse at a very low current rate (C1/150) to collect
information about resistance without significantly affecting the SOC for lead-acid battery
applications [30]. Since mass transfer is not involved in this type of pulse, the equivalent
circuit model can neglect the Warburg effect (i.e., the diffusion component of the
impedance model [3], see Chapter 3, BATTERY TESTING METHODOLOGIES). Data
from this pulse were used to determine resistance behavior, and it was shown that the
ohmic resistance can be linearly related to the log of SOC.
Instead of actively pulsing the battery, another alternative would be to use the preexisting pulse behavior demanded by an application in the field. For example, Sun et. al.
developed a battery management system for the Chinese “Start” series Fuel Cell Hybrid
Vehicle lithium-ion battery pack. The battery management system is used, among other
things, to monitor voltage, current, and temperature. Based on an equivalent circuit
modeling, the resistance is determined and used to assess SOH by means of a dual
extended Kalman filter. Resistance and capacity data are monitored to estimate the effect
of power fade and capacity loss [31]. The system was verified with both offline constant
current cycle-life pulse testing and field testing using the current data collected from the
controller-area network bus (CAN-bus) data logger to estimate voltage response.
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Verbrugge and Tate developed and tested an adaptive SOC algorithm for
automotive applications (e.g., the Precept hybrid vehicle system) [32].

The predictive

technique is generic, but it is especially suited to battery chemistries with hysteresis
effects such as Nickel Metal Hydride (NiMH). Resistance data can be extracted to
predict pulse power capability and SOH given an appropriate equivalent circuit model.
The algorithm was successfully demonstrated with standard drive cycle simulations (e.g.,
Federal Urban Driving Schedule, FUDS [5, 33], and Highway Fuel Economy Test,
HWYFET [33]) using a model of the Precept vehicle NiMH battery pack power usage.
Verbrugge also successfully applied a modified adaptive algorithm to a lithium-ion cell
chemistry and used Saft cell pulse test data to verify the predictive capability [34].
However, these adaptive algorithms assume low SOC variation during pulsing. The
equivalent circuit models will fail given sufficiently large SOC swings.

Summary of Online Health Assessment Techniques
Passive monitoring techniques can yield valuable information about battery
behavior, but the acquired data only provides information about capacity changes. There
is insufficient information to determine impedance changes, and this significantly limits
the types of battery applications that would find this approach useful. Active
measurements can provide information about resistance growth, but at the expense of
pulse profiles with durations that are not suited for rapid, in-situ measurements. Short,
one-second pulses were considered, but this approach requires extensive offline testing to
establish lookup tables, and may even require periodic recalibration as the cells age.
Another alternative is to capture resistance data while the battery is in use based on

14
equivalent circuit models. However, a significant disadvantage of this method is that it
generally requires opportunity measurements that are not always consistent or reliable.

Impedance Measurements Under No-Load

AC Impedance Measurements
Offline AC impedance techniques have been shown to be a valuable tool for
assessing SOH [8, 35, 36]. Unlike pulsing, the input is a low-level charge neutral signal
that minimally perturbs the battery while still providing an indication of the power
capability. AC impedance data have been shown to reveal changes in the bulk behavior
of the electrochemical processes as well, which can give an indication of the changes in
the battery electrode surface and diffusion layer [37]. With half-cells (i.e., using a
reference electrode to isolate the individual effects of the anode and cathode during
measurements [3]), offline impedance measurements could also be a valuable diagnostic
tool in assessing the degradation of the individual electrodes [10].
Smart learning algorithms such as fuzzy logic, neural networks, and autoregressive moving average techniques could be combined with offline EIS measurements
over a wide frequency range, and electrochemical models to predict SOC, SOH, and
state-of-life (SOL) [37, 38]. Other prognostic techniques could include probabilistic
regression models, relevance vector machines, extended Kalman filters or a recursive
Bayesian filter using particle filter techniques [39, 40, 41]. An overarching data fusion
process could then smartly assess each of the predictive techniques to produce the best
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estimate of SOC, SOH, and SOL with confidence intervals to provide a robust
assessment of the battery life capability [37].
An issue that should be considered for impedance assessment accuracy is the
effect of electromagnetic interferences on the measurement. AC impedance
measurements usually require a relatively small input signal (e.g., a periodic current
source) to minimize the energy swing. However, with improved chemistries and largersized cells being manufactured, the overall impedance is being significantly reduced.
Consequently, the response signal may only fluctuate in the microvolt range, and the
measurement can be highly influenced by external interferences. To counteract this
effect, Kozlowski developed a novel impedance measurement technique based on a
current divider circuit [42]. A sensing impedance is placed in parallel with a battery and
the corresponding sensing current can be easily measured with a magnetic field sensor
(e.g., an anisotropic magneto resistive sensor). Knowing the sensing impedance, sensing
current, and the input current, the battery impedance can be determined using a simple
variation of Ohm’s Law without requiring knowledge of the voltage fluctuations. A
study was conducted on multiple cell chemistries (lead acid, nickel cadmium, etc.) with
this technique and compared to a standard four-wire connection using an input current
signal with a logarithmically-spaced frequency range of 1 Hz to 17 kHz. The results
clearly indicated that the current divider method is significantly less influenced by the
electromagnetic interference and appears to be a more robust methodology of extracting
the impedance data for both offline and online applications.
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Although the input signal is typically a sinusoidal wave, other types of periodic
input signals (e.g., step function, rectangular pulse, square waves, triangle wave,
sawtooth, ramps, etc.) could be used as well. Kiel et. al. determined that the impedance
measurements resulting from a small signal square wave pulse were the same as when
using a typical sinusoidal input signal for Uninterruptible Power Supply (UPS) lead acid
batteries [43]. Leletin et. al. proposed using a small signal square wave pulse to examine
changes in the polarization voltage response as a means of gauging SOH [44]. The
advantage of a square pulse waveform is that it includes a discontinuity that can be used
to measure both the ohmic and polarization voltage response. The main application of
this technique was for primary battery systems (e.g., lithium sulfur dioxide), though it
could be applied to rechargeable systems as well.
Since EIS measurements can take a long time to complete due to the lower
frequencies, one method of increasing the assessment speed is to only pick strategic
frequencies of interest. Tinnemeyer, for example, incorporated multiple models and
fitting parameters to assess SOH, SOC, and other battery characteristics based on
impedance measurements that used a fixed number of select frequencies (e.g., anywhere
between 5 and 65 excitation frequencies depending on application, within a range of 2
kHz to 10 Hz) [45]. Singh et. al. used select magnitude or phase values from offline EIS
measurements at a few strategic conditions (e.g., 0.2371, 0.56, and 36.62 Hz) to estimate
SOH with fuzzy-logic techniques for lithium-ion Sanyo cells used in defibrillator
applications [46].
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Yoo and Park [47] examined the possibility of in-situ impedance measurements
using a novel technique based on Fourier Transforms. They made use of the theorem
that, in the linear region, the current response to an excitation voltage will also respond
with its integral or derivative provided that the corresponding input signal is the integral
or derivative of the excitation voltage. Electrochemical systems can be considered linear
provided that the excitation signal is small (e.g., 10 mV). Using this theorem, the authors
applied a small potential step function (i.e., the integral of a delta function) of 10 mV.
Taking the first derivative of the current response corresponds to the response as if a
voltage delta function were applied. Using the discrete time Fourier transform within a
limited time range, the impedance can be derived over a linearly decreasing frequency
range between half the highest sampling frequency and near DC (i.e., 0 Hz). The
limitation to this method is that it requires a very fast and stable potentiostat. Once the
cell potential is established, a 10 mV step function is applied, and the current response is
measured. Since the current impulse response rapidly decays to zero, the whole
measurement sequence can take less than two milliseconds to complete. However, these
data do not reveal a Warburg impedance primarily due to the shortness of the voltage step
function, so the diffusion profile is undisturbed. This obfuscates a comparison between
the Fourier technique and standard AC impedance measurements which include a
Warburg tail. Consequently, the authors built an equivalent circuit model based on the
Fourier technique, and compared it with typical AC impedance techniques and came up
with essentially similar results. From these results, the authors conclude that the Fourier
technique could drastically change the way impedance measurements are taken, and it
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can be a useful tool for in-situ measurements in real time. They also implied that the
technique could be used for real-time monitoring of battery systems during discharge and
charge, though no data were used to support this claim.
Another method of decreasing the measurement time is to input a signal with a
superposition of multiple sine waves at different frequencies simultaneously. Yoon et.
al. used a sinusoidal input signal that was composed of a linearly increasing frequency
range using odd-numbered harmonics over a wide spectrum (e.g., 5 mHz to 20 kHz) to
determine the equivalent circuit model parameters, and then correlated those results with
remaining capacity using lookup tables [48]. This technique also required a minimum of
two periods of the lowest frequency to complete the measurement. Morrison et. al. used
a wideband signal with logarithmically increasing frequencies in a sum-of-sines
configuration to rapidly assess the impedance of a battery for both offline and online
applications [49, 50, 51, 52, 53, 54]. A logarithmically increasing frequency provides
broader coverage of the range compared to a linearly increasing frequency. The sum-ofsines signal could include any number of frequencies, but at the expense of measurement
time (i.e., number of required periods at the lowest frequency of interest). A faster
technique was developed using a sum-of-sines signal with logarithmically increasing
octave harmonic frequencies to decrease measurement time to only one period of the
lowest frequency and simplify the data analysis. Furthermore, the control software for
this technique has made it possible to implement rapid, in-situ measurements under both
no-load and load conditions. These sum-of-sines techniques are discussed in more detail
in Chapter 3, BATTERY TESTING METHODOLOGIES.
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An alternative method for impedance measurements has also been suggested by
Aglzim et. al. [55]. Typical AC impedance techniques are potentiostatic or galvanostatic
(i.e., constant voltage or constant current, respectively). However, a third alternative is to
measure impedance using load modulation. In other words, the load resistance is varied
by fixing the battery voltage to different levels and then imposing a sinusoidal current to
determine impedance. Aglzim’s primary application for this technique was fuel cell
vehicle technologies to assess the membrane deterioration for SOH. However, it was
tested on a 40 Ah lead acid batteries at various voltage levels (e.g., 12.7, 10, 8, and 5 V)
and two sinusoidal currents (e.g, 0.6 and 4 A). It was shown that the Nyquist curves vary
as a function of load voltage and imposed current and could be successfully used as a
measure of SOH.

Noise Measurements
Because AC impedance measurements can take a long time to complete, others
have suggested using noise signals to extract impedance data. Baert et. al. developed
hardware that would manually inject a noise signal into a lead acid battery system [56].
The noise signal consisted of a lower frequency region (e.g., 3 to 40 Hz) due to the
effects of the main frequency component (i.e., 50 or 60 Hz input) and other high
frequency disturbances. The data were used to assess the effective noise voltage response
(scaled by the gain) as well as the number of measured voltage peaks. These data were
shown to be useful measures of SOC and battery condition. Christophersen et. al.
proposed filtering a white noise current signal into the frequency range of interest (i.e.,
pink noise) and applying it to the battery to observe the voltage response [57, 58, 59, 60].

20
These data were used to assess the high resolution AC impedance spectrum as a measure
of SOH. This technique is discussed more thoroughly in Chapter 3, BATTERY
TESTING METHODOLOGIES.
Offline noise measurements, however, can take a long time to process due to the
number of measurements necessary for appropriate averaging and the computationally
intensive methods required to extract the data. Consequently, many have proposed to
take advantage of noise signals that are already present in the system application.
Dynamic signal noise within a UPS system, for example, can come from nonlinear
sources and loads connected to the battery causing periodic shallow discharges. These
ripple currents could be advantageously used to assess the impedance [61].
For automotive applications, current and voltage demands will not inherently be
pure DC, so passive monitoring could yield the impedance spectra without querying the
battery independently. The existing voltage and current data could be bandpass filtered
to keep only the frequency range of interest (e.g., 1 kHz to 10 kHz) [62] and then
compared to a lookup table of experimentally determined model parameters (e.g., offline
EIS and pulse testing at various temperature and SOC conditions at different stages of
life) to assess SOH [63]. Noise signals within the vehicle alternator could also be used to
assess the impedance during cold cranking and predict the voltage response. If the
voltage response is too low, an indicator could be provided to the user to check the
battery [10, 63].
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Summary of No-Load Impedance Measurements
Impedance measurements under no-load conditions provide valuable information
about battery degradation with minimal impact. However, the measurements are
typically performed sequentially, and the required time for this approach is too long for
onboard applications. Some have suggested incorporating noise signals as a solution, but
it also requires multiple measurements of lengthy durations. Another possibility is to
capture pre-existing noise data in the system application, but this depends on opportunity
measurements that are not always consistent or reliable. Others have suggested limiting
the number of frequencies to reduce time, but the measurements were still performed
sequentially. A better approach is to incorporate multiple frequencies simultaneously for
measurements. One suggestion was to inject the battery with a linearly-increasing
composite signal. However, this approach was still deficient since the results were
limited to capacity assessment and the measurement required two periods of the lowest
frequency. Harmonic Compensated Synchronous Detection, on the other hand, is a
technique that uses a logarithmically increasing frequency range and only requires one
period of the lowest frequency to complete a measurement. Additionally, the data that
are collected from this technique can be used by the Smart Battery Status Monitor to
assess a number of parameters such as capacity, impedance, and power capability.

Impedance Measurements Under Load

Impedance measurements under load for electrochemical devices have not been
discussed as extensively in the literature. Some authors have vaguely implied that
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superimposing a periodic signal over a pre-existing signal load could be a useful measure
of SOH, but provided no discussion on methodology, implementation, or results [37, 42,
44]. Other authors generally suggest superimposing an AC signal at a discrete frequency
over a constant load to assess impedance behavior and SOH. A detailed analysis of a
logarithmically increasing frequency sweep under load (i.e., in a sum-of-sines signal)
does not appear to be present in the literature at this point.

Fuel Cell Applications
One of the difficulties with fuel cell failure assessment is an inability to rapidly
detect the true source of the error (e.g., air usage rate, hydrogen concentration, variable
temperature distribution, etc.). Takebe and Uchida [64] developed a fuel cell state-ofhealth assessment technique based on tracking the resistance values determined through
RC-network models using AC impedance measurements under load. The fuel cell is
measured over a sequence of discrete frequencies by superimposing a small AC current
signal over a constant current DC load. A database of equivalent circuit resistance values
under standard operating conditions is stored for future reference. In this case, the
electrolyte membrane resistance, the anode reaction resistance, the cathode reaction
resistance, and the diffusion impedance are stored in the database. In cases where a full
frequency sweep is impractical, four discrete frequencies could be used to identify the
real component of each of the resistance model parameters (e.g., 1000, 200, 10, and 0.1
Hz). During fuel cell use, an in-situ AC impedance measurement under load can be
conducted, and changes in the subsequent resistance values will help rapidly identify
which portion of the fuel cell operation requires adjustment. For example, the diffusion
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impedance changes with changing air usage rate and the anode reaction resistance
changes with changing hydrogen concentration. However, this device must also account
for the deterioration of the fuel cell itself. When resistances are compared to the
beginning-of-life database, some of the change could be due to the fuel cell degradation
in addition to a specific failure source (or sources). Degradation that is specifically due
to failure sources can be assessed by observing the rate of change in the overall fuel cell
impedance data compared to an optimal range of operation. If an operating condition
(e.g. air flow, hydrogen concentration level, etc.) deteriorates, the impedance will
increase significantly relative to the standard degradation rate. Similarly, if an operating
condition increases slightly (e.g., a forced increased air flow), the change in impedance
will be smaller than the expected degradation rate. Thus, implementing smart assessment
tools that compare AC impedance data at discrete frequencies to a characterization set of
results and compensate for regular fuel cell degradation allows the in-situ assessment of
fuel cell errors that result from improper operating conditions.
Zhu et. al. [65] assessed the viability of AC impedance measurements under load
to determine the real time power capability and remaining useful life for polymer
electrolyte membrane, also known as proton exchange membrane (PEM), fuel cell stacks.
The fuel cells were tested using both single membrane electrode assembly (MEA) cells
and multiple MEA groups, up to and including a full 47 MEA stack. The fuel cells were
first brought to a steady state condition for both DC voltage and current. A small AC
impedance signal (e.g., 20 mV AC or 500 mA AC) was then applied to the MEA for
impedance measurements while under load, though no indication of the frequency (or
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range of frequencies) was provided. Various different steady state load levels were
investigated, and the impedance curves were modeled using equivalent circuit diagrams.
The modeled results compared very well with independent measurements, indicating that
AC impedance is in fact a useful tool for assessing the health of PEM fuel cells under
load. However, it was determined that the electronics within the PEM fuel cell stack (i.e.,
a Ballard Nexa stack) were also consuming energy from the cells, resulting in inaccurate
AC impedance results. Consequently, an independent cell stack had to be used to supply
the required power for the electronic load, thus decoupling the fuel cells being measured
with AC impedance from the load. These data were fitted to non-linear least squares
estimation and simulated with PSPICE [66]. Based on the fitted resistance data, the
PSPICE simulation was able to successfully capture the real-time evaluation of PEM fuel
cells under load. Zhu et. al. [67] continued this work by applying AC impedance
measurements to PEM fuel cell stacks. Two PEM stacks were operated in series and the
AC impedance was measured under various different DC current loads (i.e., 5, 10, 15, 21,
25, and 30 A). The data were then modeled using a three RC-network system and the
results were successfully compared to PSPICE simulations.
Freeman et. al. [68] developed a portable hardware device that can successfully
measure the AC impedance of a fuel cell stack in real time. The device will generate a
DC signal with a superimposed AC waveform at discrete frequencies (e.g., 100 Hz, 1
kHz, 2 kHz, and 10 kHz). The voltage and current response are measured through a load
bank and shunt, and then the internal processing unit will calculate the phase shift to
determine the Nyquist or Bode plots. The basic hardware design consists of a frequency
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synthesizer that generates a periodic AC signal at the selected frequency. It also
generates the DC voltage offset signal that is used to program the load bank to draw a
specific DC current from the fuel cell. In other words, both the DC voltage input and
current output are known. This in-situ device allows for efficient monitoring of fuel
cells, and aids in finding the optimal operating conditions (e.g., flow rates, temperature,
humidification, etc.). This technique was further improved with the capability of
isolating the AC impedance of individual cells within the fuel cell stack [69]. The
hardware still applies a DC voltage offset with a superimposed AC signal, and the
Nyquist and Bode curves are generated based on the response measured through a load
bank and a shunt. This approach is also applicable to other electrochemical devices,
including battery technologies.
Tang et. al. [70] used in-situ AC impedance under load to assess the effect of
temperature on the performance of a Nafion-112 based PEM fuel cell. Impedance spectra
were obtained at various constant current densities over a frequency range of 3.5 kHz to
0.35 Hz, and the results were modeled using equivalent circuits. The modeled resistance
values were used to assess the performance of the PEM fuel cell as a function of
increasing ambient temperature. It was shown that the Nafion-112 based PEM achieved
high performance at 120°C, 30 psig, and 100% relative humidity.
Singh et. al. [71] developed a technique to determine the state-of-health of
electrochemical devices (e.g., PEM fuel cells) using AC impedance at a fixed frequency
of interest, voltage measurements, and smart fuzzy logic controls. The DC voltage of the
fuel cell is measured under both open circuit and maximum load conditions. For
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impedance measurements, the hardware design includes a DC voltage offset that is set
equal to the fuel cell voltage such that the only measured voltage effect on the fuel cell
will be due to the AC current signal being applied. The specific frequency of the AC
current signal is chosen to best suit the electrochemical device under investigation (e.g.,
16 Hz for a PEM fuel cell stack). The fuzzy logic system then identifies the relationship
between these measured parameters and the overall system health. The impedance and
voltage data are input to a sequence of weighted fuzzy logic rules and the resulting stateof-health assessment can be assigned a value within a numerical scale that can be
provided to the user (e.g., with a liquid crystal display).

Battery Applications
Singh et. al. [72] also developed an in-situ method of assessing the SOH of NiMH
batteries under load using impedance spectroscopy. Three distinct measurements were
recommended, one at a low frequency (e.g., between 10 and 20 Hz with a preferred
frequency at 10 Hz), one at a medium frequency (e.g., between 200 and 500 Hz with a
preferred frequency at 251 Hz), and one at a high frequency (e.g., between 2 kHz and 10
kHz with a preferred frequency at 3981 Hz). Fuzzy logic systems were then used to
assess the data and determine SOH, which can be related to the estimated remaining
capacity. The impedance data could also be correlated with an independently measured
cycle count as a measure of SOH. Their measurement technique was to connect an AC
current generator and a DC variable voltage generator in series with the battery under
test. The DC generator is connected such that it has a common pole with the battery, thus
eliminating the load voltage. When the AC current generator sends a sinusoidal signal at
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the desired frequency, the battery voltage response can be directly measured and used to
determine impedance and SOH.
For hybrid vehicle applications, the electric motor/generator is used to charge the
battery when the internal combustion engine (ICE) is active, or discharge the battery
when the ICE is off. Tate et. al. [73] from General Motors Corporation developed a
technique to continuously inject a low level signal into the battery as it is charging or
discharging. The preferred battery technology is Nickel Metal Hydride, but it is also
applicable to other battery chemistries as well. The input signal could be a white noise or
pure random noise signal, but other types could also be implemented (e.g., chirp, swept
sinusoidal, etc.). From the battery response, the AC impedance can be determined and
used to assess SOC and SOH. Unfortunately, no results or discussion as to how effective
this technique works in practice, or indication on the effect of battery life, was provided.
Tachibana and Matsuki [74] used impedance measurements under load to assess
the electrochemical behavior within the solid phase of electroactive materials. The cells
consisted of an electrolytic manganese dioxide/alkaline chemistry (i.e., MnO2 in alkaline
solution). An inexpensive galvanosatat was built to superimpose a sinusoidal signal
during a discharge or charge curve. For their study, an intermittent 1 Hz signal was
superimposed over the discharge current. The cell was also subjected to a frequency
sweep between 0.1 to 20 Hz at various capacity densities. The data showed that at higher
potentials (e.g., -0.2 and -0.3 V), a homogeneous reduction was occurring, but at the
lower potential (e.g., -0.4 V), a heterogeneous reduction was occurring. These results
were consistent with previously reported results for the same cell chemistry.
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Burkum and Gabriel [75] developed a system to measure the AC impedance of
batteries while still connected to a charger or load. The primary example used in
developing this technique was a lead acid battery chemistry designed for substation
applications. The measurement device essentially consists of a signal generator and a
corresponding current measurement through a shunt. The AC current signal is then
passed through a capacitor and switching circuit that is connected to the battery. A
voltmeter monitors the voltage response at the battery terminals as well. The device is
first connected to the battery terminals with the signal generator and switching circuit
isolated so as to prevent arcing. Once connected, the switching circuit connects the
battery to an RC network so as to charge the capacitor to the battery working voltage.
Once charged, the capacitor blocks any DC current from the battery to the signal
generator. The switching circuit then connects the battery to the signal generator for AC
impedance measurements at a single frequency. Because the DC current supplied by the
charger will usually contain ripples (from the 50 or 60 Hz line current input) and the
substation load could also include some known AC components (e.g., at 400 or 1000 Hz)
in addition to various harmonic effects, the AC impedance frequency measurement must
be specifically chosen so that it can be successfully filtered out from the rest. The
authors in this case have chosen 25 Hz as the frequency of choice and this signal is
filtered through a bandpass filter to block the other frequency components. It is further
recommended that a low level (e.g., 1-A) regulated current be used for ease of
computation and minimal impact on the battery. The resulting AC impedance data can
be used to help identify problems with the battery technology (e.g., issue a warning signal
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if the increase is 2% or more). If a problem is indicated, then the device can be adjusted
to measure individual cells/modules within the battery pack. In this case, probes can be
used to measure the terminals of the individual cells. Since individual cell impedances
are very low compared to the overall impedance, it was recommended that the input
current be increased to 10-A. Additionally, the impedance should be measured for both
the individual cells as well as the interconnections between cells. It was further
recommended that individual cell impedance data that deviate by approximately 15%
from the average should be investigated for specific problems.
Typical methods of measuring AC impedance have been to simply superimpose a
sinusoidal current over a constant current discharge with a peak amplitude less than the
DC current. However, Diard et. al. [76, 77] proposed implementing a technique that
measures battery AC impedance during discharge through a constant resistive load. The
advantage of this approach is that it can allow for easier impedance measurements of high
capacity, low impedance battery technologies that require constant current discharges that
are beyond the limits of the available regulation systems (i.e., battery testers). A 0.65 Ah
Nickel Cadmium battery was used to verify this technique. The cell was initially
discharged using a constant current at a C/10 rate, followed by a discharge through a 30Ω
constant load. Impedance measurements were taken every hour during each test (i.e., at
approximately 8% of nominal capacity) using a sequentially increasing frequency range
between 50 Hz and 6.5 kHz. The discharge voltage profile and AC impedance spectra
were nearly identical for both the constant current and constant load tests. The
impedance of a 25 Ah, 2V lead-acid cell was also successfully determined using a
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discharge through a 1Ω constant load, but it could not be verified with a constant current
discharge due to tester limitations. Therefore, this technique has proven useful for
assessing the AC impedance under load for high capacity, low impedance battery
systems. This technique was also successfully applied to PEM fuel cells under load [78].
Karden et. al. [79] also explore methods to measure the AC impedance of
industrial batteries as a tool for determining the SOC and SOH. Similar to [76, 77], these
authors used a “standardized” technique of a constant current discharge (or charge) with a
superimposed AC current (galvanostatic mode) that is sufficiently low to remain in the
linear region as the baseline measure of performance. They also created a “mini cycle”
technique in which they charge and discharge a battery from a given SOC with a
superimposed impedance measurement on both the charge and discharge pulses. A 100
Ah lead acid battery was used to demonstrate this new technique. The data indicated that
the impedance does not change significantly during mini cycles, and that the SOC
remained essentially constant following a series of cycles. However, the spectra also
showed some differences relative to typical impedance spectra measured during a
constant current discharge, possibly due to non-ideality effects. For the lead-acid cells,
the mini-cycle allows for a more purely electrochemical assessment of the impedance
which may be obscured by acid diffusion during a continuous charge and discharge cycle.
The impedance data for the mini cycle at different current rates showed similar inductive
tails and a small, higher frequency semicircle (i.e., 200 Hz > f > 5 Hz). At lower
frequencies (i.e., 10 Hz > f > 0.1 Hz), however, there is a strong nonlinearity effect that
impacts the Warburg tail. The data also indicates that the charge impedance is higher
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than the corresponding discharge impedances for a given mini cycle current.
Additionally, the authors demonstrated that the ohmic resistance and the low frequency
semicircle increase with increasing DOD, but decrease with increasing temperature.
Therefore, the authors conclude that AC impedance based on mini cycles could be a
useful tool for assessing battery SOH.
Since simple voltage monitoring is insufficient for assessing SOC and SOH, Marti
et. al. [80] also developed an embedded device that measures the battery AC impedance
as a measure of health. They defined SOH as a measure of the total available capacity of
a battery following a full recharge and SOC as a measure of the available capacity for an
immediate discharge. The authors developed an embedded device that superimposes a
sinusoidal current at a fixed frequency over the pre-existing DC current demand from the
vehicle battery. This results in a voltage response at the terminals that is added to the
voltage behavior coming from other battery demands (e.g., system demands, vehicle
network, etc.). The DC bias of the total voltage response is first removed, leaving only
the sinusoidal response due to the input signal and other auxiliary demands. A voltage
signal is then applied at the same frequency as the original current sinusoidal input, and
the voltage response is synchronously detected with the original voltage response (minus
the DC bias) to obtain the true voltage response proportional to the AC impedance. From
these data, the impedance can be determined at the specified frequency (e.g., 90 Hz), then
compared to a database of responses for the specific battery technology.
Jonsson [81] developed a technique to assess the AC impedance of a battery (e.g.,
lead acid) installed in a UPS system. When the line voltage is disconnected, the UPS
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uses the battery to supply the necessary load discharge current. The induced current is
typically an AC signal and it can be detected either at the battery terminal, or at the load
(scaled by the turn ratio of the transformer). The voltage response at the battery terminal
is detected, and the AC impedance is calculated. Once this impedance reaches a
predetermined threshold limit, a warning signal is issued to replace the battery in the
UPS.

Summary of Under-Load Impedance Measurements
Studies on impedance measurements under load have not been as widely
discussed in the literature. The available research generally suggests incorporating a
single frequency or a small set of discrete frequencies that are applied sequentially to the
battery. Results from these approaches only provide a small set of data points from
which it is difficult to draw a full spectrum, so the implementation must be very specific
to the particular application (e.g., knowing which particular set of frequencies to use, and
when to implement the measurement). Others have suggested a frequency sweep during
a constant current discharge or charge step, but this requires large SOC swings that can
impact the life of the electrochemical device (battery or fuel cell) in addition to taking a
significant amount of time to complete. None of the proposed methodologies included an
impedance measurement using a full frequency spectrum under load with a rapid, in-situ
technique such as Harmonic Compensated Synchronous Detection.
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Summary

From this literature review, it is clear that simple, passive monitoring of direct
parameters such as voltage, current, temperature will provide an inadequate assessment
of the state-of-health and remaining useful life of energy storage devices (e.g., a battery).
Successful battery health prognostics also require information about battery resistance
growth and power fade, but these parameters are typically determined from pulse tests
that are not well suited for online applications. Consequently, impedance measurements
have gained significant interest as a useful and benign alternative method of gauging
changes in resistance and power during cell aging. However, it has also been a difficult
challenge to successfully implement impedance measurement techniques as an online
application that could be applied under both no-load and load conditions. Multiple
techniques have been proposed, ranging from noise measurements to a small subset of
discrete impedance measurements at targeted frequencies of interest, but extremely little
information is available on the use of wideband input signals with simultaneous
frequency excitation for rapid impedance measurements under both offline and online
applications.
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CHAPTER 3
BATTERY TESTING METHODOLOGIES

Overview

This chapter describes battery testing methodologies and their bases which, in
part, provide the rational for the research methods that were used to verify the
effectiveness of the HCSD technique. The Idaho National Laboratory (INL) has been an
active participant in battery research and development with over 20 years of experience
in the testing of energy storage devices. It has been designated by the U.S. Department
of Energy’s (DOE’s) Office of Vehicle Technologies as the lead laboratory for
performance testing as part of the U.S. Advanced Battery Consortium (USABC) that
consists of DOE, the three major U.S. automotive manufacturers (Ford, Chrysler, and
General Motors), and various battery manufacturers. The INL developed internationally
recognized testing standards and procedures for electric, hybrid electric, and plug-in
hybrid electric vehicle applications [5, 6, 7, 82], and also developed quantifiable
uncertainty assessment methods that enable more accurate battery life prognostics [83,
84, 85, 86]. Since it is well known that increases in resistance lead to a reduction in
battery performance (e.g., power and life capability) and that this growth in resistance is
related to time, usage, and temperature [38, 87, 88], the INL testing regime typically
includes various cyclic charge and discharge pulse profiles that approximate the
anticipated battery usage and yield valuable resistance data as a function of life.
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The INL is also actively involved in the Applied Battery Research (ABR)
Program initiated by DOE to address the key barriers limiting the successful
commercialization of lithium-ion chemistries for automotive use [18, 35, 87, 88, 89, 90,
91]. These barriers include high cost, poor low temperature performance, poor abuse
tolerance, and a short calendar life. As part of the ABR Program, INL conducts
accelerated life testing on known lithium-ion chemistries to elucidate failure mechanisms,
and explores new and innovative testing techniques that help yield additional information
about battery degradation over life. These data are useful for developing life models
using both empirical and physics-based fitting techniques, as well as developing more
accurate prognostic capabilities to assess remaining useful life.

Standardized Test Procedures

Performance Targets
For automotive applications, standardized testing [5, 6, 7, 82] includes calendar
and cycle life aging with periodic interruptions for reference performance tests (RPTs) to
gauge the degradation in power and energy as a function of time. Performance data are
used to determine battery capability and compared to the end of life USABC targets.
Table 1 lists some key performance targets for the minimum hybrid electric vehicle
(HEV) and plug-in hybrid electric vehicle (PHEV) applications [6, 7]. For example, the
HEV targets require a battery to be capable of simultaneously providing a minimum of 25
kW discharge power, accepting 20 kW regen (i.e., regenerative charging) power, and
providing 300 Wh of usable energy. The battery should also have a 15-year calendar life
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and be able to provide 300,000 charge-sustaining cycles (roughly corresponding to
150,000 miles). Other targets not listed in Table 1 include cold cranking capability,
efficiency, operating temperature ranges, weight, volume, cost, etc. [6, 7].

Table 1. Key USABC performance targets for HEV and PHEV [6, 7]
Minimum
Minimum
HEV
PHEV
Characteristics
Units
Battery
Battery
kW
25
45
Peak Discharge Pulse Power (10-s)
kW
20
30
Peak Regen Pulse Power (10-s)
Wh
300
500
Available Energy for Charge-Sustaining Mode
Cycles
300,000
300,000
Cycle Life Capability
Year 15 (at 30°C) 15 (at 35°C)
Calendar Life Capability

Cycle-Life Tests
The purpose of USABC cycle-life aging is to assess the ability of a battery to
deliver sufficient power and energy for 150,000 miles. Standardized cycle tests include
both charge-sustaining [6, 7, 82] and charge-depleting [5, 7] modes. The chargedepletion mode simulates an equivalent all-electric range in the vehicle and consists of
pulses that deeply discharge the battery with each cycle [5, 7]. The charge-sustaining
mode simulates an engine power assist function for the battery, and consists of shallow
cycles centered on a fixed state-of-charge [6, 7, 82]. The shallow cycles are chargeneutral with an assumed battery energy efficiency of 90%.
A typical charge-sustaining cycle-life test profile is shown in Figure 1 [7]; the
USABC convention for battery test profiles is a positive current for discharge pulses and
negative current for charge pulses [6, 7, 82]. This constant power profile is 90 seconds
long and constitutes one cycle. This cycle is repeated a total of 300,000 times to verify
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the 150,000 mile target. Typically, reference performance tests are conducted every
30,000 cycles during aging to assess power and energy loss [6, 7].

Figure 1. PHEV charge-sustaining cycle life test profile [7]

The cycle-life test profile shown in Figure 1 is intended to simulate a typical intown driving cycle [82]. The “Engine Off” pulse occurs when the vehicle is stopped with
the engine off (e.g., at a red light), and the battery is supplying the power required to run
accessory loads. Accessory loads can include climate control, lights, fans, radio, etc.
Once vehicle motion is required (e.g., when the light turns green), the battery provides a
high-power “Launch” pulse for the initial acceleration while the engine starts back up.
Once the engine is active, the battery can be slowly recharged through a small “Cruise”
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step. Once a vehicle stop is required (e.g., at a red light), the battery can be charged more
quickly through a large regenerative (i.e., “Regen”) breaking pulse.
During cycling, the battery current and voltage are measured, and the data can be
used to determine the resistance from each pulse within the profile. Figure 2 shows the
PHEV cycle-life profile with time markers identified for the Engine-Off, Launch, Cruise
and Regen pulses. Equations (1) through (4) show the corresponding resistance
calculations based on Ohm’s Law [92] and methods that have been previously used for
battery testing and analysis [35, 36]. The last ten seconds of the Cruise pulse are
typically used for balancing the profile to ensure stable cycling (i.e., maintaining a cycle
with zero overall throughput) [6, 7]. Consequently, the Cruise resistance in Equation (3)
is based on the current and voltage measurements immediately prior to this balancing
step (i.e., at time marker t3, where t3 = t4 – 10 seconds).

=
R Engine_Off

∆VEngine_Off Vt1 − Vt0
=
I Engine_Off
I t1

(1)

R Launch
=

∆VLaunch Vt2 − Vt1
=
∆I Launch
I t2 − I t1

(2)

=
R Cruise

∆VCruise Vt3 − Vt2
=
I Cruise
I t3

(3)

=
R Regen

∆VRegen Vt5 − Vt4
=
∆I Regen
I t5 − I t4

(4)
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Figure 2. Time markers for the PHEV charge-sustaining cycle life test profile [7]

Hybrid Pulse Power Characterization Test
As part of the RPT, the Hybrid Pulse Power Characterization (HPPC) test is
performed to gauge degradation in the power and energy capability as a function of test
time. The HPPC test profile is shown in Figure 3, and consists of 10-s discharge and
regen pulses with a 40-s rest at open circuit voltage in between [6, 7]. Variations to the
pulse durations are also possible based on the particular targets or testing requirements,
but the analysis methodology described herein is the same. For example, the ABR cells
used a profile with an 18-s discharge pulse instead of a 10-s pulse [35]. The discharge
current level is typically set at five times the cell’s rated one-hour capacity, and the regen
pulse current is at 75% of the discharge level [6, 7].

This profile is repeated at each
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10% depth of discharge (DOD) increment starting at 90% state-of-charge. It is typically
preceded by a constant current discharge and charge at the one-hour rate (i.e., C1/1 rate,
where the subscript “1” refers to the 1-hr rate over a 1-hr period) [6], or a constant power
discharge [7] to correlate the DOD to the cumulative energy removed.
From the HPPC pulse data, the discharge and regen resistances can be determined
from Equations (5) and (6) [6, 7, 35] using the measured voltage and current at the
designated time increment shown on Figure 3.

Figure 3. HPPC profile [6, 7]

=
R discharge

∆Vdischarge Vt1 − Vt0
=
∆I discharge
I t1 − I t0

(5)
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=
R regen

∆Vcharge Vt3 − Vt2
=
∆I charge
I t3 − I t2

(6)

Figure 4 shows the calculated discharge and charge resistances at beginning of
life for a representative ABR cell at each 10% DOD increment. The discharge resistance
in this case is larger than the regen resistance since it was based on an 18-s pulse and the
regen resistance was calculated at 2-s [35]. These data are then used to calculate the
discharge and regen pulse power capability relative to the open-circuit voltage (OCV)
and the specified cell minimum and maximum voltage limits (Vmin and Vmax,
respectively) as shown by Equations (7) and (8) [6, 7, 35].

Figure 4. Pulse resistance versus depth-of-discharge [35]
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Pdischarge =

Pregen =

Vmin (OCV − Vmin )
Rdischarge

Vmax (Vmax − OCVregen )
Rregen

(7)

(8)

Figure 5 shows the discharge and regen power capabilities with respect to the
cumulative energy removed for the same representative ABR cell. Note that, to simplify
the comparison between the discharge and regen performance of the cell, the regen power
axis has been scaled such that it aligns with the corresponding discharge power level (i.e.,
in this case, the regen power curve has been scaled by a factor of 1.2 to align the 30 kW
regen power target with the 25 kW discharge power target [35]). The difference between
the discharge and regen power curves is defined as the available energy of the cell, as
shown in Equation (9) [6, 7, 35]. The point at which the two curves cross each other is
the pulse power limit (i.e., the DOD point at which the power is maximized, but the
available energy is exactly zero).
Wh
=
Whdischarge − Whregen
available

(9)
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Figure 5. Pulse power capability versus cumulative energy removed [35]

The resulting available energy curve is shown in Figure 6, with the corresponding
HEV discharge power and usable energy targets (i.e., 25 kW and 300 Wh) marked with
straight lines. As the cell ages, the power and energy decrease, and the curve shifts
towards the left. According to USABC standards, once the usable energy curve crosses
the intersection between the power and energy targets, the cell has reached end of life.
The degradation in usable energy at different stages of life for an ABR cell that was cycle
life aged for 140 weeks with RPTs every four weeks is shown in Figure 7. This
particular cell reached end of life at approximately 68 weeks, but aging continued well
beyond this point to get a better measure of failure mechanisms [35].
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Figure 6. Usable energy curve [35]

Figure 7. Usable energy curves as a function of test time [35]
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HPPC data, therefore, provide information on power and energy capability that
are critical for estimating the battery state-of-health and remaining useful life that could
not be determined with simple passive monitoring of voltage, current, and temperature.
However, the HPPC test is very time consuming (approximately 15 hours per test), and it
requires high current pulses along with full charge and discharge cycles to acquire the
necessary data. Additionally, it has been shown that the HPPC test can stress the battery,
and could be considered as a source of degradation as well [36]. The HPPC test is,
therefore, well-suited for occasional offline applications, but it is not useful for onboard
applications that may require frequent and rapid measurements with minimal impact.

Electrochemical Impedance Spectroscopy
Other methods of determining battery impedance have been investigated under
the ABR program as well [35, 87, 89, 91]. Particularly, electrochemical impedance
spectroscopy (EIS) measurements were added to the set of RPTs as a possible alternative
approach of acquiring comparable data [35]. The EIS test consists of a small, charge
neutral AC voltage signal applied to the battery over a range of frequencies (e.g., 10 kHz
to 10 mHz). The current response was then measured to determine the impedance at each
frequency. Alternatively, an AC current signal is injected into the battery, and the
voltage response is measured [93, 94].
A typical EIS Nyquist curve measured at 60% state-of-charge (SOC) for a
representative ABR cell is shown in Figure 8. The high frequency capacitive tail on the
left side (note that the imaginary axis has been negated) is most likely due to an artifact
of the measurement equipment, and it can even become inductive with different
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equipment or with changes in the measurement cable configuration [35]. If the tail in
Figure 8 were to cross at zero, it would identify the electrolyte resistance (RE) within the
battery, which is also known as the ohmic resistance (RO) since it also incorporates
effects from the electrodes, tabs, etc. The semicircle in the mid-frequency region
identifies the charge transfer resistance (RCT). The charge transfer resistance is primarily
influenced by the kinetic reaction of the electrodes due to an imposed constant voltage or
current signal [3]. The low frequency tail on the right is known as the Warburg
impedance that is caused by the diffusion of ions [3].

Figure 8. EIS Nyquist curve description [35]
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Figure 9 shows EIS measurements at different stages of life for an ABR lithiumion cell that was aged for 140 weeks with RPTs every four weeks. There is a small
increasing in the ohmic resistance, which may be come from the solid electrolyte
interphase layer (and other side reactions) consuming lithium from the electrolyte as the
cell is aged [95]. The majority of the impedance growth, however, occurs in the midfrequency charge transfer resistance, where the semicircle grows in both height and width
as a function of cell age. The low-frequency Warburg tail shifts to the right due to the
increased cell resistance, but generally retains the same slope.

Figure 9. EIS Nyquist curves for an ABR cell [35]
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Correlations
Since the high frequency tail and low frequency Warburg impedance obscure the
detail of the mid-frequency region, the growth in charge transfer resistance over time can
be approximated by the change in the real impedance at the low-frequency trough of the
semicircle with respect to the initial (characterization) data [8]. This methodology also
has the advantage of capturing the small growth in ohmic resistance as well. Figure 10
shows the average growth of the charge transfer resistance compared to the
corresponding average growth of HPPC discharge pulse resistance for three different sets
of ABR cycle-life cell groups. The Baseline cells consisted of a nickel-cobalt-aluminum
chemistry for the positive electrode and a graphite anode. A Baseline cell group was
cycle-life tested at 25°C, and another group was aged at 45°C. The Variant C cells
included an increased aluminum dopant in the positive electrode (with a subsequent drop
in the cobalt dopant) to increase life and improve abuse tolerance at the expense of a 20%
reduction in rated capacity [35]. These cells were aged at 45°C. The EIS data were
measured every RPT at 25°C and 60% SOC, then compared to the HPPC resistance data
calculated at the same open-circuit voltage. As shown in Figure 10, there is a strong
correlation between EIS and HPPC growth, and it appears to be independent of cell
chemistry and temperature. Similar results were also observed for calendar-life cells
[35], indicating a test independence as well. The same EIS data were also found to
correlate well with the corresponding loss of available power as determined from the
HPPC [35].
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Thus, EIS measurements seem to provide a useful alternative for determining the
overall battery state-of-health and remaining useful life without the need for charge
depleting pulses. Additionally, EIS measurements are believed to be very benign and
appear to have a smaller impact on cell degradation compared to a full HPPC test [36].
However, this method still requires expensive equipment that is delicate and
cumbersome. The measurements are also sequential and can still be very time
consuming, requiring between ten minutes to over an hour to complete a frequency sweep
depending on the frequency range and integration time settings. EIS measurements are
therefore well-suited for offline applications, but not very useful for onboard
applications.

Figure 10. Comparison of EIS and HPPC [8, 36]
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Smart Battery Status Monitor

The Idaho National Laboratory has partnered with Montana Tech of the
University of Montana and Qualtech Systems, Incorporated to develop a Smart Battery
Status Monitor (SBSM). The goal of this embedded monitoring system is to assess the
state-of-health and remaining useful life of a battery with minimal perturbation. The
SBSM will consist of an embedded hardware design with a control software interface that
interacts with the battery system and the operator to provide rapid information about life
and health. A conceptual description of the SBSM for an automotive application is
shown in Figure 11. In this application, the sensor (i.e., SBSM) is connected to the
battery management system and relays immediate information to the driver in a
dashboard display. The dashboard display can include an available energy gauge that is
comparable to a gas gauge, and an incrementally increasing capacity turnover value that
is roughly equivalent to a battery odometer based on the equivalent full charge and
discharge cycles. The sensor would also provide relevant data to a technician during
regular maintenance service visits. The technician access could include a detailed history
of battery use as well as expert modeling tools that estimate state-of-health and remaining
useful life.
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Figure 11. Conceptual design of the SBSM

The SBSM should be designed to passively measure standard battery parameters
(voltage, current, and temperature) and actively query the battery at periodic intervals to
determine, for example, the impedance. All of the acquired data can then be incorporated
into models and smart learning algorithms that adapt to changing conditions and usage so
as to assess the life and health of the battery. This approach, however, requires a rapid,
online measurement of the impedance, and the HPPC and EIS tests are not well-suited for
embedded and near real-time assessment. In-situ impedance measurement techniques
have been investigated and discussed in the literature (see Chapter 2, LITERATURE
REVIEW), but rapid online assessment using a wideband frequency range has not been
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available. However, the SBSM development team has overcome this difficulty with three
unique approaches to rapidly measure wideband impedance spectra for online
applications using an embedded hardware platform. These techniques, known as
Impedance Noise Identification, Compensated Synchronous Detection, and Fast
Summation Transformation, provide a key, and previously unavailable, metric that can be
used to estimate battery health.

Impedance Noise Identification
Impedance Noise Identification (INI) is a recently patented technique that injects
a bandwidth limited noise signal into the battery [57]. A charge-neutral white noise
signal is filtered into a pink noise signal that covers the frequency range of interest for
measuring the impedance (e.g., 2,000 to 0.1 Hz). This noise signal is applied to the
battery as current and the voltage response is measured. The input current and output
voltage response are cross-correlated to determine the magnitude and phase of the
impedance spectra. These data are normalized to the auto-correlated input current to
enable magnitude calibration. The resulting impedance data are then converted into the
frequency domain with a Fast Fourier Transform for a direct comparison with standard
EIS spectra.
Figure 12 shows a comparison between INI and EIS at 60% SOC for two different
commercially available lithium-ion cells that had been aged at 55°C for a) 100 cycles and
b) 200 cycles. Unlike Figures 8 and 9, the high-frequency tail in Figure 12 is inductive,
and this is primarily because different EIS equipment was used to complete the
measurement in this case (when the high frequency tail is inductive, the data below the
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ohmic resistance is generally not shown in this paper). As expected, the ohmic resistance
grew slightly for the cell with 200 cycles [95] and the charge transfer resistance for this
cell is also larger. The INI spectra compare very well with the corresponding EIS
measurements in both cases, and show similar growth in charge transfer resistance.
There are significantly more data points for the INI spectra since a very large number of
frequencies were included within the pink noise signal.

(a)
(b)
Figure 12. INI measurements for a lithium-ion cell
at a) 100 cycles and b) 200 cycles

The advantage of INI is that it will simultaneously measure the impedance at a
plurality of frequencies with high resolution using a hardware device that can be designed
as an embedded system. The disadvantages are the time required to complete the
measurements and the computationally intensive data analysis. Because random noise
signals are involved, the measurements must be repeated multiple times and then
averaged to obtain repeatable results. While faster than EIS, the original INI method [57,
58] still required approximately five to six minutes per test. However, new signal
processing techniques have been implemented to significantly reduce the measurement
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time for INI depending on the frequency range (e.g., approximately 30 seconds
measurement time for a frequency range of 2 kHz to 100 mHz) [59, 60].

Compensated Synchronous Detection
A simpler approach of measuring impedance data can be implemented using the
patented Compensated Synchronous Detection (CSD) method [49]. Instead of a pinknoise signal, this method consists of simultaneously exciting the battery with a set of
charge neutral current sinusoids of equal amplitudes but different frequencies spread
logarithmically to cover a broad range. This sum-of-sines signal, therefore, contains
multiple frequencies spread over the specified range of interest (e.g., 2,000 to 0.1 Hz).
For accurate detection with minimal error, it is advantageous to include multiple periods
of each discrete frequency included in the overall sum-of-sines signal. However,
multiple periods at the lower frequencies can significantly increase the measurement
time. The minimum number of periods required for an accurate measurement depends on
the number of frequencies used in the sum-of-sines signal. Studies have shown that a
minimum of three periods of the lowest frequency is sufficient for this technique when
about 12 frequencies are included in the input signal (e.g., a 30 second measurement for a
low starting frequency of 100 mHz) [49, 50].
In lieu of the auto-correlations, cross-correlations, and Fourier Transforms
implemented by the INI technique, the impedance magnitude and phase in this case can
be synchronously detected at each frequency within the sum-of-sines signal using the
input current and measured voltage response. Since the duration of the measurement is
not infinite, the input and response signals appear as sinc functions in the frequency
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domain. These sinc functions can overlap and cause crosstalk error in the impedance
spectra. To minimize this error, the initial results are compensated by first reassembling
all of the components except for the frequency of interest back into a sum-of-sines signal
in the time domain. This reassembled time record is then subtracted from the original
signal and synchronously detected again with significantly reduced crosstalk error. This
process is repeated for each frequency component to yield more accurate impedance
spectra that are directly comparable to the EIS [49, 50, 51]. Figure 13 shows a
comparison between CSD and EIS for the same commercially available lithium-ion cell
shown in Figure 12. The CSD results are noticeably sparser due to the small number of
frequencies incorporated into the sum-of-sines signal. However, the spectra are still very
comparable with the corresponding EIS and INI measurements.

(a)
(b)
Figure 13. CSD measurements for a lithium-ion cell
at a) 100 cycles and b) 200 cycles

The advantage of CSD is that it is a simpler implementation without requiring
multiple measurements to be averaged for repeatable results, and thus it can be
significantly faster compared to INI. Additionally, the technique can be successfully
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implemented on the same hardware platform as INI. However, it is still not very wellsuited for onboard applications since it requires a minimum of three periods of the lowest
frequency and the data analysis is still somewhat computationally intensive.

Fast Summation Transformation
The fastest measurement technique that has been developed so far is the patent
pending Fast Summation Transformation (FST) [52]. Unlike CSD, which incorporates a
sum-of-sines signal at any given frequency spread, FST is a bandwidth limited octave
harmonic sum-of-sines signal. The advantage of an octave harmonic signal is that it does
not result in crosstalk error for the frequency domain since all of the sinc functions cross
zero at each frequency of interest. Given that there is no crosstalk error, only one period
of the lowest frequency is required for this measurement technique (e.g., a 10 second
measurement for a low starting frequency of 0.1 Hz), and the data analysis can be greatly
simplified.
Instead of synchronous detection as used with CSD, the response signal in this
case is rectified relative to the sine and cosine at each frequency of interest. All the
samples are then added up and normalized by the total number of periods at the given
frequency (e.g., only one period for the lowest frequency, two periods for the next lowest
frequency, etc.). The real and complex impedance are then computed using a simple
matrix calculation consisting of the individually summed samples and the total numerical
value determined from the rectified signals [52, 53, 54]. Figure 14 shows a comparison
between FST and EIS for a commercially available lithium-ion cell that had been aged at
50°C for a) 0 cycles and b) 80,640 cycles. The FST spectra are very comparable to EIS
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in the critical mid-frequency range (i.e., the charge transfer resistance) both at beginning
of life and after a significant amount of aging.

(a)
(b)
Figure 14. FST measurements for a lithium-ion cell
at a) 0 cycles and b) 80640 cycles

The advantage of this technique is that it requires significantly less time to
complete the measurement, and it is based on a computationally simple analysis
algorithm.

The methodology can also be implemented on the same hardware platform

as INI and CSD. Thus, this technique appears to be the best approach for onboard
diagnostic applications. A disadvantage to this method, however, is that the data
resolution is lower than INI, and it does not have the capability of CSD to increase
resolution by adding more interspersed frequencies within the range of interest. FST
must incorporate frequencies in octave harmonic increments to avoid the crosstalk error.

Harmonic Compensated Synchronous Detection. A variant of FST is Harmonic
Compensated Synchronous Detection (HCSD). This technique essentially combines the
FST input signal with the CSD analysis technique. An octave harmonic sum-of-sines
signal is used as the input, but the analysis is based on synchronous detection with zero
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compensation since all the crosstalk is eliminated. The advantage of this approach is that
it allows more flexibility in the types of impedance spectra that are desired for a given
application (e.g., high or low resolution data, rapid or slower measurement times, etc.).
This technique has been successfully implemented in beta control software, and is the insitu impedance methodology implemented for the studies discussed herein. While the
HCSD technique has been developed primarily for offline conditions (i.e., no load),
control software modifications have also made it possible for online (i.e., under load)
conditions as well. The disadvantage to the present technique, however, is that the
analysis methodology implemented in the control software assumes steady-state
conditions for under-load measurements, so a single DC bias voltage is still removed
from the response signal prior to synchronous detection. Because online measurements
under load are not at steady state, a dynamic bias voltage will be introduced, and this
adds interference frequency spectra to the response signal which result in residual
crosstalk error once the assumed DC bias voltage is removed. As shown in the
simulation and testing results (Chapter 5, SIMULATIONS, and Chapter 7, RESULTS,
respectively), this voltage corruption affects the measured impedance spectra under load,
especially at lower frequencies, but the results still show consistent and repeatable
responses that can be used to assess degradation as a function of cell age.

Summary
In-situ impedance measurements are a critical component to estimating battery
state-of-health and remaining useful life. Standardized techniques such as HPPC and EIS
require lengthy tests using expensive laboratory equipment to acquire data while
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potentially causing degradation as well. However, three unique, in-situ impedance
measurement techniques have been developed as part of the Idaho National Laboratory’s
Smart Battery Status Monitor project. Impedance Noise Identification and Compensated
Synchronous Detection can be used to measure impedance in an embedded device, but
the required test time and analysis can still be relatively lengthy and computationally
intensive. Fast Summation Transformation is the most promising technique so far, and it
incorporates a very rapid impedance measurement using a simplified sum-of-sines signal
with a computationally simple analysis algorithm. A variant of this technique, Harmonic
Compensated Synchronous Detection, has been successfully implemented in beta control
software. These techniques help to address a significant problem in battery prognostics
and fill a critical gap in the available literature. Consequently, the studies discussed
herein are based on implementing a wideband HCSD measurement under both no-load
and load conditions during cell aging to determine the effect of in-situ impedance
assessment on battery life, and its usefulness as a measure of battery degradation.
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CHAPTER 4
THEORETICAL DEVELOPMENT

HCSD Derivation

The HCSD technique enables the detection of impedance magnitude and phase
assuming a bandwidth limited octave harmonic sum-of-sines input current signal. As an
example, consider a sum-of-sines input current signal, x(t), consisting of two frequencies,
ω0 and kω0, respectively, where k is an even integer, as shown in Equation (10). The
resulting voltage response, y(t), is shown in Equation (11), where the sine waves have
been affected by unknown phase shifts. A sample voltage response, represented by
Equation (12), for three periods of the lowest frequency is shown graphically in Figure
15, where V0 = 2 V, ω0 = 2π, φ0 = 0, Vk = 3 V, k = 4, and φk = π/3. The frequency response
of this sum-of-sines signal, Y(jω), can then be determined with a Fourier Transform [96],
as shown in Equation (13). It consists of scaled delta functions at ±ω0 and ±kω0.
=
x(t ) sin(ω0t ) + sin(kω0t )

(10)

=
y (t ) V0 sin(ω0t + φ0 ) + Vk sin(kω0t + φk )

(

y (t ) = 2sin(2π t ) + 3sin 8π t + π

Y (=
jω )

3

)

Voπ
δ (ω − ωo )e jφo − δ (ω + ωo )e − jφo  +
j 
Vk π
δ (ω − kωo )e jφk − δ (ω + kωo )e − jφk 
j

(11)

(12)

(13)

61

Figure 15. Sum-of-sines voltage response for three periods from Equation (12)

To ensure only one period of the lowest frequency (ω0) is used for the HCSD
measurement, the sum-of-sines signal must be multiplied by a rectangular pulse having a
duration of T0 = 1/f0, as shown in Equation (14). For the example signal in Equation (12),
the duration of this rectangular pulse must be one second long since ω0 = 2π (i.e., a low
frequency of 1 Hz). Thus, the resulting sum-of-sines signal is as shown in Figure 16,
where only the data between zero and one-second are preserved, and the rest are
discarded.
r (t ) = u (t ) − u (t − To )

(14)
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Figure 16. Sum-of-sines signal multiplied by a rectangular pulse

The Fourier transform of a rectangular pulse is a sinc function [96], as shown in
Equation (15). Since multiplication in the time domain means convolution in the
frequency domain [96], the convolution of Equations (13) and (15) results in sinc
functions that are centered at the frequencies of ±ω0 and ±kω0, as given in Equation (16).
For the example signal in Equation (12), this corresponds to ±1 and ±4 Hz since ω0 = 1
rad and k = 4. A graphical representation of the magnitude versus frequency for the four
sinc term in Equation (16) is shown in Figure 17. Each sinc function peaks at the
appropriate frequency with no crosstalk interference from the other signals (i.e.,
overlapping sinc functions at the frequency of interest). Interference from the other sinc
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functions converge to zero at ±1 and ±4 Hz since the two input sinusoidal waves in
Equation (12) are separated by octave harmonics.

 ωT  − j
R( jω ) = Tosinc  o  e
 2 

ωTo
2

(15)

Z=
( jω ) Y ( jω ) ∗ R ( jω )
 (ω −ωo )To

 (ω +ωo )To
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e
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Figure 17. Magnitude response for the sinc functions in Equation (12)

(16)
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To synchronously detect magnitude and phase [96], Z(jω) can be convolved with
the Fourier transform of the sine wave for the in-phase component, and convolved with
the Fourier transform of the cosine wave for the quadrature component at each frequency
of interest. Equations (17) and (18) show the synchronous detection of Z(jω) at a
frequency of ω0. The real and imaginary components of the impedance are then
determined by solving the in-phase and quadrature components, respectively, at DC (i.e.,
f = 0) and normalizing by the period, T0 [49, 50].

π

[δ (ω − ωo ) − δ (ω + ωo )]

(17)

SQ ( jω=
) Z ( jω ) ∗ π [δ (ω − ωo ) + δ (ω + ωo ) ]

(18)

S P ( jω=
) Z ( jω ) ∗

j

For the in-phase component, the convolution with a sine wave results in the
function described by Equation (19), where ω = 2πf and the terms within the sinc
functions can be symbolized by α, β, χ, ε, ϕ, γ, and λ, as shown. For the DC solution
(i.e., f = 0), most of the terms in SP(jω) become zero since sinc(nπ) = 0 when n is an
integer. Consequently, sinc(β), sinc(χ), sinc(ε), sinc(ϕ), sinc(γ), and sinc(λ) are all zero,
whereas α becomes sinc(0) = 1, as shown in Equation (20). Thus, the in-phase response
at DC can be reduced to Equation (21). Normalizing by the period, T0, and using Euler’s
definition of a cosine [96], SP(jω) is proven to be the real component of the Voejφ phasor,
as shown in Equation (22).
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=
S P ( jω )

{

Vo
1
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Re Vo e jφo
=
2
2

}

(22)

Similarly, for the quadrature component, the convolution with a cosine wave
results in the function shown in Equation (23), where ω = 2πf. As with the in-phase
component, most of the terms in the quadrature component become zero when solving at
DC. Thus, the response can be reduced to Equation (24). Normalizing by the period, T0,
and using Euler’s definition of a sine [96], SQ(jω) is proven to be the imaginary
component of the Voejφ phasor, as shown in Equation (25).
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Given the example voltage response in Equation (12), the in-phase component at
the frequency ω0 = 2π would be SP(jω) = 1, and the quadrature component would be
SQ(jω) = 0. To synchronously detect the response at the next frequency of interest, the
value for ω0 in Equations (17) and (18) would be replaced by kω0, where k is an even
integer. Using the given example, where k = 4, the in-phase and quadrature components
at kω0 (i.e., ω0 = 8π) would be SP(jω) = 0.75 and SQ(jω) = 1.3, respectively. The resulting
real and imaginary components of the detected impedance from Equations (22) and (25)
at each frequency of interest can then be converted to the corresponding magnitude and
phase response using Equations (26) and (27).

=
S MAG

( 2S ) + ( 2S )
2

Q

 SQ 
S PHS = tan −1  
 SP 

P

2

(26)

(27)
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Implementation

The derivation above assumed a simplified sum-of-sines signal with two
frequencies added together. For the actual HCSD technique, multiple sinusoids of equal
amplitudes are summed together in the excitation current signal. Equation (28) expresses
the input sum-of-sines current signal as a function of time that is typically implemented
for simulations (Chapter 5, SIMULATIONS) and actual battery tests (Chapter 7,
RESULTS). The desired overall RMS current (IRMS), lowest frequency, and number of
sine waves within the signal at different frequencies (Flines) are assumed to be given.
From these inputs, a vector containing the number of sample points per frequency (NN),
and the total number of samples in the overall time record (N) can be determined. The
input current (IL) is then generated with a sampling period of 1/NN, where the value of
NN changes as octaves with each frequency in the sum-of-sines.
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Figure 18 shows a typical simulated input current signal that consists of a sum-ofsines with octave frequencies between 0.1 and 409.6 Hz for one period of the lowest
frequency. For reference, the fundamental frequency (0.1 Hz) input current is also
included in this figure as well. The method of synchronous detection for each frequency
of interest in this signal is the same as described in the example above. Since no
crosstalk error exists with octave harmonics, there is no need to compensate the
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synchronously detected magnitude and phase, as is typically done with a generic CSD
analysis [49, 50].

Figure 18. Typical simulated input current signal

Summary

The method of Harmonic Compensated Synchronous detection requires a known
input current excitation signal and a measured voltage response of the battery. The
known input current must consist of frequencies that are separated by octave harmonics
to eliminate crosstalk interference for each detected signal. The magnitude and phase of
the impedance can then be determined at each frequency of interest by synchronously
detecting the voltage response with respect to the sine and cosine. When scaled by the
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given input current, the detected response at each frequency of interest will be the real
and imaginary components of the battery impedance, respectively. Because there is no
crosstalk error, only one period of the lowest frequency is required for this analysis
technique.
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CHAPTER 5
SIMULATIONS

Introduction

The purpose of this simulation work is to assess the capability of simplified
battery models to resolve impedance spectra when the HCSD analysis technique is
applied under both no-load and load conditions. Two well-established models were
implemented for this study, including a standardized test cell circuit and the Lumped
Parameter Model equivalent circuit [35]. In all cases, the simulated RMS excitation
current for the HCSD measurement was set to 0.5 A (i.e., IRMS = 0.5 A in Equation (28)),
and the number of frequencies was set to thirteen lines (i.e., Flines = 13). For the
simulations under no-load conditions, the starting frequency was fixed at 0.1 Hz (i.e., a
ten-second sum-of-sines input signal to cover one period of the lowest frequency),
resulting in a maximum frequency of 0.1 Hz · 212 = 409.6 Hz. For the simulations under
load conditions, the HCSD signal was superimposed over each pulse in the cycle-life
profile (Figure 1). The Engine-Off and Cruise pulses in Figure 1 can accommodate the
ten second measurement, but the duration of the Launch and Regen pulses require a
starting frequency of 1.0 Hz (i.e., a one-second measurement) instead.
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Test Cell Circuit

Equivalent Circuit Model
The equivalent circuit for the test first simplified battery model is shown in Figure
19. This model was used by Sandia National Laboratories to build a test cell circuit
(TCC) as a means of verifying the repeatability of EIS measurements between three
national laboratories having different equipment as part of the Applied Battery Research
Program [35]. It consists of a resistor (R1) in series with a parallel combination of a
polarization resistance (R2) and capacitor (C1). The capacitor is coupled with an
equivalent series resistance (R3), which is a lumped parameter describing any resistive
elements in the capacitor such as current collectors, electrical leads, and contacts [97].
The polarization RC-network simulates the semicircle loop caused by the charge transfer
resistance, and the ohmic resistor shifts the semicircle on the real axis of the Nyquist
curve [3]. The theoretical equivalent impedance of the TCC is shown in Equation (29).

Figure 19. Test cell circuit
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Z= R1 +

R2 + sC1 R2 R3
1 + sC1 ( R2 + R3 )

(29)

Simulations Under No-Load Conditions
The circuit parameter values for the no-load simulations of the test cell circuit are
shown in Equation (30). These values correspond to the actual test cell circuit that was
built by Sandia National Laboratories for EIS validation [35]. Given these parameters,
the theoretical response at each frequency of interest between 0.1 and 409.6 Hz,
inclusive, is shown in Figure 20 with solid circle symbols. At very high frequencies, the
capacitor behaves as a short circuit, so R1 is in series with a parallel combination of R2
and R3, resulting in an ohmic resistance of 12.5 mΩ given the parameters of Equation
(30). At very low frequencies, the capacitor behaves as an open circuit, and the TCC
impedance becomes the sum of R1 and R2, or 15 mΩ. Thus, the charge transfer resistance
for the TCC, which corresponds to the width of the semicircle, is 2.5 mΩ.
R1 = 10 mΩ
R2 = 5 mΩ
R3 = 5 mΩ

(30)

C1 = 21 F

The response of the TCC given a sum-of-sines signal with one period of the
lowest frequency (i.e., Figure 18) is also shown in Figure 20 with solid triangle symbols.
This simulated HCSD response is very accurate at higher frequencies, but tends to
deviate from the theoretical behavior at lower frequencies. The root cause for this
discrepancy may be a start-up transient effect due to the size of the capacitor [50, 53]. At
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higher frequencies, multiple periods are included within the sum-of-sines signal, so the
voltage response was able to reach a steady state. As the frequency drops, however, the
response could not reach steady-state since fewer periods were included in the input
signal, resulting in errors with the detected impedance. Similar transient behavior was
also observed for the actual cell impedance measurements under no-load conditions, but
it was mostly due to electrochemical effects (see Chapter 7, RESULTS).

Figure 20. TCC response with one period of the lowest frequency

To verify the transient effect observed in Figure 20, the HCSD simulations were
repeated with additional periods of the lowest frequency. Figure 21 shows the detected
impedance spectra for an input current that has (a) five and (b) ten periods of the lowest
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frequency compared to the theoretical response of the TCC. This translated into a sumof-sines signal that was 50 and 100 seconds long, respectively. As the number of periods
increased, the accuracy of the detected impedance at lower frequencies improved in both
the real and imaginary components. Thus, the TCC model will yield good, accurate
results from HCSD simulations under no-load conditions, but at the expense of longer
duration input signals and increased computation time.

(a)
(b)
Figure 21. TCC response with (a) five periods and (b) ten periods of the lowest
frequency

Simulations Under Load Conditions
The equivalent circuit in Figure 19 was modified as shown in Figure 22 for
simulations under load conditions. A DC bias voltage (VBIAS) is placed in series with the
TCC model to account for the battery load during cycling. The input current from the
cycle-life profile is represented by IPULSE. For more realistic results, the simulated values
for IPULSE were based on the average current measured from actual cycle-life profiles
during Sanyo cell aging. In parallel with IPULSE is the simulated input sum-of-sines
current signal (ISOS) that is superimposed over each pulse at designated time increments
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(ISOS is set to zero between each impedance measurement under load). From these input
currents, the load voltage response (VL) can be recursively solved and used to
synchronously detect the impedance at each frequency of interest based on HCSD
techniques.

Figure 22. Test cell circuit under load

TCC Model Fits. The circuit parameter values for the TCC simulations while
under load can be estimated with linear regression [98] given the measured load current
(IL) and the current across R2 (I2) as the independent variables. The measured load
voltage (VL) is the dependent variable and it can be solved recursively using the
derivation shown in Appendix A.

To find values for R1, R2, R3, and C1 as a function of

cell degradation, the recursive solution for the voltage response, VL(∆t), was applied to
sets of cycle-life test data from the three Sanyo SA cells used in the initial scoping study
(see Chapter 7, RESULTS). As described below, these cells were subjected to 12 weeks
of cycle-life aging at 50°C with reference performance tests every two weeks,
corresponding to every 13,440 cycles.
Figure 23 shows an input load current for a representative Sanyo cell cycle based
on the constant power profile shown in Figure 1. The data sampling rates varied
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depending on the duration of each individual pulse within the overall profile. Data were
acquired at roughly four-second intervals for the Engine-Off pulse, but every 0.3 seconds
during the Launch pulse. Similarly, data were acquired at five second intervals during
the Cruise step, but every 0.2 seconds during the Regen pulse. These data acquisition
rates are considered sufficient for assessing pulse resistance values during aging [6]. The
Cruise step also shows an increased current and change in data acquisition rate during the
last ten seconds (i.e., between 78 and 88 seconds) due to a current control step that
ensures that the overall profile remains balanced [6]. The data acquisition rate for this
controlled current step is every two seconds.

Figure 23. Load current for a representative cycle-life pulse
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Given the input current in Figure 23, the measured load voltage response
(acquired at the same sampling rate) is shown in Figure 24 with solid square symbols. As
expected, the voltage drops when the current is discharging, and increases when the
current is charging. The optimized recursive solution for the load voltage response based
on iterated values for R1, R2, R3, and C1 is also shown in Figure 24 with the solid line (see
Appendix A). The estimated and measured load voltages are nearly identical, with a
regression fit of r2 = 0.999. Figure 25 shows that the difference between the measured
and estimated voltage is mostly within ±5 mV (±0.1%), with a maximum error of only 12
mV (0.3 %). Thus, the recursive solution for the TCC equivalent circuit model is able to
successfully predict the voltage response of a battery while under load.

Figure 24. Measured and estimated voltage for TCC recursive fit
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Figure 25. Error between measured and estimated voltage for TCC recursive fit

For HCSD simulations under load, the test cell circuit parameter values were
estimated based on a linear regression fit of a representative cycle for each Sanyo cell
(i.e., Pulse 6720 in each cycle-set) [98]. Table 2 shows the average parameter values for

τ, τ1, R1, R2, R3, C1, and OCV at each cycle-set, where OCV is the bias voltage at the start
of the pulse (VBIAS) and the time constants (τ and τ1) are defined in Appendix A. The fit
to the voltage response was optimized by iterating the values of the time constants to
achieve the best correlation coefficient [6, 35]. In all cases, the regression coefficient is
very good (r2 = 0.999) for the TCC model fits.
The increasing cycle-set represents cell degradation as the cumulative number of
cycles at 50°C increases (see Chapter 7, RESULTS). Consequently, the fitted resistances
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for R1 and R2 in Table 2 increase with each cycle-set, as expected, and the value for the
capacitor gets smaller. The equivalent series resistance for the capacitor (i.e., R3) was
forced to be 5 mΩ in all cases since the resistance elements within the capacitor (current
collectors, contacts, etc.) are not expected to change significantly with aging.
Additionally, if R3 were kept as a free iteration parameter, then the recursive solution
would often yield unrealistic values, such as negative resistances or extremely large time
constants for τ and τ 1 (e.g., τ > 500 s).

Table 2. Test Cell Circuit Parameters
R1
R2
R3
C1
Cycle Cycle
τ
τ1
(F)
Set Number (s)
(s) (mΩ) (mΩ) (mΩ)
6720
7.86 3.00 34.88 8.13 5.00 599.22
1
20160 8.06 2.96 35.83 8.62 5.00 591.89
2
33600 8.04 2.88 36.70 8.95 5.00 576.48
3
47040 8.31 2.87 37.43 9.49 5.00 573.57
4
60480 8.50 2.87 38.22 9.82 5.00 573.70
5
73920 8.62 2.81 38.89 10.31 5.00 562.89
6

OCV
(V)
3.878
3.877
3.877
3.876
3.876
3.875

r²
0.999
0.999
0.999
0.999
0.999
0.999

Implementation. Figure 26 shows a simulated input load current with a sum-ofsines signal superimposed over each pulse within the profile. Settings for the four input
sum-of-sines signals are summarized in Table 3. The offset times dictate how much time
elapses in the pulse prior to implementing the HCSD signal, and they were chosen so as
to minimize transient effects caused by the transition between pulses. The duration of the
Engine-Off and Cruise pulses allowed for a ten second HCSD measurement with a
starting frequency of 0.1 Hz (i.e., the signal shown in Figure 18). Only one-second
measurements were possible for the Launch and Regen pulses, each having a starting low
frequency of 1.0 Hz. To achieve this simulation signal, the sampling rate of the measured
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load current profile (e.g., Figure 23) had to be first artificially increased such that it
matched the sample rate of the HCSD sum-of-sines signal (e.g., 61 µs). This was
accomplished by linear fits between each measured data point in the load current, and
sampling those fits at the appropriate time interval.

Table 3. Input sum-of-sines settings for under-load measurements
Pulse
Low
Sum-of-Sines
Offset
Pulse
Duration
Frequency Sample Rate
33-s
5-s
Engine-Off
0.1 Hz
610 µs
3-s
1-s
Launch
1.0 Hz
61 µs
52-s
10-s
Cruise
0.1 Hz
610 µs
2-s
0.75-s
Regen
1.0 Hz
61 µs

Figure 26. Input load current signal for under-load simulations
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Figure 27 shows the resulting simulated voltage response due the input load
current. The response was determined based on the recursive solution of the load voltage
(Appendix A) and assumed the parameter values for Cycle-Set 1 in Table 2. Since the
starting point and duration of each sum-of-sines signal are known (Table 3), they can
each be isolated from the overall signal. Figure 28 shows the individual HCSD voltage
responses for the (a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses,
respectively. In all cases, the mean bias voltage has already been removed from the
response signal [49, 50]. Also, note the expanded time scale in Figures 28b and 28d
compared to Figures 28a and 28c. From these data, the simulated impedance spectra
under load can be determined for each pulse through synchronous detection at each
frequency of interest.

Figure 27. Estimated load voltage response from TCC recursive solution
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(a)

(b)

(c)
(d)
Figure 28. Simulated TCC voltage response for (a) Engine-Off,
(b) Launch, (c) Cruise, and (d) Regen pulses

Simulated Impedance Spectra. Given the voltage response profiles in Figure 28,
the synchronously detected impedance spectra for the (a) Engine-Off, (b) Launch, (c)
Cruise, and (d) Regen pulses are shown in Figure 29 with solid triangle symbols. For
comparison, the theoretical responses based on Equation (29) and the parameter values
for Cycle-Set 1 in Table 2 are also included for each pulse in Figure 29 as solid circle
symbols. The simulated spectra from the Engine-Off and Launch discharge pulses
(Figures 29a and 29b, respectively) are to the left of theoretical response at each
frequency, but the Cruise and Regen charge pulses (Figures 29c and 29d, respectively)
show the opposite effect and veer to the right of the theoretical response. The differences
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between the discharge and charge impedance spectra, however, may be mostly due to the
change in sign of the input current (i.e., a positive current for discharge, and a negative
current for charge, as shown in Figure 26).
Unlike the no-load conditions, neither the simulated nor the theoretical responses
were capable of achieving a full semicircle, possibly because of the large increase in the
capacitor of the TCC model (i.e., 599 F for Cycle-Set 1 in Table 2 compared to only 21 F
in the no-load simulations above). A much lower starting frequency would be required to
successfully simulate the full semicircle in the charge transfer region. Furthermore, the
simulated impedance under load differs from the theoretical response at the lower
frequencies, but the results converge towards each other with increasing frequency. This
implies the presence of a transient effect, as observed with the no-load conditions above,
but the spectra under load have been influenced by a bias voltage error as well since the
simulated measurement occurred in a dynamic state (Chapter 3, BATTERY TESTING
METHODOLOGIES). Finally, these simulated impedance spectra are very different
from the measured results obtained with Sanyo cells (see Chapter 7, RESULTS). Thus,
the TCC equivalent circuit appears to be an inadequate model for accurate under-load
simulations. However, as discussed below, the simulated results still successfully
demonstrate impedance growth as a function of cell age, and are useful in investigating
the long-term impacts of error terms such as the bias voltage in the detected response.
These investigations cannot be performed with actual measurements from Sanyo cells
since the present control software does not provide the voltage response as an output.
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(a)

(b)

(c)
(d)
Figure 29. Simulated TCC under-load Nyquist curves vs. ideal for (a) Engine-Off,
(b) Launch, (c) Cruise, and (d) Regen pulses

Transient Effects. To assess the presence of an electric transient effect, the
theoretical response from Figure 29 (i.e., the solid circle symbols) was compared to a
corresponding HCSD simulation assuming no-load conditions. This was accomplished
by recursively solving for the voltage response (see Appendix A) based on the circuit
parameter values of Cycle-Set 1 shown in Table 2 with the bias voltage ignored (i.e.,
OCV = 0). Figure 30 shows the resulting simulated impedance spectra with solid square
symbols along with the theoretical response (shown in solid circle symbols). While the
transient effect is noticeably present for the Engine-Off and Cruise pulses, it does not
seem to impact the Launch and Regen pulses. These different responses may be
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attributable to the large time constant associated with the equivalent circuit parameters
(i.e., 7.86 seconds for Cycle-set 1 in Table 2). The measurement duration for the Launch
and Regen pulses is only one second, and the resulting current through the capacitor (I3)
is only 12% of full scale, as shown in Equation (31). Consequently, the effect from the
capacitor is minimal and the impedance spectra are mostly resistive (i.e., almost a straight
line). For the Engine-Off and Cruise pulses, however, the measurement duration is ten
seconds and the current through the capacitor is 72% of full scale, as shown in Equation
(32). Since the voltage across the capacitor is based on the integral of current, it has a
much greater impact on the overall response, which results in an amplified transient
effect for the simulated impedance spectra. These data imply that the TCC simulations
under load will require an input signal with multiple periods of a very low starting
frequency to successfully eliminate the transient effects.
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× 100% =
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−1

7.86

−10

11.95%
) ×100% =

7.86

(31)

(32)

(a)
(b)
Figure 30. Simulated TCC voltage response assuming no load conditions for the
(a) Engine-Off and Cruise, and (b) Launch and Regen pulses
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Voltage Bias Error. A fundamental assumption of HCSD is that the bias voltage
is steady, and, when removed, the remaining response is due only to the input sum-ofsines signal [49, 50]. However, impedance measurements under load occur in a dynamic
state (i.e., during a charge or a discharge), and the bias voltage is changing. Thus,
removing a constant value is insufficient, and the frequency spectrum of the remaining
bias voltage is not harmonic with the HCSD input sum-of-sines signal. This introduces
crosstalk error into the response which has an effect on the synchronously detected
impedance results. Figure 31 shows the difference between the simulated voltage
response for an under-load measurement (i.e., Figure 28) and the response when no load
is assumed (i.e., when OCV = 0) based on the circuit parameter values for Cycle-Set 1 in
Table 2. Clearly, the difference is not constant, but grows as a function of time for the
discharge pulses, or decays as a function of time for the charge pulses.
The effect of the bias voltage on the overall simulated impedance spectra under
load (i.e., Figure 29) can be derived mathematically. Consider a captured time record
(VL) that consists of the desired voltage response due to the sum-of-sines signal (VSOS)
added to a load voltage present during the measurement (VBIAS), as shown in Equation
(33). From Equations (17) and (18) above, the HCSD algorithm detects the real and
imaginary components of the impedance by convolving the captured time record in the
frequency domain with the sine and cosine, respectively, at each frequency of interest.
Equations (34) and (35) show the resulting in-phase and quadrature components of VL(t)
at the ith frequency. From these equations, it can be seen that the overall impedance is
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also determined from the desired sum-of-sines response plus the response due to the bias
voltage corruption in both the real and imaginary components.

(a)

(b)

(c)
(d)
Figure 31. Difference between load and no-load voltage response for TCC simulated
(a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses
=
VL (t ) VSOS (t ) + VBIAS (t )
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Figure 32 shows the synchronously detected impedance of the simulated bias
voltage curves in Figure 31 at each frequency of interest in solid diamond symbols
(labeled as “Voltage Bias Response”). The real impedance axes (i.e., horizontal x-axis)
for these spectra are shown at the top of each chart. For reference, the overall simulated
impedance spectra under load (i.e., Figure 29) and the no-load spectra (i.e., Figure 30) are
also included in Figure 32 (labeled as “Simulated Response” and “No-Load Response,”
respectively).

(a)

(b)

(c)
(d)
Figure 32. Impedance spectra of the TCC simulated, no-load, and voltage bias response
for the (a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses
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The shape of the overall simulated impedance spectra (“Simulated Response” in
Figure 32) is clearly influenced by the bias voltage error in all four cases. Summing the
impedance from the bias voltage response with the no-load spectra yields the overall
simulated impedance spectra, as expected. Thus, removing the effects of the bias voltage
error from the overall simulated spectra determined from the TCC model will yield the
impedance assuming no-load conditions (i.e., Figure 30), where transient effects are the
primary cause for differences between the theoretical and simulated spectra.
The bias voltage for each cycle-set in Table 2 is shown in Figure 33. The input
current for each cycle-set was based on the average measured load current applied to the
three Sanyo cells at Pulse 6720. Since the profile is constant power (Figure 1), the load
currents had slight variations due to larger voltage swings during pulsing as the cell
degradation increased. Consequently, the voltage bias corruption did not remain constant
during cell aging either. However, the change in bias voltage is relatively small, and the
overall shape of each curve is retained through all six cycle sets. Given the definitive
change in the resistor and capacitor elements of the TCC model (Table 2), it appears that
the shifts in bias voltage corruption should be minimal, and HCSD simulations under
load should appropriately reflect the true changes in cell degradation instead.
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(a)

(b)

(c)
(d)
Figure 33. Difference between load and no-load voltage response for TCC simulated
(a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses through six cycle sets

Correlations. Figure 34 shows the simulated impedance spectra for all six cyclesets in Table 2 based on Pulse 6720 in each cycle-set. As expected, each pulse within the
profile (i.e., Engine-Off, Launch, Cruise, and Regen) generally shows impedance growth
as a function cell age. The spectra shapes for each pulse are also generally repeatable
with age, and only show minor variations between cycle sets. As discussed above, the
variations in the spectra primarily come from changes in the simulated input load current.
The Launch and Regen pulses show the most variations between spectra since the voltage
swings are more pronounced at larger constant power levels.
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(a)

(b)

(c)
(d)
Figure 34. Simulated TCC Nyquist curves through six cycle-life sets for
(a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses

The growth in simulated impedance based on the TCC equivalent circuit model
can then be compared to the corresponding cycle-life pulse resistance data. The
discharge pulse resistance data are found by applying Equations (1) and (2) to the
Engine-Off and Launch pulses, respectively; the charge pulse resistance data are
determined by applying Equations (3) and (4) to the Cruise and Regen pulses,
respectively. Figure 35 shows the growth in simulated real impedance at each frequency
of interest as a function of the corresponding cycle-life pulse resistance measured from
Pulse 6720 in each cycle-set. These two independently determined performance
parameters are strongly correlated at all frequencies. As the cycle-life pulse resistance
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increases, so does the corresponding simulated impedance in all cases. Therefore, while
the bias voltage corruption has an effect on the shape of each impedance spectra, the
simulated results for the TCC are still capable of accurately reflecting cell degradation
during aging.

(a)

(b)

(c)
(d)
Figure 35. Correlations between simulated TCC real impedance and measured cycle-life
pulse resistance for (a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses
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Lumped Parameter Model

Equivalent Circuit Model
The second equivalent circuit, shown in Figure 36, is the Lumped Parameter
Model (LPM). The LPM is a simplified linear model used for predicting the voltage
response of a battery while under pulse conditions (i.e., under load) [6, 35]. It also
consists of an ohmic resistor (Ro) in series with a polarization RC network (Rp and C).
Since this model already assumes an under load condition, a DC bias (OCV) has also
been placed in series with the ohmic resistance. For HCSD simulations, however, this
bias must be subtracted from the load voltage response (VL) prior to synchronous
detection [49, 50]. Finally, an additional series capacitor (1/OCV’) has been included to
account for changes in the bias voltage (OCV) due to the time integral of the load current
(IL) [6]. The theoretical equivalent impedance of the LPM is shown in Equation (36).

Figure 36. Lumped parameter model circuit
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Z =+
Ro

Rp
OCV '
+
1 + sCR p
s

(36)

Simulations Under No-Load Conditions

The circuit parameter values for the no-load simulations of the LPM circuit are

shown in Equation (37). These correspond to typical parameter values observed for
lithium-ion batteries, and were used for previous validation studies of the HCSD
technique [49, 50]. Figure 37 shows the theoretical response of the Lumped Parameter
Model based on Equation (36) over a frequency range of 0.1 to 409.6 Hz with solid circle
symbols. At high frequencies, the theoretical impedance is at 25 mΩ, which corresponds
to the value of the ohmic resistance. However, it is not possible for the impedance
spectra of the LPM to show a full semicircle given the configuration of this equivalent
circuit. Figure 38 shows an HCSD simulation under no-load conditions given an input
sum-of-sines signal covering a frequency range of 1563.5 µHz to 25.6 Hz (this range was
chosen so that 0.1 Hz would be an octave harmonic of the starting frequency). As
frequency is reduced, the imaginary impedance continues to increase as the real
impedance asymptotically approaches Ro + Rp = 40 mΩ.
OCV = 3.8 V
Ro = 25 mΩ
R p = 15 mΩ
C = 666.67 F
1
= 2500 F
OCV '

(37)
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Figure 37. LPM response with one period of the lowest frequency

Figure 38. LPM response for a very low frequency range
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The simulated HCSD impedance spectra based on the input sum-of-sines current
signal in Figure 18 is also shown in Figures 37 and 38 with solid triangle symbols. The
start-up transient effect observed with the TCC model is significantly more pronounced
for the LPM since the capacitor values are much larger. Despite this, the theoretical and
simulated results still converge with increasing frequencies. Figure 39 shows simulated
impedance spectra from an input sum-of-sines signal with (a) five and (b) ten periods of
the lowest frequency. As expected, the simulations improve as the number of periods at
the lower frequencies increase, but the spectra still do not match very well even after ten
periods. The theoretical and simulated impedance at 0.1 Hz in Figure 38, however,
appear to match well. But, given a starting low frequency of 1563.5 µHz in this case,
there were 64 periods at 0.1 Hz incorporated into the input sum-of-sines signal, which
means that the observed transient effect is significantly minimized. These data, therefore,
indicate that the LPM is not an adequate model for simulating HCSD impedance
measurements under no-load conditions.

(a)
(b)
Figure 39. LPM response with (a) five periods and (b) ten periods of the lowest
frequency
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Simulations Under Load Conditions
The equivalent circuit in Figure 36 was modified as shown in Figure 40 for
simulations under load conditions. As with the TCC model, the input current from the
cycle-life profile is represented by IPULSE and it was based on the average current
measured from specified pulses during Sanyo cell cycling. In parallel with IPULSE is the
simulated input sum-of-sines current signal (ISOS) that is superimposed over each pulse at
designated time increments. The bias voltage that was placed in series with the TCC
model was not required for the LPM equivalent circuit since it already assumed load
conditions (i.e., the bias voltage is represented by OCV). From these input currents, the
load voltage response (VL) can be recursively solved and used to synchronously detect the
impedance at each frequency of interest based on HCSD techniques.

Figure 40. Lumped parameter model under load

LPM Model Fits. The parameter values for the LPM simulations while under
load can be estimated with linear regression [98] given the measured load current, IL and
the recursive solution for the polarization current, Ip as the independent variables. The
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measured voltage, VL is the dependent variable, and it can be solved recursively using the
derivation shown in Appendix A [6, 99]. Given the input load current shown in Figure
24 above, the resulting measured and estimated load voltage response based on the LPM
recursive solution are shown in Figure 41. The estimate response is virtually identical
with the measured voltage, with a regression fit of r2 = 1. Figure 42 shows that the
difference between the measured and estimated voltages is mostly ±5 mV (±0.1%), and
has a maximum error of only 7.8 mV (0.2%). Thus, the recursive solution for the LPM
equivalent circuit is also able to successfully predict the voltage response of a battery
under pulse conditions.

Figure 41. Measured and estimated voltage for LPM recursive fit
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Figure 42. Error between measured and estimated voltage for LPM recursive fit

The same set of cycle-life test data implemented for the TCC simulations above
were used to find the parameter values of the LPM as a function of cell age. Table 4
shows the average parameter values for τ, Ro, Rp, C, 1/OCV’ and OCV based on the
optimized linear regression fit of the load voltage for the three Sanyo SA cells through
six sets of cycle-life testing at 50°C (see Chapter 7, RESULTS). The fitted resistances
for Ro and Rp increase with cycling, as expected, and both the capacitor terms (1/OCV’
and Cp) decrease with cell age. The time constant (τ) and bias voltage (OCV) remain
relatively constant. All recursive fits show an excellent regression coefficient (r2 = 1).
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Table 4.
Cycle
τ
Set
(s)
4.00
1
4.15
2
4.18
3
4.46
4
4.42
5
4.64
6

Lumped Parameter Model Circuit Parameters
Ro
Cp
OCV
1/OCV’ Rp
r²
(F)
(V)
(F)
(mΩ)
(mΩ)
35.04 5492.70 6.43 622.92 3.882 1.000
36.00 5204.56 6.80 611.26 3.881 1.000
36.88 4967.36 7.06 592.54 3.881 1.000
37.64 4982.13 7.50 595.14 3.881 1.000
38.41 4561.21 7.66 577.10 3.881 1.000
39.12 4602.19 8.09 573.76 3.880 1.000

Implementation. Given the input load current of Figure 26 and settings defined in
Table 3, the LPM recursive solution of the voltage response (Appendix A) based on the
parameter values for Cycle-Set 1 in Table 4 is shown in Figure 43. As with the TCC
simulations, the individual HCSD responses for each pulse within the cycle-life profile
can be isolated for synchronous detection. The voltage responses due to the (a) EngineOff, (b) Launch, (c) Cruise, and (d) Regen pulses are shown in Figure 44. In all four
cases, the bias voltage immediately prior to the start of the input sum-of-sines current
signal was removed from these voltage profiles.
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Figure 43. Estimated load voltage response from LPM recursive solution

(a)

(b)

(c)
(d)
Figure 44. Simulated LPM voltage response for (a) Engine-Off,
(b) Launch, (c) Cruise, and (d) Regen pulses
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Simulated Impedance Spectra. The synchronously detected impedance spectra for
the LPM simulations under load are show in Figure 45 as solid triangle symbols. For
comparison, the theoretical responses based on Equation (36) and the parameter values
for Cycle-Set 1 in Table 4 are also included for each pulse in Figure 45 as solid circle
symbols. These spectra differ significantly from the measured results obtained with the
Sanyo cell scoping study (see Chapter 7, RESULTS). As expected, the simulated spectra
show the most deviation from the theoretical response at lower frequencies, but the
results converge at higher frequencies due to the start-up transient effect. Furthermore,
the simulated spectra from the Engine-Off and Launch discharge pulses (Figures 45a and
45b, respectively) are to the left of the theoretical response, whereas the Cruise and
Regen pulses (Figures 45c and 45d, respectively) veer towards the right of the theoretical
response. This is consistent with the simulated spectra from the TCC model, and is
primarily due to the change in sign of the input current. The shape of the LPM spectra is
similar to the TCC results (Figure 29) for the Launch and Regen pulses. For the EngineOff and Cruise pulses, however, the impedance spectra differ significantly between the
LPM and TCC equivalent circuits, and the root cause of this difference appears to be in
the bias voltage corruption error (see below). Therefore, these data indicate that the LPM
equivalent circuit is also an inadequate model for accurate under-load simulations based
on the HCSD technique. However, as with the TCC, the results still successfully
demonstrate growth as a function of cell age, and can also be used for to continue the
investigation of the long-term impacts of errors such as the bias voltage corruption.
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(a)

(b)

(c)
(d)
Figure 45. Simulated LPM under-load Nyquist curves vs. ideal for (a) Engine-Off,
(b) Launch, (c) Cruise, and (d) Regen pulses

Transient Effects. The start-up transient effect can be observed by comparing the
theoretical response from Figure 45 (i.e., the solid circle symbols) to a corresponding
HCSD simulation where the bias voltage is fixed (i.e., no variations in the voltage due to
a discharge or charge pulse). Figure 46 shows the resulting impedance spectra using the
parameters from Cycle-Set 1 in Table 4 with solid square symbols, where the bias voltage
(OCV) was fixed at 3.882 V. The results for the Engine-Off and Cruise pulses are very
similar to the transient effects observed under no-load conditions (Figure 37) since the
capacitor values in Table 4 are similar to Equation (37). As with the TCC model, the
Launch and Regen pulses do not show much of a transient effect because the capacitor
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has a minimal affect on the impedance spectra due to the very large time constant (four
seconds in this case).

(a)
(b)
Figure 46. Simulated LPM voltage response assuming only transient effects
for the (a) Engine-Off and Cruise, and (b) Launch and Regen pulses

Voltage Bias Error. The difference between the simulated voltage response for an
under-load measurement (i.e., Figure 44) and the response when the bias voltage is
assumed to be a fixed constant (i.e., when OCV = 3.882 V) is shown in Figure 47. Like
the TCC model, the voltage difference grows as a function of time for the discharge
pulses, and decays as a function of time for the charge pulses. The LPM results,
however, show an initial spike in the voltage difference curves, the largest spike
occurring for the Cruise pulse (Figure 47c). This discontinuity may come from the
derived methodology for recursively solving the voltage response. As shown in
Appendix A, the LPM recursive solution for the load voltage (VL) is a function of the bias
voltage (OCV). When verifying the transient effects, IPULSE in Figure 40 is neglected, so
the initial voltage is the same for all pulse conditions in Figure 46. When simulating
under load measurements, however, the initial voltage for each pulse varies as shown in
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Figure 43. Consequently, the difference between the two voltage responses at the initial
value will also be affected as shown in Figure 47. The Engine-Off pulse showed the
least discontinuity since the under-load simulation occurred at an initial voltage that is
relatively close to the bias value for OCV. The Cruise pulse showed the most
discontinuity because of the transition in voltage response under load due to a change in
sign of the input current. This initial voltage discontinuity was not observed with the
TCC model results since the no-load simulations in Figure 30 were not offset by a default
bias voltage.

(a)

(b)

(c)
(d)
Figure 47. Difference between load and no-load voltage response for LPM simulated
(a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses
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These voltage bias curves may also help explain the observed differences in
simulated impedance spectra between the TCC and LPM equivalent circuits (i.e., Figures
29 and 45, respectively). Table 5 summarizes the linear regression fit of the voltage bias
corruption curves from both the LPM (Figure 47) and TCC (Figure 31) results. The LPM
fit ignored the initial discontinuity in the voltage. As shown, both the Launch and Regen
curves show very good linear fits, but the slopes from the LPM results are more than
twice the corresponding TCC data. Consequently, the shape of the simulated LPM
impedance spectra (Figures 47b and 47d) is similar to the corresponding TCC results
(Figures 29b and 29d), but the gap between the simulated and theoretical responses are
much larger for the LPM results. The converse is true for the Engine-Off and Cruise
pulses, where the slope of the voltage bias curves from the LPM are less than the
corresponding TCC results (the slope of the Cruise pulse is an order of magnitude
smaller). Additionally, the slopes of the TCC linear fits do not show a good correlation
coefficient (r² = 0.974) since the curves have more of a logarithmic behavior (see Figure
29). This means that the crosstalk error introduced into the voltage response of the TCC
model is different from the corresponding LPM simulations, which will cause variations
in the shape of the detected impedance spectra. Thus, the Engine-Off and Cruise pulses
from LPM simulations (Figures 47a and 47c) show better results than the corresponding
TCC simulations (Figures 29a and 29c) since the voltage difference is smaller, and the
shape of the spectra are also slightly different due to the behavior of the voltage bias
corruption.
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Table 5. Linear Fits of TCC and LPM bias voltage corruption curves
Slope Intercept
r²
Pulse
Model
(mV/s)
(mV)
0.175
-1.967
0.979
TCC
Engine-Off
-1.019
0.999
LPM 0.102
2.920 -100.784 1.000
TCC
Launch
LPM 6.392 -220.530 0.999
44.768
0.974
TCC -0.882
Cruise
4.715
0.998
LPM -0.092
TCC -1.487 132.634 0.999
Regen
LPM -3.930 350.732 0.999

Figure 48 shows the synchronously detected impedance of the simulated bias
voltage error curves in Figure 47 at each frequency of interest in solid diamond symbols;
the real impedance axis (i.e., horizontal x-axis) for these spectra are shown at the top of
each chart. For reference, the overall simulated impedance spectra under load (i.e.,
Figure 45) and the no-load spectra (i.e., Figure 46) are also included in Figure 48 as solid
triangle and square symbols, respectively. As expected, summing the no-load spectra
with the response from the bias voltage error will yield the simulated impedance spectra
under load. Thus, as with the TCC, the shape of the simulated under-load impedance
spectra for the LPM is also heavily influenced by the bias voltage corruption.
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(a)

(b)

(c)
(d)
Figure 48. Impedance spectra of the LPM simulated, no-load, and voltage bias response
for the (a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses

The bias voltage for each cycle-set in Table 4 is shown in Figure 49. The profile
for the Cruise pulse (Figure 49c) was zoomed in to see the changes in bias voltage due to
cell age, but the initial voltage spike is not fully seen in this figure. The input current was
the same as used for the TCC, and consisted of the average measured load current applied
to the three Sanyo cells at Pulse 6720. Given the variations in the input load current, the
voltage bias corruption error did not remain constant during cell aging. However, as with
the TCC model, the changes in the bias voltage for the LPM are relatively small, and the
overall shape of the curve is retained through all six cycle sets. Since the equivalent
circuit parameters in Table 4 show definitive changes as a function of cell age, it appears
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that HCSD simulations based on the LPM will also reflect cell degradation as a function
of age with minimal shifts caused by the voltage bias error.

(a)

(b)

(c)
(d)
Figure 49. Difference between load and no-load voltage response for LPM simulated
(a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses through six cycle sets

Correlations. Figure 50 shows the simulated impedance spectra for all six cyclesets in Table 4. As expected, all pulses in the cycle-life profile (i.e., Engine-Off, Launch,
Cruise, and Regen) generally show impedance growth as a function cell age. The spectra
shapes for each pulse are also generally repeatable with age, and only show minor
variations between cycle sets. As discussed above, the variations in the spectra may
primarily come from changes in the simulated input load current. The Launch and Regen
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pulses show the most variations between spectra since the voltage swings are more
pronounced at larger constant power levels.

(a)

(b)

(c)

(d)

Figure 50. Simulated LPM Nyquist curves through six cycle-life sets for
(a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses

The growth in simulated impedance based on the LPM equivalent circuit can then
be compared to the corresponding cycle-life pulse resistance data (i.e., the same pulse
resistance data used for the TCC model in Figure 35). Figure 51 shows the growth in
simulated real impedance at each frequency of interest as a function of the corresponding
cycle-life pulse resistance measured from Pulse 6720 in each cycle-set. As with the TCC
model, these two independently determined performance parameters are strongly
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correlated at all frequencies. The simulated impedance from the LPM increases with
increasing cycle-life pulse resistance in all cases.

(a)

(b)

(c)
(d)
Figure 51. Correlations between LPM simulated real impedance and measured cycle-life
pulse resistance for (a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses

Figure 52 shows the slopes of the correlation curves for both the TCC and LPM
equivalent circuits as a function of frequency based on a linear regression fit. Despite the
differences in simulated impedance spectra (i.e., compare Figures 34 and 50 for the TCC
and LPM fits, respectively), both equivalent circuits generally reflect the same
degradation rates as a function of cycle-life pulse resistance at each frequency. The
Cruise pulse shows the most deviation in slope at low frequencies, and this may come
from the bias voltage corruption since, as shown in Table 5, its effect on the TCC spectra
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is an order of magnitude higher than the corresponding LPM simulated results. However,
the slopes of the TCC and LPM correlation curves for the Cruise pulse in Figure 52 still
converge with increasing frequency. Therefore, while the bias voltage corruption has an
effect on the shape of each impedance spectra, the simulated results for the LPM are also
capable of accurately reflecting cell degradation during aging.

(a)

(b)

(c)
(d)
Figure 52. Slopes from linear correlation fits from the TCC and LPM equivalent circuits
for (a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen pulses
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Summary

The purpose of this simulation work was to investigate the capability of the Test
Cell Circuit and Lumped Parameter Model to resolve impedance spectra given a
simulated input sum-of-sines signal. Both of these models were shown to be inadequate
because of a start-up transient effect that primarily influenced the results at lower
frequencies, where fewer periods were included within the input current. This transient
effect was further amplified for simulations under load conditions due to the very large
capacitors in the equivalent circuit models, which resulted in much larger time constants.
A bias voltage error was also present from the simulated responses in both the
TCC and LPM models. The source of this error came from assuming a steady state
condition when the simulated measurement is actually performed in a dynamic state
during cycle-life pulsing. Consequently, the remaining bias voltage had a significant
influence on the resulting impedance spectra. As with the transient effects, the bias
voltage corruption primarily affected the spectra at lower frequencies. If the true bias
voltage were removed from the simulated voltage response instead of a single value, the
resulting impedance spectra would more closely resemble the theoretical response,
though they would still be impacted by the transient effects of the equivalent circuit
models.
The bias voltage corruption, however, did not change very much with cell aging,
so the simulated impedance spectra could still be used to gauge performance degradation.
Impedance spectra were simulated based on six different sets of cycle-life test data that
represented an aging Sanyo SA lithium-ion cell. Both the TCC and LPM equivalent
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circuit models successfully showed impedance growth as a function of cell age. The
simulated growth in impedance at each frequency of interest were shown to strongly
correlate with the measured pulse resistance for each cycle set for all pulses in the profile
(Engine-Off, Launch, Cruise, and Regen). Additionally, the linear slopes of the
correlation fits were generally similar for both the TCC and LPM equivalent circuits
(except for the Cruise pulse at lower frequencies). Therefore, the simulation results
indicate that, despite the transient effect and bias voltage errors, these two equivalent
circuit models are still able to successfully estimate the growth in cell resistance during
aging while under load conditions based on the HCSD technique. The measured
impedance spectra from the Sanyo scoping study cells under load (see Chapter 7,
RESULTS), however, were significantly different from the simulated results from both
equivalent circuit models. Therefore, better equivalent circuit models are still needed for
HCSD simulations under both no-load and load conditions.
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CHAPTER 6
EXPERIMENTAL

Overview

This section describes three different experimental studies, the associated test
plans are provided in Appendix B. The first experiment was an exploratory scoping
study that assessed the viability of measuring impedance while under load. The second
experiment was intended to evaluate the long-term effectiveness of HCSD measurements
as an onboard diagnostic tool under both no-load and load conditions. The third
experiment studied the transient effects of HCSD measurements while under load. Data
collected from these tests helped to address three key questions related to the successful
implementation of the HCSD technique as an onboard diagnostic tool for rapid, in-situ
impedance measurement:
1. Can HCSD provide a useful estimate of battery life under no-load conditions
without impacting life as a result of the measurement?
2. Can the HCSD technique be successfully implemented under load conditions
without impacting battery life?
3. Can HCSD measurements under load provide a useful estimate of battery life?

Resource Limitations

The Smart Battery Status Monitoring system and corresponding in-situ
measurement techniques are still in the development stage. Due to the high cost of the
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prototype devices, only one Impedance Measurement Box (IMB) was temporarily
available for the initial scoping study, and it was a first generation prototype system that
was manufactured at Montana Tech of the University of Montana. Two additional
prototype IMBs, labeled as Generation 1.5 systems, were built by the Idaho National
Laboratory for the long-term experimental study under both no-load and load conditions.
One of these IMB systems is pictured in Figure 53. A third Generation 1.5 IMB was
also available for the transient study. The limited number of available prototype IMBs
did not impact HCSD measurements under no-load conditions since they are performed
sequentially. It did, however, restrict the amount of measurements that could be
performed while under load.

Figure 53. Generation 1.5 prototype IMB hardware system

Although Fast Summation Transformation (see Chapter 3, BATTERY TESTING
METHODOLOGIES) is the best suited technique for onboard diagnostic applications,
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the presently available control software is based on HCSD. As described above, HCSD
implements the FST input signal of a bandwidth limited octave harmonic sum-of-sines
current, but uses the Compensated Synchronous Detection (CSD) analysis algorithm (i.e.,
the impedance data are calculated with synchronous detection instead of simple matrix
algebra). This only impacted the computational time required to determine the
impedance, but it did not affect the duration of the measurement. Another constraint of
the control software was that the maximum number of available triggers for under-load
measurements was limited to ten per loop count (i.e., only ten sequential under-load sumof-sines signals could be triggered for each loop within the counter). Additionally, the
present software saved all of the measured data to a single file for each test; the data
could not be automatically separated into multiple files.

Implementation

Cell testing was conducted with high-power Sanyo SA lithium-ion cells; a
representative cell is pictured in Figure 54. They are 18650-size (i.e., 18 mm diameter
and 65 mm length), with a rated capacity of 1.2 Ah and a voltage range of 4.2 to 2.7 V.
The cells were placed in Tenney Junior temperature chambers that maintained ambient
conditions to within ±3°C of the target. Figure 55 shows six Sanyo SA cells inside an
environmental chamber, where they have been connected to a test fixture, and the voltage
and current sense leads have been attached. The green adhesive tape on the top of each
cell holds down a thermocouple that measures individual cell temperatures. The cell
temperatures were also independently monitored with a Secondary Safety Shutdown
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System developed at the Idaho National Laboratory, which would send out an alarm if
the cell temperature varied from the target temperature by more than ±5°C, and
automatically shut down the tester and temperature chamber if the temperature varied by
more than ±10°C. Cell aging was conducted with a Maccor series 4000 battery tester
with maximum voltage and current ratings of 10 V and 12.5 A, respectively.

Figure 54. Sanyo SA cell

Figure 55. Sanyo SA cells inside a temperature chamber
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The test setup for the Sanyo cells is pictured in Figure 56. The Maccor battery
testers are in the background, and two Tenney Junior temperature chambers are in the
foreground to the left. The cables that are connected to the Maccor tester are attached to
the cells that have been placed inside the environmental chambers (see Figure 55).

Figure 56. Test setup for HCSD studies

Three Generation 1.5 IMB systems are also shown in Figure 56 on the right hand
side. The interconnections between the IMB hardware and the battery under test
depended on the type of in-situ HCSD impedance measurement. The cabling
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configurations for the no-load and load measurement conditions are shown graphically in
Figures 57 and 58, respectively. The IMB hardware consists of voltage, current, and
shunt sense leads. The input sum-of-sines load current signal generated by the IMB
control software is sent to the battery, and the response is detected through the voltage
sense leads. The shunt sense leads are intended to monitor current levels when the
battery is under load.
For no-load measurements (Figure 57), the battery has been disconnected from
the Maccor tester (i.e., open circuit conditions), and the shunt sense leads have been
shorted since they are not required. Thus, the only current source comes from the IMB,
and the resulting voltage response is used to determine the impedance spectra of the
battery. To measure the HCSD impedance while under load (Figure 58), the battery is
connected to both the IMB and the Maccor tester (i.e., a controlled current source). The
tester provides a signal to the battery (e.g., a constant power cycle-life profile as shown in
Figure 1), while the IMB monitors the voltage across a shunt that is placed in series with
the tester input load current. Once the voltage across the shunt reaches a desired
threshold, an IMB measurement is triggered. A sum-of-sines signal is then generated by
the IMB control software and superimposed on the battery (i.e., IBATTERY=IT + IHCSD).
The voltage response is monitored by the IMB, and then used to calculate the impedance
spectrum under load. As noted above, this approach results in crosstalk error due to a
bias voltage corruption. However, results from these experimental studies have yielded
repeatable results, and the measured impedance spectra under load can effectively be
used to gauge battery degradation.
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Figure 57. Impedance measurement box connection under no-load conditions
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Figure 58. Impedance measurement box connection under load conditions
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Initial Scoping Study

The purpose of the initial scoping study was to assess the viability of in-situ
HCSD measurements under no-load and load conditions. A first generation IMB system
with beta control software was available for this study, along with three spare Sanyo SA
cells (labeled as Cells 21, 23, and 24).

Cell History
The three Sanyo SA cells available for this scoping study were originally part of a
larger test matrix consisting of high power and high energy cells that were benchmark
tested for various HEV and PHEV applications [100]. Two of these cells (Cells 21 and
23) were subjected to a total of 500 charge depletion cycles at 30°C, where each cycle
constituted five repetitions of the minimum PHEV profile [7]. Cycling was interrupted
every 100 cycles for reference performance tests. Cell 24 was subjected to a total of 518
constant power discharge cycles at 30°C, where each cycle was performed at a scaled,
10-kW rate and removed 3.4 kWh of scaled energy (the scaling factor for these cells was
1,400 based on a full-size USABC battery pack [7]). Reference performance tests for
Cell 24 were conducted every 100 cycles for the first two sets. After the second
reference performance test, the cycles-per-set was increased to 106 to better match the
test time required for Cells 21 and 23. Since the cycling regime for Cell 24 was not as
intense, the resulting degradation was slightly lower than observed for Cells 21 and 23.
However, the average capacity fade for of all three cells relative to beginning of life was
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approximately 8.0% ± 0.3%, and the corresponding average power fade was
approximately 3.0% ± 0.3%.

Test Plan
The three Sanyo SA cells were re-characterized for this scoping study.
Characterization testing included static capacity discharges, a constant power discharge
test, and a low-current HPPC. Prior to life testing, the cells were discharged to the opencircuit voltage corresponding to 60% SOC and subjected to an EIS and HCSD
measurement under no-load. The EIS data were measured over a frequency range of 10
kHz to 0.1 Hz, and the HCSD measurements started at a low frequency of 0.1 Hz, and
increased in an octave harmonic fashion to 1638.4 Hz. Cycle-life aging consisted of the
charge-sustaining profile (Figure 1) at an elevated temperature of 50°C to accelerate cell
degradation and yield measureable changes in cell performance during testing. Reference
performance tests were conducted at two-week intervals (i.e., every 13,440 cycles), and
consisted of a constant power discharge test and low-current HPPC, followed by an EIS
and HCSD under no-load at 60% SOC. All the RPTs were conducted at 30°C.
The cells were also subjected to periodic HCSD measurements under load every
100th profile during cycle-life aging. The triggering sequence for this scoping study is
described in Table 6 and shown graphically in Figure 59. The trigger thresholds
measured across the shunt (i.e., in Figure 58) were set to initiate an HCSD measurement
after the Maccor step-change response time reached equilibrium. A ten-second sum-ofsines signal was superimposed over the Engine-Off and Cruise pulses, and a one-second
signal was applied to the Launch and Regen pulses. Because the duration of the Cruise
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pulse was sufficiently long (i.e., 52 seconds), an additional ten-second sum-of-sines
signal was also included. Thus, a total of five HCSD measurements under load were
implemented within a profile every 100 cycles for this scoping study.

Figure 59. Under load trigger sequence for the initial scoping Study

Table 6. Triggered under-load measurements for the scoping study
PHEV
Sum-of-Sines Sum-of-Sines
Trigger
Pulse
Low Frequency
Duration
Engine Off
0.1 Hz
10s
T1
Launch
1.0 Hz
1s
T2
Cruise_1
0.1 Hz
10s
T3
Cruise_2
0.1 Hz
10s
T4
Regen
1.0 Hz
1s
T5
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Since only one prototype IMB was available, the under-load HCSD
measurements were alternated between cells in one-week intervals as shown in Table 7.
One week of cycling consists of 6,720 profiles, which corresponded to 67 HCSD
impedance measurements under load for the designated cell (i.e., one measurement every
100 cycles). An expanded view of the measurement sequence through two cycle sets is
shown in Table 8. Cell 21, for example, received HCSD measurements under load for
the first week of Cycle-Set 1 (i.e., Cycles 1 through 6,720) and then again during the last
week of Cycle-Set 2 after the first reference performance test (i.e., Cycles 20,161 through
26,880), but not at all during Cycle-Set 3. As shown in Table 7, HCSD measurements
were also superimposed on this cell during the first week of Cycle-Set 4 and the last week
of Cycle-Set 5, but not during Cycle-Set 6.

Table 7. HCSD measurements under load
Cycle Set After Week 1 Week 2
1
RPT0 Cell 21 Cell 23
2
RPT1 Cell 24 Cell 21
3
RPT2 Cell 23 Cell 24
4
RPT3 Cell 21 Cell 23
5
RPT4 Cell 24 Cell 21
6
RPT5 Cell 23 Cell 24

Table 8. Scoping study HCSD measurement sequence
Cell
Cycle Count for
Cycle Count for
RPT0
RPT1
Number
Cycle-Set 1
Cycle-Set 2
1 to
20,161 to
X
X
Cell 21
6,720
26,880
6,721 to
X
X
Cell 23
13,440
13,441 to
X
X
Cell 24
20,160

RPT2
X
X
X
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HCSD Study

Results from the initial scoping study indicated that HCSD measurements under
no-load and load conditions could be used as a measure of cell degradation (see Chapter
7, RESULTS). Consequently, the purpose of this HCSD study was to assess the longterm impact and capability of the HCSD measurements under no-load and load
conditions compared to a control group. Two Generation 1.5 IMB systems with beta
control software were available with this study, along with 12 fresh Sanyo SA cells.

Control Group
The test matrix for the HCSD study control group is shown in Table 9. This
matrix was developed as part of an independent validation study for the recently
published Battery Test Manual for Plug-In Hybrid Electric Vehicles [7, 101]. These 35
SA cells were aged at various temperatures and SOCs based on the charge-sustaining
cycle life profile shown in Figure 1. The cells were initially characterized with a
sequence of C1/1 and C1/25 static capacity tests, a constant power discharge test, a lowcurrent HPPC test (see Figure 3), and an EIS measurement at 15% DOD over a frequency
range of 100 kHz to 0.01 Hz with ten points per decade of frequency. Cycle-life testing
was interrupted every 30,000 cycles for reference performance tests (RPTs) consisting of
the constant power discharge and low-current HPPC tests. Every fifth RPT, a C1/25
discharge test and EIS measurement at 15 % DOD were also included [101].
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Table 9. Sanyo SA control group
Temp SOC Voltage
Group # Cells
(°C) (%)
(V)
1a
10
30
60
3.89
2a
5
30
30
3.69
3a
5
30
90
4.09
4a
5
40
60
3.89
5a
5
50
60
3.89
6a
5
60
60
3.89

Test Plan
For the HCSD study, portions of the control group matrix in Table 9 were
duplicated using twelve fresh Sanyo SA cells with the addition of HCSD measurements
under no-load and load conditions. The test matrix is shown in Table 10, and it consists
of accelerated aging at 40 and 50°C. Thus, results from the HCSD study were compared
to Groups 4a and 5a, respectively, in Table 9. As with the control group, the HCSD
study cells were cycled at 60% SOC based on the charge-sustaining profile (Figure 1)
with RPTs every 30,000 cycles.

1b

#
Cells
3

2b

3

3b

3

4b

3

Group

Table 10. Sanyo SA research groups
Temp SOC Voltage
Comments
(°C) (%)
(V)
40
60
3.89
HCSD every RPT at 60% SOC (no-load)
Periodic HCSD applied to each cell under
40
60
3.89
load for a set of 10,000 cycles
50
60
3.89
HCSD every RPT at 60% SOC (no-load)
Periodic HCSD applied to each cell under
50
60
3.89
load for a set of 10,000 cycles

Groups 1b and 3b in Table 10 were intended to verify the effectiveness of HCSD
measurements under no-load conditions. Six cells (i.e., three cells per temperature group)
were subjected to the same testing regime as the control group, but with the addition of
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an HCSD measurement at 60% SOC (3.89 V) every RPT immediately prior to the start of
each cycle-set. The input sum-of-sines current for the no-load HCSD measurement
covered a frequency range of 0.1 to 409.6 Hz in octave harmonics with one period of the
lowest frequency.
Groups 2b and 4b in Table 10 were intended to verify the effectiveness of HCSD
measurements while under load. These six cells (i.e., three per temperature group)
mimicked the test sequence from Groups 1b and 3b in Table 10 with the addition of
HCSD measurements during cycle-life aging. The triggering sequence for this study is
described in Table 11 and shown graphically in Figure 60. A maximum of ten triggers
were available in the control software, and the frequency range of each trigger was
adjusted to fit within the duration of the given pulse.

Table 11. Triggered under-load measurements for the HCSD study
Wait for
Low
Test
Delay
Trigger
Pulse
Trigger?
Frequency Duration
Launch (1)
Yes
0s
1.0 Hz
1s
T1
Cruise (1)
No
5s
0.1 Hz
10s
T2
Regen (1)
Yes
0s
1.0 Hz
1s
T3
Engine Off (1)
No
5s
0.1 Hz
10s
T4
Launch (2)
Yes
0s
1.0 Hz
1s
T5
Cruise (2)
No
5s
0.1 Hz
10s
T6
Regen (2)
Yes
0s
1.0 Hz
1s
T7
Engine-Off (2)
No
5s
0.1 Hz
10s
T8
Launch (3)
Yes
0s
1.0 Hz
1s
T9
Engine Off (3)
No
60s
0.1 Hz
10s
T10
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Figure 60. Under load trigger sequence for HCSD Study
As shown in Figure 60, the ten triggers covered three sequential HCSD
measurements for the discharge pulses (i.e., Engine Off and Launch pulses), and two
sequential measurements for the charge pulses (i.e., Cruise and Regen). To minimize the
possibility of false triggers due to software glitches, only the largest voltage swings were
used to initiate an HCSD measurement (i.e., only the Launch and Regen pulses waited for
trigger to initiate a measurement). HCSD measurements for the Engine-Off and Cruise
pulses were then based on a delay period following a triggered measurement. For
example, once the initial Launch pulse measurement was triggered (i.e., T1 in Table 11),
the IMB control software waited five seconds before automatically initiating another
measurement under load (i.e., T2). Since the Launch pulse is only three seconds long
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(Table 3), the second trigger was initiated after the cycle-life profile had already
transitioned to the Cruise pulse. After the third trigger for the Launch pulse was initiated
(i.e., T9 in Table 11), the IMB control software waited 60 seconds prior to automatically
initiating a third HCSD measurement for an Engine-Off pulse (i.e., T10). This triggering
sequence was repeated every 50 cycles during life testing.
Table 12 shows the measurement sequence through two cycle-life sets for Groups
2b and 4b. Similar to Groups 1b and 3b, HCSD impedance measurements for these cells
were conducted under no-load conditions at every RPT. Since only one IMB was
available per group of three cells, the HCSD measurements under load were applied to
each cell at specific cycle counts. For example, the lowest numbered cell was subjected
to the triggered HCSD measurements during the first 10,000 cycles (e.g., cycles 50, 100,
150, etc., followed by cycles 30,050, 30,100, 30,150, etc.). The middle and high
numbered cells had HCSD measurements during the second and third set of 10,000
cycles, respectively, between RPTs. Cycling was paused between each 10,000 cycle set
to switch the impedance measurement box to the next cell in the sequence.

Cell
RPT0
Number
Low

X

Middle

X

High

X

Table 12. HCSD measurement sequence
Cycle Count for
Cycle Count for
RPT1
RPT2
Cycle-Set 1
Cycle-Set 2
0 to
30k to
X
X
10k
40k
10k to
40k to
X
X
20k
50k
20k to
50k to
X
X
30k
60k
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Logistically, it was more prudent to connect the impedance measurement box to
each cell in the sequence a minimum number of times (i.e., once after each 10,000 cycle
set). This minimized the pause steps during cycling and also reduced the potential for
misconnections.

With ten triggered measurements every 50 cycles, a total of 2,000

impedance measurements were conducted during a 10,000 cycle set (i.e., 5% of the total
profile pulses included a superimposed HCSD current signal). This means that 1.7% of
the overall cycle-life set (i.e., 30,000 cycles, which translates to 120,000 total pulses)
included under-load measurements. Since the control software only provided one data
file per measurement sequence, it was important to ensure the file did not become corrupt
by becoming too large. Thus, the use of 2,000 measurements per cycle-set was a
reasonable compromise for data collection. Although the in-situ impedance
measurements were conducted at different periods during cycling, each cell received the
same percentage of total measurements by end-of-test (i.e., 1.7%).

Transient Study

Simulated HCSD measurements based on equivalent circuit models revealed a
transient effect that could be reduced with additional periods of the lowest frequency (see
Chapter 5, SIMULATIONS). A similar transient effect was also observed from Sanyo
cell data under both no-load and load conditions (see Chapter 7, RESULTS). The
purpose of this transient study was to examine the effect of incorporating HCSD
measurements using multiple periods of the lowest frequency. Three fresh Sanyo SA
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cells were available for this study (labeled as Cells 5, 6, and 7), along with one
Generation 1.5 IMB system and corresponding control software.

Cell History
The initial set of cells used for the HCSD study described in above were removed
from test after 10,000 cycles of aging due to glitches with the beta control software tool
and placed in cold storage. As part of this initial test matrix, Cells 5, 6, and 7 were
characterized using the same sequence of tests as the control group. During cycle-life
testing, Cells 5 and 6 were aged at 40°C, and Cell 7 was aged at 50°C. None of these
cells were subjected to HCSD measurements while under load. The control software was
fixed, and a fresh set of Sanyo SA cells were used for the HCSD study.

Test Plan
The transient effects of HCSD measurements were studied for both no-load and
load conditions. For no-load conditions, the three Sanyo SA cells were initially subjected
to standardized EIS measurements at 60% SOC over a frequency range of 10 kHz to 0.01
Hz with ten points per decade of frequency. Immediately following the EIS, HCSD
impedance measurements based on one, five, and ten periods of the lowest frequency
were conducted sequentially at the same SOC over a frequency range of 2 kHz to 0.1 Hz.
This corresponded to measurement durations of 10-, 50-, and 100-seconds, respectively.
Due to limitations with the available control software, it was only possible to record the
measured impedance data from the last period of the lowest frequency.
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The modified cycle-life profile used for HCSD measurements under load
conditions in this transient study is shown in Figure 61. It consisted of a scaled constant
power discharge and charge pulse of 3 kW, each with a 50-second duration. The last 10
seconds of the charge pulse, however, were used as a control step to bring the cells back
to the voltage corresponding to 60% SOC. This profile was repeated 75 times with
HCSD measurements triggered on each pulse. The trigger sequence is described in Table
13 (the control software for this study was also limited to a maximum of ten triggers per
loop). As shown, the transient effect was studied by increasing the number of periods of
the lowest frequency with each set of triggers. Given a starting frequency of 0.1 Hz, the
initial set of triggers included one period of the lowest frequency (i.e., Triggers T1 and
T2), but then increased to three periods of the lowest frequency in the next trigger set
(i.e., Triggers T3 and T4). Likewise, for the 1 Hz measurement, the trigger sequence
consisted of one, three, and six periods of the lowest frequency, respectively.

Table 13. Triggered under-load measurements for transient study
Low
Number
Test
Trigger
Pulse
Frequency of Periods Duration
Discharge (1)
0.1 Hz
1
10s
T1
Charge (1)
0.1 Hz
1
10s
T2
Discharge (2)
0.1 Hz
3
30s
T3
Charge (2)
0.1 Hz
3
30s
T4
Discharge (3)
1.0 Hz
1
1s
T5
Charge (3)
1.0 Hz
1
1s
T6
Discharge (4)
1.0 Hz
3
3s
T7
Charge (4)
1.0 Hz
3
3s
T8
Discharge (5)
1.0 Hz
6
6s
T9
Charge (5)
1.0 Hz
6
6s
T10

135

Figure 61. Modified cycle-life profile for the transient study

Heretofore, results from the HCSD study (see Chapter 7, RESULTS) were all
based on constant power pulses. As an additional transient study, the modified cycle-life
test described above was repeated based on constant current pulses. The average current
for the scaled, 3-kW constant power pulses in Figure 61 based on Sanyo SA cell data is
approximately 0.55 A. Consequently, a 0.55 A constant current profile was repeated 75
times with HCSD measurements triggered on each pulse as described in Table 13. The
sequence was then repeated for constant current levels of 1.5 and 3.0 A as well.
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CHAPTER 7
RESULTS

Initial Scoping Study

Performance Data
The three Sanyo cells used for the initial scoping study were cycled for a total of
12 weeks (i.e., 80,640 cycles) at 50°C. Figure 62 shows the cycle-life pulse resistance
for a representative cell through all six cycle-sets. These data were calculated by
applying Equations (1) through (4) to the discharge and charge pulses of the cycle-life
profile, respectively. The resistance in each case generally increases with aging, but also
shows a periodic discontinuity every 340 hours. These sudden drops in resistance
correspond to the RPT, which has been shown to have a temporary healing effect on the
cells [35, 36]. The resistances for the Engine-Off and Cruise pulses are an order of
magnitude higher than the corresponding resistances for the Launch and Regen pulses
because the input currents were significantly smaller. The average input current for the
Engine-Off and Cruise pulses was approximately 0.55 A, whereas the Launch and Regen
pulses had average input currents of about 5 and 3 A, respectively. The higher current
causes additional joule heating of the cell, which results in a lower ohmic resistance.
Reference performance tests were conducted at 30°C in two-week intervals. They
consisted of a constant power discharge test, a low-current HPPC, and an EIS at 60%
SOC that was immediately followed by an HCSD measurement under no-load conditions.
A summary of the average changes in capacity, discharge pulse resistance at 60% SOC,
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and the Available Power at 500 Wh through six cycle-sets is shown in Table 14. The
cells degraded significantly during the scoping study testing, with roughly 20% fade in
both the capacity and power, and a 30% rise in resistance. The measured capacity was
based on the amp-hours removed during the constant power discharge test. The
resistance and available power were calculated from the low-current HPPC test (see
Chapter 3, BATTERY TESTING METHODOLOGIES) using the minimum PHEV
requirements in Table 1 (i.e., 45 kW discharge power and 500 Wh of available energy)
and a battery size factor of 1400. From the HPCC calculations, Figure 63 shows usable
energy curves for a representative cell at different stages of life, where available power is
defined as the value of the usable energy curve at the energy target of 500 Wh. As
expected, the usable energy curve shifts to the left (i.e., lower power capability) as a
function of cell age.

(a)
(b)
Figure 62. Cycle life pulse resistance for a representative Sanyo scoping study cell for
the (a) Engine-Off and Cruise pulses, and (b) Launch and Regen pulses

138
Table 14. Sanyo SA scoping study degradation
Degradation
Units
RPT0
RPT6
%-Change
Capacity
Ah 1.171 ± 0.005 0.943 ± 0.001 19.5 ± 0.30
Pulse Resistance mΩ
49.24 ± 0.56 63.99 ± 1.19 30.0 ± 1.33
Available Power kW
57.12 ± 0.69 44.46 ± 0.83 22.2 ± 0.71

Figure 63. Usable energy curves for a representative Sanyo scoping study cell

Impedance Measurements Under No-Load Conditions
The EIS and HCSD impedance measurements at RPT0 through RPT6 for a
representative cell are shown in Figure 64. The spectra at each RPT were artificially
shifted on the real axis (i.e., the abscissa) to more clearly compare the results.

The low-

frequency Warburg tail from the HCSD impedance spectra shows some deviation
compared to EIS at each RPT. As discussed below, the source for this difference appears
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to be caused by a combination of transient effects and phase calibration issues. The
transient errors may be due to the smaller number of periods that are included within the
input sum-of-sines signal at lower frequencies, and the effect can be diminished if longer
input signals are implemented. Also, phase errors may be present in the spectra since
current shunts were used to calibrate the system on the real axis [53], but calibration of
the imaginary component has not yet been developed. Improved calibration techniques
that include the phase are presently under investigation, and could be incorporated in the
next generation of the hardware and control software. Nevertheless, the width of the
mid-frequency semicircle from the HCSD technique is similar to the corresponding EIS
measurements at each RPT. This indicates that HCSD measurements can successfully
capture the growth of the charge transfer resistance as a function of cell age.

Figure 64. EIS and HCSD spectra for a representative cell through RPT6
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As discussed above, the growth of the mid-frequency region can be approximated
by the change in real impedance at the low-frequency semicircle trough. (see Chapter 3,
BATTERY TESTING METHODOLOGIES) Figure 65 shows the EIS and HCSD real
impedance at the semicircle trough plotted against the corresponding low-current HPPC
pulse resistance at the same SOC (i.e., 60% SOC). As observed with the Applied Battery
Research Program Baseline and Variant C cells (Figure 10), both the EIS and HCSD
measurements for these Sanyo cells are strongly correlated to the HPPC resistance. Table
15 shows the slope and intercept based on a linear regression fit, and that the correlation
coefficients are very good (r²>0.98). The HCSD real impedance values are shifted to the
right because of a slightly higher contact resistance during the measurement. Since
accurately tracking changes in resistance is a key metric for battery performance, the
scoping study results indicate that the no-load HCSD measurements are a useful measure
of state-of-health.

Table 15. Trendline fit for the HCSD vs. HPPC discharge resistance
Intercept
r²
Measurement Slope
(mΩ)
EIS
1.55
-10.50
0.981
HCSD
1.21
-9.51
0.994
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Figure 65. EIS and HCSD compared to HPPC resistance data

Impedance Measurements Under Load Conditions
Due to equipment limitations, it is not possible to perform EIS measurements
under load. HCSD measurements under load, therefore, offer the possibility of a new
diagnostic tool for battery state-of-health assessment. An HCSD sum-of-sines signal was
superimposed on a standard cycle-life profile (Figure 1) at five different locations, as
described in Figure 59 and Table 6 above. The Engine-Off and Cruise pulses had a
starting low frequency of 0.1 Hz (i.e., a ten second measurement) since the pulse
durations were sufficiently lengthy. The Launch and Regen pulses, however, required a
starting frequency of 1 Hz (i.e., a one second measurement) due to their significantly
shorter durations. The effect of these superimposed HCSD signals on the cycle-life
profile can be observed by the measured voltage response of the cell. Figure 66 shows a
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representative voltage response for a typical charge-sustaining cycle life test profile,
followed by another profile where the HCSD sum-of-sines signals have been
implemented. Although the triggered sum-of-sines signals have obvious impacts on the
response, the voltage at the end of each pulse is still very similar to the undisturbed
voltage profiles. Table 16 shows the voltages at the beginning and end of each pulse in
the profile for the cycle with a superimposed HCSD (Pulse 100) compared to the cycles
immediately before and after. These data indicate that the disturbance is temporary and
does not appear to impact the overall battery behavior.

Figure 66. Voltage response with and without HCSD under load
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Table 16. Voltage behavior for Sanyo SA cell pulsing
Pulse
Voltage Pulse 99 Pulse 100 Pulse 101
Start
3.871
3.870
3.871
Engine Off
End
3.854
3.854
3.855
Start
3.854
3.854
3.855
Launch
End
3.681
3.681
3.682
Start
3.878
3.878
3.878
Cruise
End
3.890
3.890
3.890
Start
3.890
3.890
3.890
Regen
End
3.997
3.997
3.997

Figure 67 shows the HCSD impedance spectra under load of all five
measurements at the 100th cycle for a representative cell (Engine Off, Launch, Cruise_1,
Cruise_2, and Regen, respectively). These data are very erratic because the
measurements were taken with a first generation hardware system that was not very
robust and also used an early version of the control software. However, the spectra
clearly indicate a difference in impedance spectra between the discharge pulses (Figures
67a and 67b) and charge pulses (Figures 67c, 67d, and 67e), and it could be due to the
change in the direction of the current from the cycle-life profile. While it may be
possible to infer a charge transfer resistance in the discharge impedance spectra, the noise
in the data make it difficult to identify the true endpoints of the semicircle. The HCSD
measurements during the Cruise pulse tend to show a loop in the impedance spectra, from
which a charge transfer resistance is even more difficult to determine. This midfrequency loop, however, seems to be relatively repeatable for the two Cruise pulse
impedance measurements. Unfortunately, there is no discernable pattern in the Regen
pulse spectra given the noise in the measurement, but the general shape is similar to the
results from the Cruise pulse.
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Despite the erratic data from these under-load measurements, the impedance
spectra from this scoping study still generally demonstrate growth as a function of test
time. Figure 68 shows the average changes in impedance of the profile measurements for
a representative cell through six cycle-sets. To reduce the noise, each impedance spectra
in Figure 68 is the average of the last five measurements of each set shown in Tables 7
and 8 (e.g., the first spectra in Figure 68, “Cycle-Set 1, Week 2,” is the average
impedance from Pulses 13020, 13120, 13220, 13320, and 13420 for Cell 23). Though
difficult to discern, the charge transfer resistance from the discharge impedance spectra
(Figures 68a and 68b) generally grows with increasing cell age. The two measurements
during the Cruise pulse (Figures 68c and 68d) also show a shift in the impedance spectra
as a function of cell age. Specifically, the loop in the spectra appears to get bigger and
shift towards the right with increasing cycle sets. The impedance spectra from the Regen
pulse are still too noisy to identify any trends. However, the under-load measurements
from the Generation 1.5 IMB show improved consistency and utility, as discussed below.
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(a)

(b)

(c)

(d)

(e)
Figure 67. HCSD impedance spectra at Cycle 100 for (a) Engine Off, (b) Launch,
(c) Cruise1, (d) Cruise2, and (e) Regen pulses
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(a)

(b)

(c)

(d)

(e)
Figure 68. HCSD impedance growth for (a) Engine Off, (b) Launch,
(c) Cruise_1, (d) Cruise_2, and (e) Regen pulses
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Summary of Scoping Study
The purpose of this initial scoping study was to assess the viability of the HCSD
measurement technique. Three spare Sanyo SA cells were aged at 50°C for more than
80,000 cycles with periodic HCSD measurements under no-load and load conditions.
The HCSD measurements under no-load conditions matched the corresponding EIS
spectra very well, and were also linearly correlated to the discharge resistance data that
were independently determined from an HPPC test. For under load conditions, the
HCSD measurements were very noisy due to issues with both the first generation
hardware and control software. However, the resulting impedance spectra generally
demonstrated growth as a function of cell age. Impedance spectra from the discharge
pulses under load generally indicated the presence of a charge transfer semicircle loop
that grew with increasing cycle sets. For the charge pulses, the impedance spectra
showed a mid-frequency loop that grew with cell age. Thus, the data acquired from this
scoping study have indicated that the HCSD measurement technique is viable measure of
cell degradation as a function of test time.

HCSD Study

For the HCSD study, improvements were made to both the hardware and control
software based on observed weaknesses from the scoping study. Two Generation 1.5
IMBs were manufactured for this study with upgraded software. The 40 and 50°C cell
groups from Table 10 above were each assigned one of the IMB systems for under-load
studies. The Sanyo cells were subjected to five cycle sets (i.e., 150,000 cycles) with
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reference performance tests every 30,000 cycles. This means that the cells under no-load
conditions were subjected to a total of seven HCSD measurements (i.e., one measurement
at each RPT, including Characterization and RPT0). The cells under load conditions
were subjected to the same seven measurements under no-load at each RPT, plus a total
of 10,000 HCSD measurements during cycling (i.e., 2,000 triggered measurements per
cycle set).

Control Group Cell Performance Data

Capacity, Resistance, and Power Degradation. The average discharge capacity
fade for the control group cells aged at 60% SOC (Groups 1a, 4a, 5a, and 6a from Table 9
above) through RPT5 is summarized in Table 17 and shown in Figure 69. As expected,
the cells generally show capacity loss with each RPT, and the rate of degradation
increases with increasing test temperature. Between Characterization and RPT0, all the
cells were subjected to the same tests at the same temperature (i.e., C1/25 discharge and
charge followed by an EIS measurement at 15% DOD). While these tests should have
minimal impact on cell degradation [36], the Sanyo cells clearly showed some capacity
loss. This degradation between Characterization and RPT0 is more likely due to cell
formation of the solid electrolyte interphase layer, which is a passivating film between
the electrode and electrolyte that forms during the first few cycles of a fresh cell. The
formation of the solid electrolyte interphase layer has a direct impact on the life, power,
and safety of the cell during aging, though it also results in some initial irreversible
capacity loss [38, 102]. This formation effect during characterization has also been seen
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in other lithium-ion cells [35], and results in a temporary decrease in resistance (thus,
improved power capability) in addition to irreversible capacity loss.

Table 17. Average discharge capacity degradation for the control group cells
Temp. (°C) RPT0 (Ah)
RPT5 (Ah)
%-Change
30
1.242 ± 0.007 1.222 ± 0.012 1.55 ± 0.43
40
1.247 ± 0.002 1.145 ± 0.003 8.19 ± 0.13
50
1.242 ± 0.007 0.943 ± 0.026 24.05 ± 1.75
60
1.249 ± 0.001 0.661 ± 0.010 47.09 ± 0.85

Figure 69. Average capacity loss for control cells through RPT5

The average discharge resistance growth at 60% SOC for the control group cells
through RPT5 is summarized in Table 18 and shown in Figure 70. The resistance gets
slightly smaller between Characterization and RPT0 due to cell formation, but then
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generally grows monotonically with increasing cell age. After RPT1, the resistance
growth for the 30 and 40°C cells appears to slow down, whereas the 50 and 60°C cell
resistance continues to grow at a consistent rate. This indicates the presence of some
mechanistic change in the Sanyo cell chemistry due to test temperature, which has also
been observed in other cell chemistries as well [35]. The discontinuity in the 60°C data
at RPT3 is due to an inadvertently lower test temperature during that particular HPPC
test. The average cell temperature for the 60°C cells during the HPPC test was
approximately 31°C at 60% SOC. At RPT3, however, the average cell temperature at
60% SOC was only 25.7°C. Since cell resistance is known to be inversely proportional
to temperature [17, 35, 87, 88, 89], the resulting calculated resistance value was larger.
This temperature fluctuation did not impact the capacity results (Figure 69) since the
average temperature of the constant power discharge test at RPT3 was similar to the
measurements at the other RPTs (i.e., approximately 32°C).

Table 18. Average discharge resistance growth at 60% SOC for the control group cells
Temp. (°C) RPT0 (mΩ) RPT5 (mΩ) %-Change
30
50.60 ± 0.39 52.21 ± 0.31 3.28 ± 0.71
40
49.89 ± 0.36 54.37 ± 0.20 8.98 ± 0.44
50
49.55 ± 0.36 63.59 ± 2.16 28.36 ± 4.88
60
49.65 ± 0.35 87.18 ± 2.06 75.61 ± 5.00
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Figure 70. Average discharge resistance rise at 60% SOC for control cells through RPT5

The average available power fade for the control group cells through RPT5 is
summarized in Table 19 and shown in Figure 71. Power fade is based on the degradation
of the usable energy curve relative to RPT0 at the energy target of 500 Wh (e.g., see
Figure 63 from the scoping study). The behavior of the power fade as a function of test
time mirrors the resistance data shown in Figure 70 since power is inversely proportional
to the resistance, as shown by Equations (7) and (8). Since cell formation caused the
resistance to decrease, the available power increased slightly between Characterization
and RPT0. Likewise, the increased resistance at RPT3 for the 60°C cells resulted in a
greater loss of available power. The 50 and 60°C cells reached end-of-life after RPT4
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and RPT1, respectively, since the available power dropped below the target of 45 kW
(see Table 1).

Table 19. Average power fade at 500 Wh for the control group cells
Temp. (°C) RPT0 (kW) RPT5 (kW) %-Change
30
55.45 ± 0.53 55.11 ± 0.33 0.72 ± 1.00
40
56.27 ± 0.37 52.85 ± 0.20 6.08 ± 0.28
50
56.62 ± 0.43 44.23 ± 1.39 21.87 ± 2.85
60
56.52 ± 0.51 31.30 ± 1.32 44.60 ± 2.72

Figure 71. Average power loss for control cells through RPT5
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Cycle-Life Pulse Resistance. Figures 72 and 73 show the cycle-life pulse
resistance for a representative control group cell at 40 and 50°C, respectively. As with
the scoping study cell results discussed above, the resistance in each case generally
increases with cell age, but also shows a periodic drop every 755 hours due to an RPT at
30°C. The RPT causes a temporary healing effect in the cycle-life pulse resistance that is
dependent on test temperature (i.e., the healing effect is less pronounced for the 50°C
cells in Figure 73). The pulse resistance at 50°C is initially lower than the corresponding
40°C, as expected, and its degradation rate is much higher, which is also expected. In
some cases, the data show fluctuations in the pulse resistance growth for a given cycle set
(e.g., the small drop in Regen resistance in Figure 72b at approximately 1,400 hours).
These fluctuations could be due to a number of sources such as minor temperature
variations, power glitches, or test suspensions, and they do not appear to have a long-term
impact on the rate of cell degradation.

(a)
(b)
Figure 72. Cycle-life pulse resistance for a representative control group cell at 40°C for
the (a) Engine-Off and Cruise pulses, and (b) the Launch and Regen pulses
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(a)
(b)
Figure 73. Cycle-life pulse resistance for a representative control group cell at 50°C for
the (a) Engine-Off and Cruise pulses, and (b) the Launch and Regen pulses

HCSD Group Cell Performance Data
The HCSD study was conducted at 40 and 50°C under both no-load and load
conditions (see Table 10 above). Figure 74 shows a comparison of the average resistance
growth between the no-load measurements (i.e., Groups 1b and 3b in Table 10) and the
corresponding control groups (i.e., Groups 4a and 5a in Table 9). The average control
group results are shown by the open symbols, and the HCSD groups are in solid symbols.
At first glance, these data appear to indicate that the HCSD cell groups have less
degradation than the corresponding control groups. However, the average resistances for
the HCSD no-load cells are also lower at Characterization and RPT0. This indicates the
presence of manufacturing variability for the Sanyo SA cells, which may affect both the
magnitude of the measured degradation parameter (e.g., capacity, resistance, and power)
and the rate of degradation. For better comparisons, the HCSD average data were
normalized to the corresponding control group results at RPT0 since that is the typical
point of reference for gauging cell growth during life testing [5, 6, 7, 35, 82, 90, 99].
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Figure 74. Resistance comparison for control and HCSD groups

Capacity, Resistance, and Power Degradation. The normalized average discharge
capacity fade for the HCSD groups under (a) no-load and (b) load conditions through
RPT5 is summarized in Table 20 and shown in Figure 75. For both the no-load and load
HCSD groups, the normalized irreversible capacity loss between Characterization and
RPT0 is less the corresponding control groups. This may indicate that the solid
electrolyte interphase layer for the Sanyo cells assigned to the HCSD groups was not as
well formed, and it could also have deleterious effects on the resistance growth and
power fade rates as well [102]. Beyond RPT0, the capacity degradation rate for the
HCSD groups at each temperature appears very similar to the corresponding control
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groups for both the no-load and load conditions. The average capacity fade for both
HCSD groups, however, is generally less than the corresponding control groups.
Furthermore, as shown in Table 20, the average capacity for the HCSD cell group under
load is within one standard deviation of the no-load group at both 40 and 50°C. These
data, therefore, imply that there is no impact from HCSD measurements on the cell
capacity degradation.

Table 20. Discharge capacity summary for control and normalized HCSD groups
Temp. (°C) Group
RPT0 (Ah)
RPT5 (Ah)
%-Change
Control 1.247 ± 0.002 1.145 ± 0.003 8.19 ± 0.13
40
No-Load 1.247 ± 0.004 1.155 ± 0.005 7.40 ± 0.09
Load
1.247 ± 0.001 1.154 ± 0.002 7.43 ± 0.10
Control 1.242 ± 0.007 0.943 ± 0.026 24.05 ± 1.75
50
No-Load 1.242 ± 0.003 0.943 ± 0.001 24.07 ± 0.10
Load
1.242 ± 0.003 0.947 ± 0.008 23.72 ± 0.46

(a)
(b)
Figure 75. Normalized average capacity loss for HCSD cells under (a) no load and
(b) load conditions compared to the control group

The normalized average discharge resistance at 60% SOC for the HCSD groups
under (a) no-load and (b) load conditions through RPT5 is summarized in Table 21 and
shown in Figure 76. The rate of resistance growth for the HCSD groups is higher than
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the corresponding control groups, but the source of this increased degradation does not
appear to come from the in-situ impedance measurements. If HCSD measurements had a
detrimental impact on cell degradation, then the rate of degradation would increase with
both temperature and number of measurements. However, as shown in Table 21, the
difference between the average resistance for the HCSD and control groups at 40°C is
about the same as the difference at 50°C after RPT5 (i.e., approximately 1.2 mΩ, or
2.5%), which indicates no temperature effect. Additionally, the no-load and load HCSD
groups showed similar degradation rates through five cycle-sets. The no-load cells were
subjected to only seven HCSD measurements at the voltage corresponding to 60% SOC;
the load cells were subjected to an additional 10,000 triggered measurements during
cycle-life testing. Despite the significantly larger set of in-situ impedance measurements,
the HCSD cells under load conditions did not show any accelerated degradation
compared to the no-load cells (i.e., both cell groups showed almost 12% and 31%
resistance growth at 40 and 50°C, respectively, after five cycle sets).

(a)
(b)
Figure 76. Normalized average resistance rise for HCSD cells under (a) no load and
(b) load conditions compared to the control group
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Table 21. Discharge resistance summary for control and normalized HCSD groups
Temp. (°C) Group RPT0 (mΩ) RPT5 (mΩ) %-Change
Control 49.89 ± 0.36 54.37 ± 0.20 8.98 ± 0.44
40
No-Load 49.89 ± 0.55 55.84 ± 0.55 11.94 ± 0.28
Load
49.89 ± 0.26 55.68 ± 0.24 11.61 ± 0.10
Control 49.55 ± 0.36 63.59 ± 2.16 28.36 ± 4.88
50
No-Load 49.55 ± 0.52 64.77 ± 0.78 30.71 ± 0.39
Load
49.55 ± 0.14 64.77 ± 0.10 30.71 ± 0.41

HCSD measurements, therefore, do not appear to have an impact on discharge
resistance growth. The larger degradation observed for the HCSD cell groups could be
due to an improperly formed solid electrolyte interphase layer between Characterization
and RPT0, as observed with the capacity degradation (see Figure 75). An additional
variable is the cell manufacturing variability for the Sanyo SA cells (see Figure 74).
Finally, test equipment and measurement variability may have also contributed to the
differences observed in Figure 76 [83, 84, 85, 86]. For example, the average temperature
at 60% SOC during the HPPC test was consistently cooler for the HCSD cells compared
to the control group (i.e., between 0.5 to one degree lower) because different
environmental chambers were used during aging. The effect of temperature on lithiumion cells has been previously documented [35], and lower temperatures generally yield
higher resistance values. This is consistent with the observed resistance behavior of the
HCSD cell groups.
The normalized average Available Power at 500 Wh for the HCSD groups under
(a) no-load and (b) load conditions through RPT5 is summarized in Table 22 and shown
in Figure 77. The 50°C cells have reached end-of-life after 150,000 cycles since the
available power dropped below the target of 45 kW (Table 1). As expected, the available
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power mirrors the discharge resistance behavior in Figure 76. The power fade also
appears unaffected by the number of HCSD measurements since the no-load and load
groups at each temperature condition are within one standard deviation of each other at
RPT5. Furthermore, the difference between the HCSD and control groups is consistent
for each temperature (approximately 1.2 kW, or 2.2%). The power fade data, therefore,
also implies that there is no impact from long-term HCSD measurements under both noload and load conditions.

Table 22. Available power summary for control and normalized HCSD groups
Temp. (°C) Group RPT0 (kW) RPT5 (kW) %-Change
Control 56.27 ± 0.37 52.85 ± 0.20 6.08 ± 0.28
40
No-Load 56.27 ± 0.70 51.59 ± 0.49 8.31 ± 0.39
Load
56.27 ± 0.19 51.69 ± 0.18 8.14 ± 0.13
Control 56.62 ± 0.43 44.23 ± 1.39 21.87 ± 2.85
50
No-Load 56.62 ± 0.53 42.91 ± 0.51 24.22 ± 0.30
Load
56.62 ± 0.19 43.05 ± 0.12 23.96 ± 0.41

(a)
(b)
Figure 77. Normalized average power loss for HCSD cells under (a) no load and
(b) load conditions compared to the control group
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Cycle-Life Pulse Resistance. The cycle-life pulse resistances at 40°C for a
representative cell under no-load and load conditions, respectively, is shown in Figures
78 and 79 (i.e., a representative cell from Groups 1b and 2b in Table 10 above). The rate
of resistance rise for the cell that was subjected to 10,000 under-load HCSD
measurements (Figure 79) is similar to the cell with no impedance measurements during
cycling. This is consistent with the observed capacity, resistance and power data from
the RPT (see above), and further indicates that HCSD measurements do not have a
deleterious effect on cell degradation. The occasional fluctuations in the resistance data
(e.g., the small drop in Regen resistance in Figure 79b at approximately 3650 hours)
appears to be primarily due to minor temperature variations, power glitches, or test
suspensions during the cycle set. These aberrations, however, are temporary, and do not
seem to impact the overall rate of cell degradation. The pulse resistances for the HCSD
study are generally lower than the corresponding control group results (Figure 72), but
this is mostly due to variations in cell manufacturing since the un-normalized
performance data from the RPT show lower resistances as well (Figure 74).

(a)
(b)
Figure 78. Cycle-life pulse resistance for a representative cell under no-load conditions at
40°C for the (a) Engine-Off and Cruise pulses, and (b) the Launch and Regen pulses
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(a)
(b)
Figure 79. Cycle-life pulse resistance for a representative cell under load conditions at
40°C for the (a) Engine-Off and Cruise pulses, and (b) the Launch and Regen pulses

Figures 80 and 81 show the cycle-life pulse resistances at 50°C for a
representative cell under no-load and load conditions, respectively (i.e., a representative
cell from Groups 3b and 4b in Table 10 above). The initial pulse resistance at 50°C is
lower than at 40°C, but the rate of degradation is also much faster. This is consistent
with the observed behavior for the control cell group (Figure 73). The resistance growth
at 50°C also appears to be independent of the number of HCSD measurements since the
no-load and load cells generally degrade at the same rates.
The representative under-load cell at 50°C (Figure 81), however, also shows more
fluctuations in pulse resistance during aging. These aberrations are not necessarily due to
the HCSD impedance measurements under load since they have also been observed with
the control groups (Figures 72 and 73) and the no-load cell groups as well. However,
some of the cells with HCSD measurements during cycle-life testing do have more
pronounced variations in pulse resistance behavior, which may come from an increased
number of pause steps while the IMB hardware is switched between cells. Additionally,
the amount of fluctuation in pulse resistance during cycling appears to be cell-dependent.
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In some cases (e.g., Figure 81), the cell is extremely sensitive to multiple pause steps,
whereas other cells (e.g. Figure 79) do not seem to be affected as much. This sensitivity
does not seem to be temperature dependent since the converse has also been observed
with other cells in the HCSD test matrix.

(a)
(b)
Figure 80. Cycle-life pulse resistance for a representative cell under no-load conditions
at 50°C for the (a) Engine-Off and Cruise pulses, and (b) the Launch and Regen pulses

(a)
(b)
Figure 81. Cycle-life pulse resistance for a representative cell under load conditions at
50°C for the (a) Engine-Off and Cruise pulses, and (b) the Launch and Regen pulses

Summary of Performance Data Results from HCSD Study
The cycle-life and RPT results from the Sanyo cell HCSD study through five
cycle-sets (i.e., 150,000) were compared to the corresponding control group results at 40
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and 50°C. Due to variability in cell manufacturing, the average HCSD study results were
normalized to the control group at RPT0 to gauge the effect of in-situ impedance
measurements on cell degradation. While the discharge capacity fade was generally
similar, the resistance growth rate and available power fade rate for the HCSD cell
groups were slightly larger than the control groups. However, this increased degradation
may have been caused by an improperly formed solid electrolyte interphase layer, along
with manufacturing and measurement variability. The observed differences in resistance
growth and power fade between the HCSD and control group cells do not seem to be
temperature dependent since they were the similar at 40 and 50°C. Additionally, the cells
subjected to 10,000 impedance measurements under load showed similar degradation
rates to the cells with impedance measurements only at no-load conditions for both the
cycle-life pulse resistance and RPT performance results. These observations, therefore,
indicate that HCSD measurements are benign, and do not have an impact on cell
degradation.

Impedance Measurements Under No-Load Conditions

HCSD Measurements. All four cell groups in Table 10 were subjected to HCSD
measurements at the open-circuit voltage corresponding to 60% SOC as part of the RPT
sequence. Figures 82 and 83 show the resulting average HCSD impedance spectra for
the 40 and 50°C cells, respectively, under (a) no-load and (b) load conditions through
five cycle-sets. In all cases, the impedance at RPT0 (solid diamond symbols) is smaller
than at Characterization (sold circle symbols) due to cell formation. After RPT0, both the
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ohmic and charge transfer resistance in the mid-frequency region grew with increasing
cycle-sets, and the rate of growth was higher at 50°C, as expected. For the load groups,
the cells were subjected to an additional 2,000 HCSD measurements during each cycleset between RPTs, but this did not appear to affect the rate of impedance growth. Table
23 summarizes the average real impedance measured at the semicircle trough through
RPT5. For a given test temperature, both the no-load and load groups are within one
standard deviation of each other after 150,000 cycles; this is true of the percent-change in
resistance between RPT0 and RPT5 as well. These results are consistent with the
observed degradation from the HPPC performance data (see above), and also imply that
in-situ HCSD impedance measurements do not have an impact on cell performance.

Table 23. Average HCSD real impedance at the semicircle trough
Temp. (°C) Group RPT0 (mΩ) RPT5 (mΩ) %-Change
No-Load 38.05 ± 0.19 41.83 ± 0.25 9.92 ± 0.14
40
Load
38.14 ± 0.61 41.95 ± 0.46 9.99 ± 0.60
No-Load 37.25 ± 0.17 47.23 ± 0.12 26.80 ± 0.27
50
Load
37.47 ± 0.52 47.17 ± 0.65 25.91 ± 0.81

(a)

(b)

Figure 82. Average HCSD measurements at 40°C for the (a) no-load and (b) load
conditions through RPT5
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(a)
(b)
Figure 83. Average HCSD measurements at 50°C for the (a) no-load and (b) load
conditions through RPT5

Correlations. To gauge the effectiveness of the HCSD technique as a measure of
cell degradation, the growth in the charge transfer resistance from the HCSD
measurement can be compared to the independently determined discharge resistance and
available power from the HPPC. Figure 84 shows the average HCSD real impedance at
the semicircle trough plotted against the HPPC discharge resistance at 60% SOC (i.e., the
results from Figure 74). Parameter values from the linear regression fits are summarized
in Table 24. As shown, these data are highly correlated (r² >0.94), and the growth in
HCSD real impedance is about 1.5 times faster than the corresponding HPPC data
regardless of test temperature and number of in-situ impedance measurements during
cycling.

These results are consistent with the observed trends from the ABR lithium-ion

cells (Figure 10) as well as the Sanyo cell scoping study (Figure 65). Thus, HCSD
impedance measurements under no-load conditions can accurately reflect the growth in
HPPC pulse resistance as a function of cell age.

166

Figure 84. HCSD real impedance correlated to the HPPC discharge resistance

Table 24. Trendline fit for the HCSD vs. HPPC discharge resistance
Intercept
r²
Temp. (°C) Group Slope
(mΩ)
No-Load 1.469
-7.267
0.946
40
Load
1.503
-8.674
0.954
No-Load 1.543 -10.635 0.992
50
Load
1.520
-9.587
0.997

Figure 85 shows the average real impedance at the semicircle trough plotted
against the HPPC Available Power at 500 Wh (i.e., the results from Figure 77).
Parameter values from the linear regression fits are summarized in Table 25; the slopes
are negative because power is inversely proportional to the resistance. These data show a
strong correlation as well (r² >0.98), and still appear independent from the number of insitu impedance measurements during cycling. However, there is a small temperature
dependence in this case as well, and this may be due to the fact that available power is a

167
derived parameter that is based on a combination of the calculated pulse power capability
and cumulative energy removed (see Chapter 3, BATTERY TESTING
METHODOLOGIES).

Since both the power capability and energy removed are

independently affected by temperature during the HPPC test, the overall temperature
effect may be amplified when compared to a directly measured parameter, such as the
HCSD impedance. Nevertheless, these data demonstrate that the HCSD impedance is
also a very good indicator of power fade as a function of cell age.

Table 25. Trendline fit for the HCSD vs. HPPC Available Power at 500 Wh
Intercept
r²
Temp. (°C) Group Slope
(kW)
No-Load -1.298 108.110 0.981
40
Load
-1.317 108.934 0.983
No-Load -1.578 119.529 0.991
50
Load
-1.561 118.720 0.994

Figure 85. HCSD real impedance correlated to the HPPC available power
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EIS Measurements. The four cell groups in Table 10 were also subjected to EIS
measurements at 60% SOC at Characterization and RPT5. Figures 86 and 87 show the
average EIS measurements for the (a) no-load and (b) load cells at 40 and 50°C,
respectively, with open symbols. The corresponding average HCSD impedance spectra,
normalized to the EIS ohmic resistance, are also shown with solid symbols. The spectra
at RPT5 were artificially shifted on the real axis (i.e., the abscissa) for clarity. As
expected, both the HCSD and EIS impedance spectra show growth in the charge transfer
resistances at RPT5. The HCSD impedance tends to consistently under-predict the
reactance, and also appears to have a larger semicircle width. As mentioned above, these
discrepancies may be caused by the system calibration (i.e., the calibration method is
only on the real axis), and improved techniques are presently under investigation.
Despite these differences, both the EIS and HCSD measurements show similar growth
rates in charge transfer resistance.

(a)

(b)

Figure 86. Average HCSD and EIS measurements at 40°C for the (a) no-load and
(b) load conditions at Characterization and RPT5
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(a)
(b)
Figure 87. Average HCSD and EIS measurements at 50°C for the (a) no-load
and (b) load conditions at Characterization and RPT5

Tables 26 and 27 summarize the growth in average real impedance at the
semicircle trough based on the EIS and HCSD measurements, respectively, between
Characterization and RPT5 (the HCSD measurements in this case were not normalized to
the EIS results). Within each temperature group, the EIS and HCSD results are generally
within one standard deviation of each other. Furthermore, the measured impedance
values at the semicircle trough determined from EIS were at similar frequencies to the
corresponding HCSD results. At Characterization, the EIS trough frequency for the
twelve Sanyo SA cells generally ranged between 1.26 and 1.60 Hz, and the
corresponding HCSD results were between 0.8 and 1.6 Hz. Likewise, at RPT5, the EIS
trough frequencies were generally at 1 Hz, and the corresponding HCSD results were at
0.8 Hz. Therefore, these data indicate that ten-second HCSD measurements under noload conditions can accurately reflect standardized EIS results, which can take anywhere
between ten minutes to an hour to complete depending on system settings.
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Table 26. Average EIS real impedance at the semicircle trough
Temp. (°C) Group Char. (mΩ) RPT5 (mΩ) %-Change
No-Load 39.03 ± 0.73 42.09 ± 0.47 7.85 ± 0.83
40
Load
39.04 ± 0.21 42.00 ± 0.23 7.58 ± 0.07
No-Load 38.25 ± 0.54 46.91 ± 0.60 22.66 ± 0.63
50
Load
38.02 ± 0.32 47.02 ± 0.29 23.70 ± 0.39

Table 27. Average HCSD real impedance at the semicircle trough
Temp. (°C) Group Char. (mΩ) RPT5 (mΩ) %-Change
No-Load 39.11 ± 0.45 41.82 ± 0.24 6.93 ± 1.11
40
Load
38.78 ± 0.67 41.95 ± 0.46 8.17 ± 0.73
No-Load 38.41 ± 0.62 47.22 ± 0.12 22.96 ± 1.69
50
Load
38.65 ± 0.78 47.16 ± 0.65 22.03 ± 1.89

Summary of No-Load HCSD Measurements. HCSD measurements under noload conditions were conducted at 60% SOC for all cell groups in this study as part of the
RPT sequence. From the resulting impedance spectra, the charge transfer resistance in
the mid-frequency region grew with increasing cycle-sets, and the rate of growth was
higher for the 50°C cells. The rate of growth for the cells subjected to 10,000 HCSD
measurements while under load was similar to the no-load cells with only seven
impedance measurements in each temperature group, further indicating that HCSD
measurements do not impact cell degradation. Although HCSD impedance spectra
showed some slight differences compared to EIS, the rate of impedance growth was
similar for both EIS and HCSD after RPT5. Additionally, the growth of the charge
transfer resistance (as reflected in the real impedance measured at the semicircle trough)
strongly correlates with both the HPPC discharge pulse resistance and available power
through RPT5. Therefore, HCSD impedance measurements under no-load conditions
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appear to accurately reflect degradation as a function of aging without affecting cell life
as a result of the measurement.

Impedance Measurements Under Load Conditions

Control Software Issues. The Generation 1.5 IMBs with beta control software
were also used for HCSD measurements under load conditions on the designated cells in
Table 10 during cycle-life aging. Although the software generally performed as needed,
some issues were identified during cell testing that need to be fixed for future versions.
For example, measurements under load would occasionally yield noisy impedance
spectra that needed to be filtered out prior to any data analysis. Figure 88 shows sample
noisy impedance spectra for the (a) Engine-Off, (b) Launch, (c) Cruise, and (d) Regen
pulses. These noisy responses could have come from errors in the software sequencing
between the measurement and data processing algorithms, and may also have been
affected by improper memory allocation for the data arrays.
Another glitch in the control software was its inability to keep an accurate count
during the triggering sequence. Ten triggers were programmed for a loop of 50 cycles as
defined in Table 11, but impedance measurements were sometimes triggered early or late
into the cycle count. Unfortunately, the software outputs did not include a cycle count
value, so it was impossible to directly correlate an in-situ HCSD measurement with a
particular cycle-life pulse. However, reasonable guess were made based on occasional
manual observations of a triggered in-situ HCSD measurement and noting the value of
the corresponding cycle number.
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(a)

(b)

(c)
(d)
Figure 88. Noisy in-situ impedance measurement for the (a) Engine Off,
(b) Launch, (c) Cruise, and (d) Regen pulses

HCSD Impedance Spectra. The trigger sequence for HCSD measurements under
load consisted of three Engine-Off and Launch pulses along with two Cruise and Regen
pulses every 50 cycles, as specified in Table 11 above. Figure 89 shows the resulting
impedance spectra of one trigger sequence for a representative cell at 40°C. The
impedance measurements for each pulse were very repeatable, and the results show
significantly more consistency compared to the measurements from the first generation
IMB in the scoping study (see Figures 67 and 68). The Regen pulse impedance spectra in
particular are much better resolved with the Generation 1.5 system.
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(a)

(b)

(c)
(d)
Figure 89. Representative in-situ impedance measurement at 40°C for the (a) Engine
Off, (b) Launch, (c) Cruise, and (d) Regen pulses

The measured impedance for the Engine-Off pulse in Figure 89a includes a
charge transfer resistance semicircle in the mid-frequency region similar to the spectra
under no-load conditions (i.e., Figures 82 and 83), though the size of the semicircle is
smaller due to the elevated test temperature of 40°C. The low-frequency Warburg tail,
however, has been skewed for the measurement under load. Since the Warburg
impedance describes the diffusion of ions [3], the skewed tail may indicate that that a
different rate of diffusion is occurring in the cell chemistry due to the dynamic nature of
the measurement under load.
The impedance spectra for the Launch pulse in Figure 89b also show a midfrequency charge transfer resistance, but the semicircle curvature is not as clearly
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resolved due to the wider frequency spread. Since the lowest frequency for input sum-ofsines current signal was 1 Hz, the frequency spread was an order of magnitude larger than
the Engine-Off measurement, which had an input signal with a low frequency of 0.1 Hz.
The Warburg tail is skewed even further for the Launch pulse and shows a negative
slope. This may indicate that an even higher rate of diffusion is present during the
measurement because the input current from the cycle-life pulse is significantly larger.
The average Engine-Off input current was approximately 0.55 A, whereas the Launch
pulse was about 5.2 A.
Unlike the spectra from the discharge pulses, the measured impedance for the
Cruise and Regen pulses in Figures 89c and 89d show a loop in the mid-frequency
region, and the low-frequency tail veers in the opposite direction. The differences in
these spectra may be caused by an electrochemical transient effect that is manifested by
the change in direction of the current during cycling. Figure 90 shows the impedance
spectra of a representative cell at 40°C for the (a) low power and (b) high power pulses of
the cycle-life profile; the low-power spectra correspond to the Engine-Off pulse overlaid
with the Cruise pulse, and the high-power spectra are from the Launch and Regen pulses.
The impedance for the discharge and charge pulses are equivalent at higher frequencies,
but begin to diverge as the frequency reduces. For both the low and higher power charge
pulses, the impedance spectra show the initial formation of a mid-frequency semicircle
before diverging in the opposite direction. This divergence occurs sooner for the high
power pulse (i.e., Regen pulse) since the initial frequency is an order of magnitude larger
than the low power pulse.
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(a)
(b)
Figure 90. HCSD impedance spectra under load for (a) low power and (b) high power
pulses at Cycle 90,000

At lower frequencies, there are fewer periods included within the sum-of-sines
input signal. As with the electrical transient effects observed during simulations (see
Chapter 5, SIMULATIONS), increasing the number of periods for the actual cell
measurements also appears to improve the response of the charge pulses. Figure 91
shows the (a) magnitude and (b) phase curves for the same representative cell in Figure
90. The phase response of all four pulses within the cycle-life profile is generally similar.
For the magnitude response, however, the four pulses are very similar at high frequencies
but start splitting apart with reducing frequency. The response of the charge pulses (i.e.,
Cruise and Regen) mirrors the corresponding discharge pulses (i.e., Engine-Off and
Launch) because the input current from the cycle-life test is in the opposite direction. At
1 Hz (i.e., log(1) = 0 on the x-axis), the high power pulses (i.e., Launch and Regen) show
a very large separation in magnitude response since only one period is included in the
HCSD input signal. However, the separation between the low power pulses (i.e., EngineOff and Cruise) at the same frequency is significantly smaller. Although 1 Hz is not an
octave harmonic of the low-power pulses, the closest harmonic frequency (i.e., 0.8 Hz)
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had four periods within the input sum-of-sines signal. Thus, it appears that the observed
electrochemical transient effect could also be reduced by increasing the number of
periods in the HCSD signal. These observations are investigated more thoroughly in the
transient study discussed below.

(a)
(b)
Figure 91. The (a) magnitude and (b) phase for HCSD under-load impedance
measurements at Cycle 90,000

HCSD Impedance Growth. The cells designated for under-load studies in Table
10 were subjected to a total of 10,000 HCSD measurements during cycle-life testing (i.e.,
2,000 measurements per cycle-set). Figures 92 and 93 show the impedance spectra from
various pulses during aging for a representative cell at 40 and 50°C, respectively. In all
cases, the measured impedance in the mid-frequency region at 50°C is smaller than at
40°C, and this is consistent with the observed pulse resistance behavior during cycle-life
testing (Figures 78 through 81).
For the discharge pulses (i.e., Engine-Off and Launch), the charge transfer
resistance shows definitive growth with increasing cycle count. The semicircle grows in
both the real and imaginary components as a function of cell age. The charge pulses (i.e.,
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Cruise and Regen) also show growth by an increase in the size of the mid-frequency loop.
This growth appears to occur mostly after the loop begins to curve downward (i.e., the
area where the discharge and charge spectra still overlap, Figure 90), but not much
change is observed once the spectra begin to veer towards the left due to the
electrochemical transient effect. The growth in electrolyte resistance is more rapid for
the 50°C cells as well, which indicates that the rate of lithium loss into the solid
electrolyte interphase layer is amplified at higher temperatures for these cells [95].

(a)

(b)

(c)
(d)
Figure 92. In-situ impedance measurements for a 40°C representative under-load cell for
the (a) Engine Off, (b) Launch, (c) Cruise, and (d) Regen pulses
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(a)

(b)

(c)
(d)
Figure 93. In-situ impedance measurements for a 50°C representative under-load cell for
the (a) Engine Off, (b) Launch, (c) Cruise, and (d) Regen pulses

Correlations. The growth in HCSD real impedance measured under load can be
compared to the independently determined discharge and regen pulse resistances from the
cycle-life profile (e.g., Figures 78 through 81). Figure 94 shows the resulting correlation
coefficients (i.e., r² values) based on a linear regression fit at each frequency of interest.
The three highest frequencies were ignored since they generally reflect instrumentation
artifacts [35]; the three lowest frequencies were also rejected due to the electrochemical
transient effect. For the mid-frequency range of interest, the correlation is generally
strong, but it also appears to be dependent on the level of observed fluctuations in the
cycle-life pulse resistance due to temperature variations, power glitches, or test
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suspensions. For example, the correlation fits for Cell 14 are relatively low, as shown by
the solid square symbols in Figure 94. Figure 95 indicates that the cycle-life pulse
resistance for this cell was also highly sensitive to external fluctuations, since it exhibited
multiple discontinuities and a lot of noise (e.g., compare with Figure 79). Conversely,
Cell 19 generally had the best correlation fits, as shown by the open diamond symbols in
Figure 94, and Figure 96 indicates the cycle-life pulse resistance for this cell was not very
sensitive to external factors (e.g., compare with Figure 81). There also appears to be
some temperature and pulse dependence in the correlation coefficients, but the sample
size is too small to reach any definitive conclusions at this point.

(a)

(b)

(c)
(d)
Figure 94. Correlation coefficients between the HCSD impedance at the mid-frequency
range and the cycle-life pulse resistance for the (a) Engine Off, (b) Launch, (c) Cruise,
and (d) Regen pulses
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(a)
(b)
Figure 95. Cycle-life pulse resistance of Cell 14 for the (a) Engine-Off and Cruise
pulses, and (b) the Launch and Regen pulses

(a)
(b)
Figure 96. Cycle-life pulse resistance of Cell 19 for the (a) Engine-Off and Cruise
pulses, and (b) the Launch and Regen pulses

Figure 97 shows the HCSD real impedance growth measured at the semicircle
trough as a function of the corresponding cycle-life pulse resistance. The average slopes
and correlation coefficients at each temperature based on linear regression fits are
summarized in Table 28. The location of the trough frequency varied as a function of test
temperature and pulse duration. Since the mid-frequency semicircle was smaller for the
50°C cells, its trough frequency was generally higher than the cells at 40°C.
Furthermore, since the resolution of the impedance spectra for the Launch and Regen
pulses was lower (i.e., 1 Hz), the trough frequency was also higher than the
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corresponding Engine-Off and Cruise pulses. Although the data exhibit noise due to the
external conditions, these independently determined parameters clearly exhibit similar
growth as a function of cell age. In most cases, the slope of the linear regression fit is
similar at both temperatures, but the 50°C cells are slightly higher. Furthermore, the
initial HCSD impedance and cycle-life pulse resistance for the 50°C cells is lower due to
the elevated test temperature, but the rate of growth is higher than the 40°C cells, as
expected. The Regen pulse shows the most scatter and the worst linear regression fit due
to an incomplete measurement of the mid-frequency semicircle. Nevertheless, these data
clearly indicate that the growth in HCSD impedance measured under load can be
successfully used as a measure of cell degradation during aging.

Table 28. Average slopes of linear correlations at the
semicircle trough for under-load cells
Profile
Temp.
Trough
Slope
r²
Pulse
(°C) Freq. (Hz)
40
1.6
0.111 ± 0.007 0.943 ± 0.037
Engine-Off
50
3.2
0.129 ± 0.006 0.987 ± 0.014
40
8.0
0.911 ± 0.044 0.947 ± 0.018
Launch
50
8.0
0.937 ± 0.032 0.976 ± 0.015
40
1.6
0.056 ± 0.002 0.970 ± 0.011
Cruise
50
6.4
0.069 ± 0.006 0.984 ± 0.019
40
8.0
0.534 ± 0.082 0.870 ± 0.035
Regen
50
32
0.827 ± 0.047 0.958 ± 0.040
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(a)

(b)

(c)
(d)
Figure 97. HCSD real impedance correlated to the cycle-life pulse resistance for the
(a) Engine Off, (b) Launch, (c) Cruise, and (d) Regen pulses

Summary of Load HCSD Measurements. HCSD measurements under load
conditions were conducted on each pulse within the cycle-life profile for the designated
cell groups. The discharge impedance spectra in the mid-frequency range showed a
standard semicircle, but the Warburg impedance was skewed, probably due to a different
diffusion rate while the cells were under load. The charge impedance spectra were
affected by an electrochemical transient effect that caused the Warburg tail to veer off in
the opposite direction, resulting in a mid-frequency loop. The point at which the
impedance begins to alter appears to depend on how many periods of the lowest
frequency are included within the input sum-of-sines signal. Nevertheless, both the
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discharge and charge impedance spectra show growth in the ohmic and charge transfer
resistances as a function of cell age and temperature. The impedance growth at the
semicircle trough is strongly correlated with the corresponding cycle-life pulse resistance
as well. As with the pulse resistance, the cells aged at 50°C started with an initially
smaller impedance, but the rate of growth was higher than the 40°C cells. Therefore,
HCSD impedance measurements under load conditions appear to accurately reflect cell
degradation as a function of aging during both discharge and charge.

Summary of HCSD Study
The purpose of this HCSD study was to assess the long-term impact and
capability of rapid, in-situ impedance measurements under no-load and load conditions
compared to a control group. High power Sanyo SA cells were aged at 40 and 50°C for a
total of 150,000 PHEV charge-sustaining cycles with periodic interruptions for reference
performance tests. Reference performance tests were conducted at 30°C every 30,000
cycles during aging to gauge the degradation in capacity, resistance, and available power
based on the standardized low-current HPPC test. In addition to the HPPC, all cells were
subjected to a total of seven HCSD impedance measurements at the open-circuit voltage
corresponding to 60% SOC (i.e., one measurement at Characterization and at each RPT).
The cells designated for load studies received an additional 10,000 HCSD impedance
measurements during cycle-life pulsing (i.e., 2,000 per cycle-set).
For the HCSD measurements under no-load conditions, the mid-frequency
semicircle grew with cell age, and the rate of growth increased with test temperature.
This charge transfer resistance growth was also strongly correlated with the observed
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resistance growth and power loss that was independently determined from the HPPC.
The HCSD measurements under load also reflected the growth in pulse resistance during
cycle-life testing. The impedance spectra during a discharge pulse showed a midfrequency semicircle, but the low-frequency Warburg tail appeared affected by the
dynamic load. For the charge pulses, the HCSD impedance spectra seemed to be mostly
influenced by an electrochemical transient effect that diminished with an increase in the
number of periods for a given frequency within the sum-of-sines signal.
From these data, HCSD impedance measurements appear to accurately reflect
changes in cell performance as a function of aging under both no-load and load
conditions. The rate of degradation does not appear to be different between the no-load
and load cells, where the load cells received an additional 10,000 HCSD impedance
measurements during cycling. Additionally, the cells from the HCSD study show similar
degradation behavior compared to the corresponding control group cells through five
cycle-sets. Therefore, rapid, in-situ HCSD impedance assessment seems to be a very
benign test that accurately detects battery health while not having a deleterious effect on
cell performance as a result of the measurement.

Transient Study

Impedance Measurements Under No-Load Conditions
For the transient study, HCSD measurements under no-load conditions were
performed at 60% SOC for one, five, and ten periods of the lowest frequency. This
translated to an input sum-of-sines signal with durations of ten, fifty, and one hundred
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seconds, respectively, based on a starting frequency of 0.1 Hz (Figure 18). Figure 98
shows the average impedance measurements from all three cells, where the HCSD
impedance spectra were shifted on the real axis to match the EIS results at the ohmic
resistance for better comparisons. As mentioned above, these data are based on the last
measured period of the input sum-of-sines signal. The average HCSD response for one
period of the lowest frequency (solid diamond symbols) under predicts the reactance and
shows a larger semicircle width compared to the EIS measurement. This is consistent
with the observed trends in Figures 86 and 87. As the number of periods increase for the
HCSD measurement, the charge transfer resistance remains about the same, though the
reactance increases slightly. This indicates that the differences in semicircle height and
width between EIS and HCSD primarily come from calibration, as discussed above, and
new calibration methodologies for the HCSD technique are presently under investigation.
The angle of the Warburg tail for the HCSD measurements, however, more
closely matches the corresponding EIS results as the number of periods increase. This
implies that the diffusion rate does not reach steady state in one period of the lowest
frequency. The EIS results do not show this transient effect since the measurements are
sequential and begin with high frequencies (i.e., the diffusion rate has reached steady
state at the time the Warburg tail is measured). The rate of diffusion, however, does not
seem to affect the width of the charge transfer resistance, since the semicircle trough is
similar for one, five, and ten periods of the lowest frequency. Additionally, as observed
in Figures 86 and 87, the diffusion rate does not seem to impact the growth in charge
transfer resistance either.
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Figure 98. Average HCSD impedance spectra under no-load conditions
with increasing periods compared to EIS

Impedance Measurements Under Load Conditions
For the under-load measurements, the cells were subjected to the cycle-life profile
shown in Figure 61 at 30˚C under constant power and constant current conditions with
the trigger sequence shown in Table 13. The constant power pulses were at a scaled 3kW rate, which resulted in average current levels of approximately 0.55 A. The constant
current pulses were chosen to be 0.55, 1.5, and 3.0 A, respectively. Each cycle-set
consisted of 75 profiles, where the last ten seconds of every charge pulse were used as a
control step to ensure a balanced cycle (a balanced cycle is when the discharge pulse
always begins at the same open circuit voltage condition [6, 7, 35]). Figure 99 shows the
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discharge and charge cycle-life pulse resistances for a representative cell. In all cases, the
charge resistances were lower since the pulse duration was shortened by the control step.
The resistances from the cycles at 3 kW and 0.55 A are similar, as expected, and the
resistance drops with increasing current (i.e., higher current means increased cell
temperature from joule heating, which results in lower resistance). Additionally, the
profile in Figure 61 assumed a 100% efficiency. Since the actual efficiency was lower,
several cycles were required for the cells to reach equilibrium (i.e., the discharge pulse
resistance was initially low, whereas the charge pulse resistance was initially high). The
constant current pulses at 0.55 A are relatively constant since the cycles at 3 kW were
performed at approximately the same current level, and the cells had already reached
equilibrium.

Figure 99. Discharge and charge resistance from transient study cycle-life profile
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Constant Power Pulses. Figure 100 shows the discharge and charge HCSD
impedance spectra between 0.1 and 1638.4 Hz measured under load with one and three
periods of the lowest frequency (i.e., Triggers 1 through 4 in Table 13) for a
representative cell. These spectra are based on the average of the last five impedance
measurements that were performed while the cells were cycled at the scaled 3-kW rate.
For clarity, the resulting spectra from the third period of the lowest frequency were
artificially shifted to the right on the real axis (i.e., no labels on the horizontal axis). The
spectra based on one period of the lowest frequency behaves similarly to previously
observed results (see Figure 90), but show a larger charge transfer resistance because of
the lower test temperature of 30˚C. The discharge curve still shows a skewed Warburg
tail and the impedance of the charge curve veers towards the left at low frequencies, as
expected. When the number of periods is increased to three, however, the angle of the
Warburg tail for the discharge curve increases, and more closely resembles the measured
results under no-load conditions (see Figure 98). Additionally, the semicircle loop on the
charge curve is significantly diminished with three periods of the lowest frequency (i.e.,
the measured charge impedance essentially doubles back on itself at lower frequencies
instead of veering towards the left).
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Figure 100. Average discharge and charge impedance spectra beginning
with 0.1 Hz for the one- and three-period measurements at 3 kW

Figure 101 shows the (a) magnitude and (b) phase of the one- and three-period
measurements with a starting frequency of 0.1 Hz. As also observed in Figure 91, the
difference in magnitude response between the discharge and charge measurements is
reduced at lower frequencies when additional periods are included in the input sum-ofsines signal. Likewise, the phase response becomes more consistent between the
discharge and charge curves with three periods of the lowest frequency. These data
indicate the presence of an electrochemical transient effect that could be caused by
changing interfacial properties of the solid electrolyte interphase layer under dynamic
conditions.
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(a)
(b)
Figure 101. Average (a) magnitude and (b) phase for the one- and three-period
measurements at 3 kW beginning with 0.1 Hz

Similar results were obtained for the triggered measurements between 1 and 2048
Hz with one, three, and six periods of the lowest frequency (i.e., Triggers 5 through 10 in
Table 13). Figure 102 shows the average discharge and charge HCSD impedance
spectra, where the measurements from the third and sixth period were artificially shifted
to the right for better comparisons. Although the 1 Hz measurement does not yield much
of a Warburg tail, the discharge impedance spectra seem to indicate that its angle
improves with increasing periods. Likewise, the transient effect on the charge spectra is
also reduced, and the impedance appears to straighten out at low frequencies instead of
veering towards the left. The previously observed semicircle loop for the charge spectra
(e.g., Figure 90) is not present in this case because the charge transfer resistance is larger
given the test temperature of 30˚C. For both the discharge and charge spectra, the
reactance of the mid-frequency semicircle increases between one and three periods, but
appears stable between three and six periods; the width of the semicircle, however, is not
affected by the increased number of periods.
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Figure 102. Average discharge and charge impedance spectra beginning
with 1.0 Hz for the one-, three- and six-period measurements at 3 kW

Figure 103 shows the (a) magnitude and (b) phase of the one-, three- and sixperiod measurements with a starting frequency of 1 Hz. As expected, the differences in
magnitude between the charge and discharge pulse at lower frequencies are reduced with
increased number of periods, though the rate of improvement appears to slow down with
more periods as well. There does not appear to be any significant effect on the phase,
and this is similar to the observed responses in Figures 91 and 101, where most of the
differences in phase between the discharge and charge measurements occur between 0.1
and 1.0 Hz.
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(a)
(b)
Figure 103. Average (a) magnitude and (b) phase for the one- and three-period
measurements at 3 kW beginning with 1.0 Hz

Figure 104 shows the discharge impedance spectra measured under load with an
initial frequency of (a) 0.1 and (b) 1.0 Hz, respectively, compared to the HCSD
measurement under no-load conditions with one period of the lowest frequency (at 0.1
Hz) for the same representative cell. The under-load measurements were normalized to
the no-load HCSD spectra at the ohmic resistance for better comparisons. As shown, the
width of the charge transfer resistance is virtually identical for both the no-load and load
conditions, and this further indicates that the under-load measurements can accurately
reflect degradation as a function of cell age. For the 1 Hz measurements, the semicircle
height appears to have been initially affected by the electrochemical transient, but the
height increased with a larger number of periods. This discrepancy did not affect the
measurements at 0.1 Hz since the number of periods in the mid-frequency region was
much larger than the corresponding measurements at 1 Hz. Furthermore, the impact of
the bias voltage error observed from the simulations (see Chapter 5, SIMULATIONS)
does not appear to affect the measured response as strongly in the mid-frequency region,
though it may still impact the low frequency regions (especially when the cell is in charge

193
mode). The angle of the Warburg tail for the measurements under load converges
towards the no-load measurement with increasing periods of the lowest frequency, which
implies that the bias voltage error could also be minimized with increasing number of
periods. Therefore, these data indicate that the observed transient effect has an impact on
the shape of the impedance spectra, but the width of the mid-frequency semicircle is still
preserved, and the data are useful for assessing battery health.

(a)
(b)
Figure 104. Comparison between HCSD measurements under no-load and load
conditions for a representative cell with a starting frequency of (a) 0.1 Hz and (b) 1.0 Hz

Constant Current Pulses. Figure 105 shows the average discharge and charge
impedance spectra between 0.1 and 1638.4 Hz measured under load with one and three
periods of the lowest frequency based on the (a) 0.55, (b) 1.5, and (c) 3.0 A current
levels, where the measurements from the third period were artificially shifted to the right
for better comparisons. The spectra from the cycles at 0.55 A behave similarly to the
constant power measurements (Figure 100), as expected. When the current level
increases, the Warburg tail on the discharge spectra drops more quickly on the imaginary
axis, and this could be caused by higher diffusion rates with larger currents. Likewise,
the transient error that affects the charge spectra at low frequencies is more pronounced,
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and when the impedance veers towards the left, the reactance is reduced with increased
current levels. When three periods of the lowest frequency are used, however, both the
Warburg tail and low-frequency transient effects on the discharge and charge spectra,
respectively, improve. Furthermore, the height of the mid-frequency semicircle drops
with increasing current levels, but the width appears to remain relatively constant. The
reduced reactance is consistent with the drop in pulse resistance observed in Figure 99.

(a)

(b)

(c)
Figure 105. Average discharge and charge impedance spectra beginning with 0.1 Hz
for the one- and three-period measurements at (a) 0.55A, (b) 1.5 A, and (c) 3.0 A

Figure 106 shows the magnitude response of the three current levels for the oneand three-period measurements with a starting frequency of 0.1 Hz. At low frequencies,
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the difference between the discharge and charge curves generally increase with higher
current levels, which indicates that the electrochemical transient effect is exacerbated
with higher currents. However, the transient effect is reduced with additional periods in
all cases, as expected. For the 3.0 A measurement, the magnitude of the charge
impedance at 0.1 Hz jumps up, and this could be caused by a large voltage bias error in
addition to the transient effect. From the HCSD simulations under load (see Chapter 5,
SIMULATIONS), the bias voltage error has the most impact on the impedance spectra at
low frequencies (Figures 32 and 48).

(a)

(b)

(c)
Figure 106. Average magnitude response for the one- and three-period measurements
beginning with 0.1 Hz at (a) 0.55A, (b) 1.5 A, and (c) 3.0 A
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Figure 107 shows the corresponding phase response for the three current levels.
The phase between the discharge and charge curves also separate more rapidly with
increasing current levels, but improve with increasing periods of the lowest frequency.
As observed with the constant power pulses, there is not much difference in phase
response beyond 1.0 Hz (i.e., log(1) = 0 on the x-axis).

(a)

(b)

(c)
Figure 107. Average phase response for the one- and three-period measurements
beginning with 0.1 Hz at (a) 0.55A, (b) 1.5 A, and (c) 3.0 A

Figure 108 shows the discharge impedance spectra measured under load with an
initial frequency of 0.1 Hz for all three current levels compared to the HCSD
measurement under no-load conditions with one period of the lowest frequency. The
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under-load measurements were normalized to the no-load HCSD spectra for better
comparisons. As mentioned above, the height of the mid-frequency semicircle reduces
with increasing current levels. The semicircle width, however, appears relatively
constant since the inflection point between the semicircle and Warburg impedance seems
to occur at the same spot. The angle of the Warburg tail also increases with three periods
of the lowest frequency, as expected. Thus, these data also indicate the charge transfer
resistance can be successfully measured under load despite the voltage bias error and the
transient effects.

(a)

(b)

(c)
Figure 108. Comparison between HCSD measurements under no-load and load
conditions for a representative cell with a starting frequency of 0.1 Hz at
(a) 0.55A, (b) 1.5 A, and (c) 3.0 A
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Similar results were obtained for the impedance measurements between 1 and
2048 Hz at the three current levels. Figure 109 shows the spectra for the one-, three- and
six-period measurements. As expected, the Warburg tail of the discharge curve becomes
more pronounced with increasing current, but improves with more periods of the lowest
frequency. Similarly, the low-frequency transient effect on the charge spectra worsens
with larger currents, but the effect diminishes with more periods in the input signal.

(a)

(b)

(c)
Figure 109. Average discharge and charge impedance spectra beginning with 1.0 Hz
for the one-, three- and six-period measurements at (a) 0.55A, (b) 1.5 A, and (c) 3.0 A

As with the measurements at 0.1 Hz (Figure 105), the height of the mid-frequency
semicircle in Figure 109 drops with increasing current. The semicircle height also
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increases with a larger number of periods, which is consistent with the observed behavior
of the constant power cycles (Figure 102). However, the width of the semicircle (i.e., the
charge transfer resistance) does not seem to be strongly affected.
Figure 110 shows the magnitude response of the three current levels for the one-,
three-, and six-period measurements with a starting frequency of 1 Hz. As expected, the
transient effect is amplified with increasing current levels, but reduced with increasing
periods. The rate at which the transient effect is reduced between one, three, and six
periods is also increased at higher current levels.

(a)

(b)

(c)
Figure 110. Average magnitude response for the one-, three-, and six-period
measurements beginning with 1.0 Hz at (a) 0.55A, (b) 1.5 A, and (c) 3.0 A
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The corresponding phase response is shown in Figure 111. As with the constant
power pulses (Figure 103), the phase does not appear to be significantly affected by
higher current levels given the frequency range of the input sum-of-sines signal. The
phase response for the 0.1 Hz input signal (Figure 107) did not show much variation after
1 Hz either.

(a)

(b)

(c)
Figure 111. Average phase response for the one-, three-, and six-period measurements
beginning with 1.0 Hz at (a) 0.55A, (b) 1.5 A, and (c) 3.0 A

Figure 112 shows the normalized discharge impedance spectra measured under
load with an initial frequency of 1.0 Hz for all three current levels compared to the HCSD
measurement under no-load conditions with one period of the lowest frequency. The
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height of the mid-frequency semicircle reduces with increasing current levels. The
semicircle height also increases between one and three periods of the lowest frequency,
but remains relatively steady between three and six periods. This is consistent with the
observed trends form the constant power pulses (Figure 104). The width of the
semicircle, however, appears unaffected by current levels since the inflection point at the
start of the Warburg tail appears to be generally the same for each measured spectra
under load. Thus, these data also indicate the charge transfer resistance can be
successfully captured at larger current levels.

(a)

(b)

(c)
Figure 112. Comparison between HCSD measurements under no-load and load
conditions for a representative cell with a starting frequency of 1.0 Hz at
(a) 0.55A, (b) 1.5 A, and (c) 3.0 A
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Summary of Transient Study
The purpose of this study was to examine the electrochemical transient effect of
in-situ HCSD impedance measurements under no-load and load conditions using three
spare Sanyo SA cells. For the no-load assessment, the cells were subjected to an HCSD
measurement at 60% SOC using an input sum-of-sines signal with one, five, and ten
periods of the lowest frequency. The subsequent impedance spectra showed a consistent
mid-frequency semicircle width, but the angle of the low-frequency Warburg tail
increased with more periods. This indicates that the transient effect is more pronounced
at the lower frequencies, and that the charge transfer resistance is not significantly
impacted by the rate of diffusion.
For under-load assessments, the cells were subjected to a modified cycle-life test
profile consisting of both constant power and constant current pulses. Since the resulting
average current from the scaled 3-kW constant power pulses was approximately 0.55 A,
the resulting impedance spectra behaved similarly to the measured results from cycling at
a constant current of 0.55 A. In all cases, the angle of the Warburg tail from the
discharge impedance spectra dropped with increasing current levels, but increased with
the number of periods. Likewise, the low-frequency transient behavior of the charge
impedance spectra worsened with increasing current levels, but improved with increasing
number of periods. This electrochemical transient effect may be caused by changing
interfacial properties of the solid electrolyte interphase layer under dynamic conditions.
Although the transient effect appears to primarily influence the low-frequency impedance
results, it also impacts the height of the mid-frequency semicircle. However, the width of
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the semicircle (i.e., the charge transfer resistance) appears unaffected by the number of
periods and the level of current used during cycling. Furthermore, the measured charge
transfer resistance under load is similar to the corresponding results under no-load
conditions that were measured at the same test temperature (30˚C). Therefore, data from
this transient study confirm that the growth in charge transfer resistance when measured
under load can successfully be used to gauge cell degradation during cycle-life aging.
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CHAPTER 8
CONCLUSIONS

One of the significant limitations to successful in-situ battery state-of-health
assessment and management has been the inability to rapidly determine power capability
as a function of age and use. Although it has been shown that electrochemical impedance
spectroscopy is a benign test that can be used to gauge degradation in battery pulse
resistance and available power, the test requires somewhere between ten minutes and an
hour to complete using expensive and delicate laboratory equipment. Harmonic
Compensated Synchronous Detection, however, is a novel measurement technique that
can acquire a broadband impedance spectrum within one period of the lowest frequency.
The simulations and experimental studies described herein addressed three key research
questions related to the successful implementation of HCSD as an onboard diagnostic
tool for rapid, in-situ impedance measurement:
1. Can HCSD provide a useful estimate of battery life under no-load conditions
without impacting life as a result of the measurement?
2. Can the HCSD technique be successfully implemented under load conditions
without impacting battery life?
3. Can HCSD measurements under load provide a useful estimate of battery life?
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First Key Research Question

Can HCSD Provide a Useful Estimate of Battery Life Under No-Load
Conditions Without Impacting Life as a Result of the Measurement?
Results from both simulation and Sanyo cell testing indicate that the HCSD
technique under no-load conditions is a benign test that can be a useful measure of
resistance growth and power fade during cell aging. Simulations based on two equivalent
circuit models demonstrated that the voltage response of an input sum-of-sines signal can
be successfully resolved at each frequency of interest. Although the simulated results
were corrupted by electrical transient effects, the impedance spectra generally matched
the theoretical response, and improved with additional periods of the lowest frequency.
Similarly, the HCSD impedance spectra from Sanyo cell testing were affected by
electrochemical transients, but the effect was primarily at the low-frequency Warburg tail
and it did not appear to impact the mid-frequency charge transfer resistance. Compared
to EIS, the mid-frequency region generally showed a larger semicircle width, but a lower
height. These differences, however, may primarily come from calibration techniques,
and new approaches to calibrate the HCSD system are presently underway. The
difference in charge transfer resistance, however, did not affect the rate of impedance
growth as a function of cell age. Long-term Sanyo cell testing demonstrated that the
growth rate of the HCSD impedance spectra under no-load conditions was strongly
correlated to the independently measured resistance growth and power fade from the lowcurrent Hybrid Pulse Power Characterization test. Furthermore, compared to the Sanyo
cell control group, the additional HCSD measurement during each reference performance
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test did not appear to affect the rate of degradation of the Sanyo cells through 150,000
cycles. Therefore, it appears that HCSD impedance spectra under no-load conditions can
accurately reflect changes in cell performance as a function of aging, and the
measurement seems to have no deleterious effect on cell performance.

Second Key Research Question

Can the HCSD Technique be Successfully Implemented
Under Load Conditions Without Impacting Battery Life?
Results from both simulation and Sanyo cell testing have revealed that HCSD
impedance measurements under load are primarily corrupted by a voltage bias error and
transient effects. A fundamental assumption of the present HCSD technique is that the
measurement occurs in a steady state condition. Consequently, the bias voltage
immediately prior to the input sum-of-sines signal is subtracted from the response signal
before synchronous detection at each frequency of interest. When under load, however,
the battery is in a dynamic state and the voltage bias is not constant. Simulation studies
revealed that the impedance spectra are mostly influenced by the bias voltage error at low
frequencies, and that the change in bias voltage as a function of cell age is small
compared to the growth in cell impedance. Simulations further revealed that the
electrical transient effect due to the time constant associated with the polarization
capacitors were also strongest at lower frequencies since fewer periods were included in
the sum-of-sines input signal. However, the simulated impedance spectra still grew as a
function of cell age, and the results were strongly correlated with the corresponding
cycle-life pulse resistance.
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Measured results from the Sanyo cells showed similar trends with those observed
during simulations. The impedance spectra measured under load seemed consistent and
repeatable in the mid-frequency region, but the bias voltage error and transient effect
impacted the results at low frequency; the spectra from the discharge and charge pulses
were influenced by these effects differently. For the impedance spectra measured during
discharge, the angle of the Warburg tail dropped with increasing pulse current levels, but
grew with increasing number of periods. For the impedance spectra measured during
charge, the low-frequency tail began veering towards the left and formed a semicircle
loop in the mid-frequency region. The point at which the spectra looped back occurred
earlier with increasing pulse current levels, but later with an increase in the number of
periods. Despite the bias voltage error and transient effect, HCSD measurements under
load conditions appeared to be consistent and repeatable as a function of cell age. Thus,
it appears that the HCSD technique can be successfully implemented under load
conditions, though additional development will be required to eliminate some of the
effects from the identified corrupting influences.
To assess the long-term impact of HCSD measurements under load conditions, six
cells from the HCSD study groups were each subjected to a cumulative total of 10,000
impedance measurements during cycle-life aging. The cells were aged for a total of
150,000 cycles with periodic reference performance tests every 30,000 cycles to gauge
cell degradation. The rate of degradation in capacity fade, discharge resistance growth,
and available power fade for the HCSD cells were similar to the results from the
corresponding control group cells with no HCSD measurements. These data indicate that
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the additional perturbations to the cell while under load for rapid impedance
measurements are benign, and that thousands of measurements during the useful life of
the battery do not adversely affect the rate of performance degradation. Therefore, it
appears that in-service (i.e., no load) and modestly frequent HCSD impedance spectra
measurements under load conditions will have no impact on battery life.

Third Key Research Question

Can HCSD Measurements Under Load
Provide a Useful Estimate of Battery Life?
Results from both simulation and Sanyo cell testing indicate that the HCSD
technique under load conditions can be a useful measure of cell degradation during
cycling. Simulations based on two equivalent circuit models demonstrated that, despite
errors from transient effects or bias voltage corruption, the impedance under load
successfully reflects growth in the corresponding cycle-life pulse resistance. Similarly,
the charge transfer resistance in the mid-frequency region from the measured impedance
spectra was generally well preserved, and the size of the semicircle grew with increasing
cycles. The charge transfer resistance during cycling at 50˚C was smaller than the
corresponding cells at 40˚C, but the rate of growth was higher. These results are
consistent with the observed pulse resistance behavior from the cycle-life profile.
Furthermore, the growth in charge transfer resistance was linearly correlated to the
corresponding pulse resistance growth for each pulse in the charge-sustaining cycle-life
profile. The worst correlation coefficients appeared in the Regen pulse, where the errors
from the voltage bias corruption and transient effects are strongest given the direction
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(i.e., charge) and high current level of the pulse. Nevertheless, it appears that HCSD
impedance spectra under load conditions can also provide a useful measure of
degradation for in-situ applications.

Summary

Rapid, in-situ impedance assessments based on the HCSD technique have been
shown to be an effective method of gauging battery resistance growth and power fade as
a function of aging. The HCSD technique has also been shown to be a benign test, and
several thousand measurements can be performed on an aging battery without noticeably
impacting its degradation rate. Therefore, the HCSD technique appears to provide a
critical, and previously unavailable, parameter for smart battery status monitoring. When
HCSD impedance spectra are combined with typical performance parameter
measurements (i.e., voltage, current, and temperature), more accurate estimates of battery
state-of-health and remaining useful life can be determined.
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CHAPTER 9
FUTURE WORK AND RECOMMENDATIONS

The experimental studies presented herein strongly indicate that Harmonic
Compensated Synchronous Detection is a viable technique for in-situ impedance
assessment under no-load and load conditions without having a deleterious impact on the
battery as a result of the measurement. However, results from these studies have also
revealed several areas in the hardware and software configurations that could be
improved to further enhance the quality of the measurement. These areas of
improvement include better models for simulations, electrochemical studies into
impedance spectra behavior under load, improved calibration, transient effect mitigation,
improved bias voltage compensation, investigating the effects of HCSD measurements of
other cell chemistries, noise compensation, and expert learning software tools. These
enhancements are discussed at a high level below, and should be considered for future
research activities.

Equivalent Circuit Models

The first recommended area of improvement is the development of an equivalent
circuit model that can accurately reflect the impedance spectra under both no-load and
load conditions. Both the test cell circuit and lumped parameter model were shown to be
inadequate models for the HCSD technique. Simulations under load were especially
difficult because the value of the polarization capacitor was very large. Consequently, a
new model should be developed that accounts for the transients associated with under
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load pulsing in addition to capturing the full charge transfer resistance from the in-situ
impedance measurement.

Electrochemical Studies

The second recommendation is to conduct a more thorough electrochemical study
of the measured and theoretical impedance spectra under load (e.g., include reference cell
studies to isolate the effects from the individual electrodes). The electrochemical
behavior under no-load conditions has been previously investigated, and is thoroughly
understood [3]. Measurements under load, however, have generally been ignored since
standardized electrochemical impedance spectroscopy techniques cannot be readily
implemented. Results from the under-load studies discussed above, however, have
indicated that the angle of the low-frequency Warburg tail was affected both by the level
of input current and the number of periods. These changes could be caused by changing
interfacial properties of the solid electrolyte interphase layer under dynamic conditions,
which reach steady state after multiple periods of the lowest frequency. A more
fundamental understanding of the associated electrochemical properties will enable the
development of an improved equivalent circuit model, in addition to improved
interpretations of measured HCSD impedance spectra under load.

Improved Calibration

The present calibration method is to use three shunts that cover the anticipated
range of real impedance that will be measured during testing; the shunts are typically
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wire coils of known resistance that have been commercially-calibrated [53]. Since the
phase component has been ignored, the reactance in the mid-frequency region differs
from the corresponding EIS results (i.e., it is lower), and the angle of the low-frequency
Warburg tail has also been corrupted. Consequently, a third recommendation is to
develop a new calibration technique should be incorporated such that the HCSD
measurements more closely match the EIS results. One approach could be to use test cell
circuits in the configuration shown above (Figure 19) instead of shunts. Another
approach might be to take advantage of the inductance present in the calibration shunt
wire coils, and applying a set of sum-of-sines signals having known phase shifts to detect
the imaginary component of the voltage response.

Transient Effect Mitigation

The electrochemical transient effect appears to mostly affect the low frequency
Warburg tail, and it can be reduced by increasing by increasing the number of periods of
the lowest frequency. However, the HCSD measurements should be rapid to enable insitu detection of impedance. Consequently, a fourth recommendation would be to
investigate methodologies of mitigating the transient effect while still retaining only one
period of the lowest frequency. For example, one possible approach might be to identify
the transient effect during the calibration routine, and automatically compensate for it
during in-situ measurements. This transient compensation factor could be updated
periodically with calibration checks as well.
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Bias Voltage Error

The fifth recommendation is to develop a method that reduces the effect of the
bias voltage error for HCSD measurements under load. The solution, obviously, is to
subtract the entire bias voltage curve (e.g., Figure 31) from the detected response (e.g.,
Figure 28) instead of the measured value immediately prior to the pulse. Although the
actual bias voltage cannot be readily isolated from the HCSD signal during an actual
measurement, it could be estimated based on the voltage response of a cycle-life pulse
with no in-situ impedance measurement. An approach that may work for an upgraded
IMB system would be to capture a time record of the battery load voltage just prior to a
sum-of-sines signal and another time record after the HCSD measurement. Since the
resistance does not change much between three consecutive cycles (e.g., Figures 78
through 81), the average of these two captured time records could be a useful estimate of
the bias voltage during an HCSD measurement under load. Once estimated, the
corrupting effect at each frequency of interest can be isolated from the real and imaginary
components, as shown in Equations (38) and (39), respectively. Subtracting this
estimated bias voltage response from the synchronously detected impedance spectra
should yield more accurate measurements while under load.

T

S P _ BIASi =

1 0
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Different Chemistries

The sixth recommendation is to repeat these long-term HCSD studies under both
no-load and load conditions for different cell chemistries and designs. Studies with
different lithium-ion cells (e.g., lithium iron phosphate and lithium polymer) in addition
to other chemistries (e.g., nickel metal hydride, lead acid, etc.) should be conducted to
verify the effectiveness of the HCSD technique as a prognostic tool that could be
universally implemented. This also requires studies with different configurations, such as
the prismatic cell design. Furthermore, all of these studies should be conducted with a
larger number of cells to improve the statistical bases of the results. The hardware and
control software should also be upgraded to measure the impedance of larger systems that
are in module or full-size pack configurations (i.e., 50 V or 300 V systems, respectively).

Additional Noise Compensation

Results from the experimental studies discussed herein were based on constant
power or constant current cycles with cells that were aged at relatively constant test
temperatures. For in-situ applications, however, the battery is not in a controlled
environment, and the pulse conditions for HCSD measurements under load will likely be
corrupted by additional noise from various external sources. Consequently, a seventh
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recommendation would be to enhance the HCSD technique for better compensation of
the detected response while eliminating the crosstalk error from these external sources.
As with the voltage bias compensation, one approach could be to estimate the noise from
pulse measurements just prior to a sum-of-sines signal and another time record after the
HCSD measurement. These results could be averaged, and subtracted from the
impedance spectra under load to eliminate the noise while preserving the response due to
the input sum-of-sines signal.

Expert Learning Tools

Finally, an eighth recommendation is to develop expert learning software tools
that combine HCSD impedance spectra with typical performance parameters (i.e.,
voltage, current, and temperature) to estimate battery state-of-health and remaining useful
life. The expert learning software tool should incorporate various models and prognostic
tools, and estimate the overall health based on a growing database of measurements as
the battery is aged in the field. Another part of this effort would be define and develop a
state-of-health metric that could be applicable for multiple industries and applications
(e.g., military, space, automotive, electric utilities, etc.).
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APPENDIX A
RECURSIVE SOLUTIONS FOR EQUIVALENT CIRCUIT MODELS

Test Cell Circuit

Given the Test Cell Circuit (TCC) model in Figure A-1 (the same as Figure 19
above), the recursive solution of the voltage response, VL(∆t), can be found with
differential analysis. Assuming the load current, IL(t), is a controlled source, the current
across R2 (i.e., I2) can be found with a current divider based on the modified equivalent
circuit shown in Figure A-2. The current across R2 as a function of the load current is
shown in Equation (A-1), where the time constants, τ and τ1, are defined in Equations (A2) and (A-3). An expanded form of Equation (A-1), including initial conditions for I2 and
IL, is shown in Equation (A-4).

Figure A-1. Test cell circuit
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Figure A-2. Partial TCC circuit with a controlled current source
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For the purposes of recursion, the load current can be sufficiently described as a
sequence of step functions added to ramp functions, as shown by Equation (A-5). Thus, it
can be assumed that the initial load current in Equation (A-4) is zero (i.e., IL(0) = 0). The
initial condition for the current across R2 (i.e., I2), however, depends on its previous state
(i.e., I2(0) = I2,i-1). Thus, combining Equations (A-4) and (A-5) will yield a complete
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description of I2(s), as shown in Equation (A-6), where the terms can be symbolized by
α, β, γ, δ, ε, respectively. Each term in Equation (A-6) can then be expanded using
partial fraction expansion [92] to solve the inverse Laplace transform. Equations (A-7)
through (A-9) show the expanded forms for the α, β, and δ terms, respectively. The γ
and ε terms do not require any further expansion.
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Using the inverse Laplace transform [92], I2(t) is then found as shown in Equation
(A-10). For the recursive solution, set t=∆t and consolidate terms. Thus, the final form
for the current across R2 is shown in Equation (A-11). Since the voltage across R2 is the
same as the current across R3 and C1 (Figure A-1), the recursive solution for the voltage
response of the test cell circuit, VL(∆t), is the sum of the voltage across R1 and R2, as
shown in Equation (A-12), where I1 is the same as the load current, IL, and I2 is as shown
in Equation (A-11).
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VL (∆t ) = I1 (∆t ) R1 + I 2 (∆t ) R2

(A-12)
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Lumped Parameter Model

The recursive solution for the voltage response of the LPM model has been
derived previously [6, 99]. Given the circuit model in Figure A-3 (the same as Figure 36
above), the load voltage (VL) can be described by Equation (A-13), where the polarization
voltage (Vp) is the voltage across the parallel RC network of Rp and C, as shown in
Equation (A-14). These equations can be converted into difference equations, as shown
in Equations (A-15) and (A-16), respectively. The polarization current (Ip(t)) through Rp
must also be recursively calculated as shown in Equation (A-17), where τ = CRp. Given
an initial condition of Vp(0) = Ip(0)Rp, these equations form the basis for the LPM
recursive solution of the load voltage response [6, 99].

Figure A-3. Lumped Parameter Model
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HCSD TEST PLANS

Overview

This appendix provides the test plans that were used for the HCSD studies
described in Chapter 6, EXPERIMENTAL. The first test plan covers the preliminary
scoping study using the Generation 1 IMB systems. The second test plan describes the
long-term HCSD study using two Generation 1.5 IMB systems. The third test procedure
is an addendum to the HCSD study test plan, and it covers the transient study using one
Generation 1.5 IMB system.
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1.0

Purpose and Applicability
The intent of the tests described herein is to verify the capability of the Harmonic
Compensated Synchronous Detection (HCSD) in-situ measurement impedance
measurement device. The HCSD system will assess impedance under load and no-load
conditions using three cells supplied to INL by Sanyo. These cells have been previously
characterized using standardized FreedomCAR methods (EHV-TP-226-P261); P261
Cells 21, 23, and 24 will be used in this study. This testing will support the Smart
Battery Status Monitoring program and is under the oversight of the Department of
Energy, Office of Vehicle Technologies. These cells will be subjected to the
performance test procedures defined for the FreedomCAR Program with additional
exploratory measurements using HCSD.

2.0

References
2.1
2.2

3.0

4.0

FreedomCAR Battery Test Manual for Plug-In Hybrid Electric Vehicles,
INL/EXT-07-12536, March 2008
LI # 1305-07-IRC

Equipment
3.1

All testing is to be performed on test channels with current and voltage
capabilities adequate for the specific test procedures to be performed.

3.2

Except where specifically noted otherwise, all tests will be performed within a
temperature chamber capable of controlling the chamber temperature to within
+3 °C.

Prerequisites and Pre-Test Preparation
4.1

A notebook for the Cells should be started, and both the Sanyo and INL
identification numbers should be recorded.

4.2

Actual weights and open circuit voltages of the Cells as delivered shall be
recorded.

4.3

Prior to start of testing, a test readiness review should be conducted.

4.4

If possible, 1 kHz impedance measurements shall be made prior to the start of
testing with the Cells fully discharged and again with the Cells fully charged.
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5.0

Cell Ratings, Test Limitations and Other Test Information

5.1

Ratings
Rated Capacity:
1.2 A-h (C1/1 rate)
FreedomCAR Application:
PHEV
Battery Size Factor:
1400 cells
HPPC Pulse Power Voltage Calculation Ranges:
Vmin
3.0 V
Vmax
4.1 V

5.2

Temperature Ratings
Operating Temperature Range:
Discharge Temperature Range:
Charge Temperature Range:
Storage Temperature Range:
Cold Cranking Temperature

5.2

Nominal Values

-30 °C to +65 °C
-30 °C to +55 °C
10 °C to +55 °C
-30 °C to +55°C
-30°C

Nominal Capacity:
Nominal Weight:
Nominal Volume:
5.4

5.5

Discharge Limits
Minimum Discharge Voltage
≤10 second pulse:
≤ C1/1 rate:
≤10 second pulse and temp ≤0°C:

2.5 V
2.7 V
2.0 V

Maximum Discharge Current:

12.5 A

Charge and Regen Limits
Maximum Regen Voltage for ≤10s:
Continuous rates ≤ C1/1 rate:
Maximum Regen Current (10 sec):
≤10 second pulse and temp ≤0°C:

5.6

1.2 A-h
41g
0.0165 L (18mm X 65mm)

4.2 V
4.2 V
12.5 A
4.35 V

Other Test Info:
Charge Procedure:

Charge @ 30°C at a constant current of 1.2
A with a charge voltage limit of 4.2 V, and
then taper charge at 4.2 V for a total time of
2 hrs or until the current drops below 50
mA.
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5.6

End-of-Testing Criterion:

1.

2.

3.
4.
5.
6.0

Completion of a number of properly scaled
life cycle test profiles adequate to meet the
FreedomCAR minimum PHEV life cycle
goal (as appropriate for the technology) or
scheduled testing; or
Inability to perform the life cycle test profile
at the programmed values at the required
DOD without exceeding the voltage limits;
or
Inability to give valid data from the HPPC
Reference Performance Test; or
Inability to meet the FreedomCAR
minimum PHEV power and energy goals or
When directed by the FreedomCAR
Program Manager.

Safety Concerns and Precautions
In general the safety issues with these Cells are similar to those encountered previously
with other similar technology tested for the FreedomCAR program. Care is warranted
due to the high power capability of these Cells, as noted below.
6.1

6.2

Cell Handling
·

Cells shall be handled whenever possible in the discharged state (>50%
DOD).

·

Due care shall be taken to avoid shorting the Cell terminals. Their short
circuit current capability is high.

·

The individual units shall not be short-circuited, overcharged, crushed,
mutilated, penetrated mechanically, subjected to reverse polarity, or
subjected to high temperature. None of these activities are a part of this
test plan.

Other Safety Precautions
·

Except when the Cell is actually in the process of being installed into or
removed from a test installation, it shall be kept inside an enclosure (either
the battery storage cabinet or a physical barrier) to shield personnel from
possible physical failures.

·

A charged Cell shall not be located close to combustible materials.

·

Lab personnel response to any unanticipated release of fumes or smoke at
the test location shall be to evacuate the immediate area. A significant
release shall be reported to the fire department for immediate handling.
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Very small quantities may be observed at a safe distance to determine
whether the release ceases without further action.
.

The INL Battery Laboratory Secondary Shutdown System shall be used
when testing batteries. In general, unless otherwise stated in Section
5.0, the High and Low Level Alarm Set Points shall be set at + 5 ºC from
the specified ambient test temperatures, and the High and Low Level Test
Shutdown Set Points shall be set at +10 ºC from the specified ambient test
temperatures, not to exceed the manufacturers temperature range.

.

The temperature of the Cells shall be monitored by the test equipment,
which shall be programmed to terminate testing upon exceeding the
allowable operating temperature range + 10°C.
The Cells should be stored at 50% DOD.
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7.0

Tests to be Performed Under this Test Plan

The Cells to be tested under this test plan will be subjected to the performance test
sequence in Table 1. The depth of discharge is to be established by discharging at
a rated C1/1 current for a fixed period of time from full charge. Unless otherwise
specified, the test temperature shall be 30 + 3 °C. These Cells will be tested in a
temperature chamber
7.1

Performance Testing
Table 1. Performance Test Sequence

Item
1

Sequence of Initial Performance Tests for the Cells
Static Capacity Test (Reference 2.1, Section 3.2)

No.
Iterations
*

Conduct this test on all Cells at a constant rated C1/1
discharge current.
Note: Test is to be terminated at manufacturer-specified
cutoff voltage, NOT rated capacity
* Repeat discharge until measured capacity is stable within
2% for 3 successive discharges (maximum 10 discharges)
2

Constant Power Discharge Test (Reference 2.1, Section
3.3)

1

Conduct this test on all cells at a BSF-scaled 10 kW
discharge rate.
Note: Test is to be terminated at manufacturer-specified
cutoff voltage, NOT rated capacity.
3

Hybrid Pulse Power Characterization Test (Reference
2.1, Section 3.4)
Perform the Low Current test on all Cells. The Low
Current Test is performed using the HPPC Current at a peak
discharge current of 2.5 x IHPPC A.
SA cell IHPPC:

10 kW/[{4.2+2.5)/2}*1400]= 2.13 A

For all Cells, a 10 kW discharge will be included in the
same data file as the HPPC test for calculation purposes.

1
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4

*

EIS Test
From a fully charged state, taper discharge to 60% SOC
(3.89 V) and rest for 2 hours. Measure the impedance over
a range of 10 kHz to 10 mHz with 10 points per decade of
frequency.

5

*

HCSD Test
Measure the impedance over a range of 2 kHz to 100 mHz
using the HCSD box under open circuit conditions at 60%
SOC. It is not necessary to begin this test from a fully
charged state.

6

Cycle Life Testing (Reference 2.1 Section 3.9)
Perform the minimum CS (Charge Sustaining) cycle life
test on the 3 SA cells starting from 60% SOC, which can be
established by using the appropriate voltage (3.89 V) at
50°C. Cycling will be interrupted every 2 weeks (13440
cycles).
During cycling, an HCSD measurement will be
superimposed on the cells as described in the table below.
Perform the HCSD measurement every 100th pulse (this
will correspond with the data recording intervals)
After:
RPT0
RPT1
RPT2
RPT3**
RPT4**
RPT5**

Week 1
cell 21
cell 24
cell 23
cell 21
cell 24
cell 23

** Time permitting

Week 2
cell 23
cell 21
cell 24
cell 23
cell 21
cell 24

*
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7

Reference Performance Tests (Reference 2.1, Section
3.12)
Perform the 10 kW Constant Power Discharge Test, the
Low-Current HPPC Test, EIS, and HCSD.
For all Cells, the RPT 10 kW Constant Power Discharge
data should be included in the same data file with the Lowcurrent HPPC results.
At the completion of cycle life testing, perform the required
Reference Performance Tests as above.
During life testing, repeat the required Reference
Performance Tests every 13440 cycles (2 weeks).

8.0

Measurement and Reporting Requirements
This information covers all FreedomCAR testing requirements. Not all requirements are
pertinent to this test plan.
8.1

Measurements
For each group of Cells subjected to a common test regime at a given
temperature, the ambient temperature for this Article group should also be
measured and included in the data for the first (lowest numbered) Article in that
group. For data consistency, this should normally be the last recorded variable for
that particular Article.
Detailed data acquisition and reporting requirements for the characterization and
cycle life tests are as required for the applicable test procedures in Reference 2.1.
For measurements made near the start of discharge or regen pulses, current and
voltage measurements must be made near-simultaneously. Measurements at other
times during pulse steps should have channel-to-channel latency between current
and voltage measurements of less than 100 milliseconds. The response of Maccor
test channels is considered adequate to meet this requirement provided that a data
point is acquired near the beginning of each pulse-type step; the response of other
data acquisition systems may need to be reviewed further.

8.2

Data Recording Intervals
During all pulse profiles for HPPC, Cold Cranking and Efficiency tests, and onceper-day Calendar Life pulse profiles, data should be acquired at a periodic rate of
once per second during discharge pulses, regen pulses and the rest intervals
between them. This rate may be decreased to once per 2 seconds for pulses or
rest intervals that are longer than 30 seconds. Voltage and current data should
also be acquired at the beginning and end of each discharge and initial regen
pulse.
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During the 1-hour HPPC rest intervals, C1/1 discharge periods, Constant Power
discharge periods, and battery charge periods, data may be acquired once per
minute; a data point is also required at the termination of all these periods. For
HPPC regen pulses, data should be acquired at 10 points per second. For rest
intervals greater than 1 hour (e.g. calendar life periods), the data may be acquired
once per half an hour. In general, specified rest periods should be treated as part
of the associated test with respect to data acquisition and archiving; voltage and
temperature data should be acquired during these periods.
Data should be acquired at one-second intervals for Operating Set Point Stability
(OSPS) tests. Data should also be acquired at one-second intervals during Cycle
Life testing for those test profiles that are recorded; however, not all profiles need
to be recorded. For CS Cycle Life testing, the first and last 100 profiles of each
test interval are required to be recorded, along with at one out of every hundred
cycles in between. This complete profile will include at least one engine off point
before the discharge pulse and the cruise after the regen pulse.
8.3

Data Access
All data acquired will be archived. All data should not be treated as CRADA
Protected. Access to this data, however, will be restricted to program personnel
and to the manufacturer and FreedomCAR representatives listed in Section 11,
unless written the responsible Program Engineer or Department Manager provides
authorization for other persons.

8.4

Data Files
Individual HPPC tests should be archived as a single data file. It is recommended
that this HPPC file should also include (where available) the associated C1/1
discharge (for HEV) or Constant Power Discharge (for PHEV). (For devices
being tested against both sets of goals, both the C1/1 and Constant Power data
may be included in the HPPC data file.) This file may or may not include the
charge prior to the start of the test. For Self Discharge Tests, the initial partial
discharge, stand period, and final partial discharge after stand should be included
in a single data file where possible. Cycle Life Test data should be separated into
no more than 3 data files for each testing interval: the initial profiles required to
be recorded, the final profiles required to be recorded, and all other data acquired
between these two groups of profiles.
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9.0

Anticipated Results
The purpose of this testing is to compare the performance of the technology against the
FreedomCAR goals.
9.1

Testing Deliverables
Test data and results will be generated as specified in the performance and life
cycle test procedures in Reference 2.1. Quarterly progress summary information
will be provided to the FreedomCAR Program Manager.

10.0

Post-Test Examination, Analysis, and Disposition
No internal examination of these Cells will be conducted at INL. Final disposition will
be to return the devices to the manufacturer.

11.0

Contact Persons
INL Program Engineer:

Jon P. Christophersen
Phone: (208) 526-4280
Fax: (208) 526-0969
Email: Jon.Christophersen@inl.gov

Quallion/SANYO Contact:

Hisashi Tsukamoto
Phone: (818)833-2000
Fax:
Email: hisashi@quallion.com

DOE Program Manager:

David Howell
Phone: (202) 586-3148
Fax: (202) 586-1600
Email: dave.howell@ee.doe.gov
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ELECTRIC AND HYBRID VEHICLE PROGRAM
TEST PLAN FOR IN-SITU IMPEDANCE MEASUREMENT ASSESSMENT
USING COMMERCIAL SANYO SA CELLS
1.0

Purpose and Applicability
The intent of the tests described herein is to verify the capability of the Impedance
Measurement Box (IMB). The IMB will assess impedance under load and no-load
conditions using twelve cells supplied to INL by Sanyo (SA cells). Aging procedures
and reference performance tests will be similar to the charge sustaining cell group from
P268 (EHV-TP-234-P268). The specific P268 test sequence is summarized in Appendix
A. This testing will support the Smart Battery Status Monitoring program and is under
the oversight of the Department of Energy, Office of Vehicle Technologies. These cells
will be subjected to the performance test procedures defined for the FreedomCAR
Program with additional exploratory measurements using the IMB.

2.0

References
2.3
2.4
2.5

3.0

4.0

FreedomCAR Battery Test Manual for Plug-In Hybrid Electric Vehicles,
INL/EXT-07-12536, March 2008
LI # 1305-07-IRC
FreedomCAR Test Plan for Testing of Commercial Sanyo Cells Phase I, EHVTP-234-P268, February 2009.

Equipment
3.1

All testing is to be performed on test channels with current and voltage
capabilities adequate for the specific test procedures to be performed.

3.3

Except where specifically noted otherwise, all tests will be performed within a
temperature chamber capable of controlling the chamber temperature to within
+3 °C.

Prerequisites and Pre-Test Preparation
4.1

A notebook for the Cells should be started, and both the Sanyo and INL
identification numbers should be recorded.

4.2

Actual weights and open circuit voltages of the Cells as delivered shall be
recorded.

4.5

Prior to start of testing, a test readiness review should be conducted.

4.6

If possible, 1 kHz impedance measurements shall be made prior to the start of
testing with the Cells fully discharged and again with the Cells fully charged.
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5.0

Cell Ratings, Test Limitations and Other Test Information

5.1

Ratings
Rated Capacity:
1.2 A-h (C1/1 rate)
FreedomCAR Application:
PHEV
Battery Size Factor:
1400 cells
HPPC Pulse Power Voltage Calculation Ranges:
Vmin
3.0 V
Vmax
4.1 V

5.2

Temperature Ratings
Operating Temperature Range:
Discharge Temperature Range:
Charge Temperature Range:
Storage Temperature Range:
Cold Cranking Temperature

5.3

Nominal Values

-30 °C to +65 °C
-30 °C to +55 °C
10 °C to +55 °C
-30 °C to +55°C
-30°C

Nominal Capacity:
Nominal Weight:
Nominal Volume:
5.4

5.5

Discharge Limits
Minimum Discharge Voltage
≤10 second pulse:
≤ C1/1 rate:
≤10 second pulse and temp ≤0°C:

2.5 V
2.7 V
2.0 V

Maximum Discharge Current:

12.5 A

Charge and Regen Limits
Maximum Regen Voltage for ≤10s:
Continuous rates ≤ C1/1 rate:
Maximum Regen Current (10 sec):
≤10 second pulse and temp ≤0°C:

5.6

1.2 A-h
41g
0.0165 L (18mm X 65mm)

4.2 V
4.2 V
12.5 A
4.35 V

Other Test Info:
Charge Procedure:

Charge @ 30°C at a constant current of 1.2
A with a charge voltage limit of 4.2 V, and
then taper charge at 4.2 V for a total time of
2 hrs or until the current drops below 50
mA.
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5.7

End-of-Testing Criterion:

1.

2.

6.
7.
8.
6.0

Completion of a number of properly scaled
life cycle test profiles adequate to meet the
FreedomCAR minimum PHEV life cycle
goal (as appropriate for the technology) or
scheduled testing; or
Inability to perform the life cycle test profile
at the programmed values at the required
DOD without exceeding the voltage limits;
or
Inability to give valid data from the HPPC
Reference Performance Test; or
Inability to meet the FreedomCAR
minimum PHEV power and energy goals or
When directed by the FreedomCAR
Program Manager.

Safety Concerns and Precautions
In general the safety issues with these Cells are similar to those encountered previously
with other similar technology tested for the FreedomCAR program. Care is warranted
due to the high power capability of these Cells, as noted below.
6.3

6.4

Cell Handling
·

Cells shall be handled whenever possible in the discharged state (>50%
DOD).

·

Due care shall be taken to avoid shorting the Cell terminals. Their short
circuit current capability is high.

·

The individual units shall not be short-circuited, overcharged, crushed,
mutilated, penetrated mechanically, subjected to reverse polarity, or
subjected to high temperature. None of these activities are a part of this
test plan.

Other Safety Precautions
·

Except when the Cell is actually in the process of being installed into or
removed from a test installation, it shall be kept inside an enclosure (either
the battery storage cabinet or a physical barrier) to shield personnel from
possible physical failures.

·

A charged Cell shall not be located close to combustible materials.

·

Lab personnel response to any unanticipated release of fumes or smoke at
the test location shall be to evacuate the immediate area. A significant
release shall be reported to the fire department for immediate handling.
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Very small quantities may be observed at a safe distance to determine
whether the release ceases without further action.
.

The INL Battery Laboratory Secondary Shutdown System shall be used
when testing batteries. In general, unless otherwise stated in Section
5.0, the High and Low Level Alarm Set Points shall be set at + 5 ºC from
the specified ambient test temperatures, and the High and Low Level Test
Shutdown Set Points shall be set at +10 ºC from the specified ambient test
temperatures, not to exceed the manufacturers temperature range.

.

The temperature of the Cells shall be monitored by the test equipment,
which shall be programmed to terminate testing upon exceeding the
allowable operating temperature range + 10°C.
The Cells should be stored at 50% DOD.
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7.0

Tests to be Performed Under this Test Plan

The Cells to be tested under this test plan will be subjected to the performance test
sequence in Table 1. The depth of discharge is to be established by discharging at
a rated C1/1 current for a fixed period of time from full charge. Unless otherwise
specified, the test temperature shall be 30 + 3 °C. These Cells will be tested in a
temperature chamber.
7.1

Performance Testing
Table 1. Performance Test Sequence

Item
1

Sequence of Initial Performance Tests for the Cells
Static Capacity Test (Reference 2.1, Section 3.2)

No.
Iterations
*

Conduct this test on all Cells at a constant rated C1/1
discharge current.
Note: Test is to be terminated at manufacturer-specified
cutoff voltage, NOT rated capacity
* Repeat discharge until measured capacity is stable within
2% for 3 successive discharges (maximum 10 discharges)
2

Constant Power Discharge Test (Reference 2.1, Section
3.3)

1

Conduct this test on all cells at a BSF-scaled 10 kW
discharge rate.
Note: Test is to be terminated at manufacturer-specified
cutoff voltage, NOT rated capacity.
3

Hybrid Pulse Power Characterization Test (Reference
2.1, Section 3.4)
Perform the Low Current test on all Cells. The Low
Current Test is performed using the HPPC Current at a peak
discharge current of 2.5 x IHPPC A.
SA cell IHPPC:

10 kW/[{4.2+2.5)/2}*1400]= 2.13 A

For all Cells, a 10 kW discharge will be included in the
same data file as the HPPC test for calculation purposes.

1
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4

C/25 Discharge and Charge Test (Reference 2.1, Section
3.2)

*

Perform this test on all cells using the C1/25 as the
discharge current rate as follows (do not include rests in
between each step):
1. Remove residual capacity by discharging to Vmin at the
C1/25 rate
2. C1/25 charge to Vmax
3. C1/25 discharge to Vmin
5

1) EIS Test (a)

*

From a fully charged state, discharge to 15% DOD (0.18
Ah) and rest for at least 1 hour. Measure the impedance
over a range of 100 kHz to 10 mHz with 10 points per
decade of frequency.
2) IMB Test (a)
Immediately following the EIS, measure the impedance
over a range of 2 kHz to 100 mHz using the IMB system
under open circuit conditions. It is not necessary to begin
this test from a fully charged state.
* Perform the EIS and IMB measurements sequentially for
each cell, and keep the measurement sequence and
equipment the same at each appropriate RPT.
6

1) EIS Test (b)
From a fully charged state, discharge to 60% SOC (clamp
at 3.89 V until the current drops below 50 mA) and rest for
at least 2 hours. Measure the impedance over a range of
100 kHz to 10 mHz with 10 points per decade of frequency.
2) IMB Test (b)
Immediately following the EIS, measure the impedance
over a range of 2 kHz to 100 mHz using the IMB system
under open circuit conditions. It is not necessary to begin
this test from a fully charged state.
* Perform the EIS and IMB measurements sequentially for
each cell, and keep the measurement sequence and
equipment the same at each RPT.

*
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7

Reference Performance Tests (Reference 2.1, Section
3.12)
Perform the 10 kW Constant Power Discharge Test, the
Low-Current HPPC Test, EIS Test (b) and the IMB Test.
Every 5th RPT after RPT0, also include the C/25 discharge
and charge, and EIS Test (a) followed by another IMB Test.
For all Cells, the RPT 10 kW Constant Power Discharge
data should be included in the same data file with the Lowcurrent HPPC results.
At the completion of cycle life testing, perform the required
Reference Performance Tests as above.
During life testing, repeat the required Reference
Performance Tests every 30,000 cycles.

8

Charge Sustaining Cycle Life Testing (Reference 2.1
Section 3.9)
Perform the minimum CS (Charge Sustaining) cycle life
test on the 12 SA cells starting from 60% SOC, which can
be established by using the appropriate voltage (3.89 V) at
the appropriate temperature. Cycling will be interrupted
every 30,000 cycles:
Group#
IMB1
IMB2
IMB3
IMB4

Cells
3
3
3
3

Temperature (°C)
40
40
50
50

SOC
60%
60%
60%
60%

Voltage
3.89 V
3.89 V
3.89 V
3.89 V

For Groups IMB1 and IMB3, include a superimposed IMB
measurement as follows (Low, Medium, and High refer to
the cell number within the group):
Group#
IMB1
IMB3

1-10,000
Low
Low

Cycle Count
10,001-20,000
Medium
Medium

20,001-30,000
High
High

The IMB measurement will consist of a sum of sines signal
superimposed over each pulse in the charge sustaining
profile, with an additional sum of sines signal during the
Cruise pulse (5 IMB measurements per profile total). The

*
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frequency range will be adjusted depending on the duration
of the pulse.
Superimpose IMB measurements for 5 sequential sets of
profiles for every set of 100 cycles. For example, the
lowest numbered cell within the IMB1 group will receive
IMB measurements during cycles 95 through 100, 195
through 200, etc.
8.0

Measurement and Reporting Requirements
This information covers all FreedomCAR testing requirements. Not all requirements are
pertinent to this test plan.
8.2

Measurements
For each group of Cells subjected to a common test regime at a given
temperature, the ambient temperature for this Article group should also be
measured and included in the data for the first (lowest numbered) Article in that
group. For data consistency, this should normally be the last recorded variable for
that particular Article.
Detailed data acquisition and reporting requirements for the characterization and
cycle life tests are as required for the applicable test procedures in Reference 2.1.
For measurements made near the start of discharge or regen pulses, current and
voltage measurements must be made near-simultaneously. Measurements at other
times during pulse steps should have channel-to-channel latency between current
and voltage measurements of less than 100 milliseconds. The response of Maccor
test channels is considered adequate to meet this requirement provided that a data
point is acquired near the beginning of each pulse-type step; the response of other
data acquisition systems may need to be reviewed further.

8.2

Data Recording Intervals
During all pulse profiles for HPPC, Cold Cranking and Efficiency tests, and onceper-day Calendar Life pulse profiles, data should be acquired at a periodic rate of
once per second during discharge pulses, regen pulses and the rest intervals
between them. This rate may be decreased to once per 2 seconds for pulses or
rest intervals that are longer than 30 seconds. Voltage and current data should
also be acquired at the beginning and end of each discharge and initial regen
pulse.
During the 1-hour HPPC rest intervals, C1/1 discharge periods, Constant Power
discharge periods, and battery charge periods, data may be acquired once per
minute; a data point is also required at the termination of all these periods. For
HPPC regen pulses, data should be acquired at 10 points per second. For rest
intervals greater than 1 hour (e.g. calendar life periods), the data may be acquired

EHV-TP-250 P286
Rev 0, January 14, 2010
258
once per half an hour. In general, specified rest periods should be treated as part
of the associated test with respect to data acquisition and archiving; voltage and
temperature data should be acquired during these periods.
Data should be acquired at one-second intervals for Operating Set Point Stability
(OSPS) tests. Data should also be acquired at one-second intervals during Cycle
Life testing for those test profiles that are recorded; however, not all profiles need
to be recorded. For CS Cycle Life testing, the first and last 100 profiles of each
test interval are required to be recorded, along with at one out of every hundred
cycles in between. This complete profile will include at least one engine off point
before the discharge pulse and the cruise after the regen pulse.
8.3

Data Access
All data acquired will be archived. All data should not be treated as CRADA
Protected. Access to this data, however, will be restricted to program personnel
and to the manufacturer and FreedomCAR representatives listed in Section 11,
unless written the responsible Program Engineer or Department Manager provides
authorization for other persons.

8.4

Data Files
Individual HPPC tests should be archived as a single data file. It is recommended
that this HPPC file should also include (where available) the associated C1/1
discharge (for HEV) or Constant Power Discharge (for PHEV). (For devices
being tested against both sets of goals, both the C1/1 and Constant Power data
may be included in the HPPC data file.) This file may or may not include the
charge prior to the start of the test. For Self Discharge Tests, the initial partial
discharge, stand period, and final partial discharge after stand should be included
in a single data file where possible. Cycle Life Test data should be separated into
no more than 3 data files for each testing interval: the initial profiles required to
be recorded, the final profiles required to be recorded, and all other data acquired
between these two groups of profiles.
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9.0

Anticipated Results
The purpose of this testing is to examine the performance of the IMB compared to
standardized FreedomCAR testing and analysis.
9.1

Testing Deliverables
Test data and results will be generated as specified in the performance and life
cycle test procedures in Reference 2.1.

10.0

Post-Test Examination, Analysis, and Disposition
No internal examination of these Cells will be conducted at INL. Final disposition will
be to return the devices to the manufacturer.

11.0

Contact Persons
INL Program Engineer:

Jon P. Christophersen
Phone: (208) 526-4280
Fax: (208) 526-0969
Email: Jon.Christophersen@inl.gov

Quallion/SANYO Contact:

Hisashi Tsukamoto
Phone: (818) 833-2000
Fax:
Email: hisashi@quallion.com

DOE Program Manager:

David Howell
Phone: (202) 586-3148
Fax: (202) 586-1600
Email: dave.howell@ee.doe.gov
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Appendix A
P268 Logsheet for 30°C Charge Sustaining Cycle-Life SA Cells
MACCOR TEST LOG
Test Plan:
Test/File
Name
268XX001
268XX002
268XX003

268XX004
268XX005
268XX005
268XX006
268XX007

268XX008

268XX009
268XX009
268XX008
268XX009
268XX010
268XX011
268XX011
268XX012
268XX013

268XX014
268XX015

268XX016
268XX017
268XX018
268XX018

268XX019

268XX020
268XX021

26855020
26839020

INEEL Pack 268
Weights : see log
Sheet: 1 Sanyo 18650 Cells
Date
Tester
Procedure
Archive
Name
Started Channel
Mod CD Tot Comments:
268C1_SA
03/30/09
3 C/1s @ 1.2A to 2.7V
268CP_SA
03/31/09
Constant Power Test @ 7.143W
268HP_SA
04/01/09
10kW + HPPC using Ihppc and 2.5*Ihppc for pulses
Cell 44 lost current control on the 2nd charge pulse. Chinh found a loose
wire and fixed it. Test resumed but may not run through HPPCalc.
268C25SA
04/03/09
C/25 for SA cells @ 0.048A
268ES_SA
04/15/09
EIS prep for cells 31-48 - Charge and Discharge to 15% DOD
268ES_SA
04/16/09
EIS prep for cells 49-55 - Charge and Discharge to 15% DOD
268HP_SA
RPT 0 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses
04/21/09
26836_45
04/28/09
30K Charge Sustaining life cycles @ 30°C and 60% SOC (3.89V)
26846_50
30K Charge Sustaining life cycles @ 30°C and 30% SOC (3.69V)
26851_55
30K Charge Sustaining life cycles @ 30°C and 90% SOC (4.09V)
These cycles are for SA cells, BSF = 1400, charge @ 1.2A
Cell 44 keeps suspending due to lost current control on the low power regen
step. Changed program to do a current @ 1A with a limit of Power 2.286W but
the tester ignored the power limit and just ran the current up to 1A.
Had to change the steps back to Power @ 2.286W. Resumed…guess we'll see
Still had to keep resuming cell 44. Rebooted the tester and the computer and
still went into pause mode.
268HP_SA
RPT 1 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses
06/12/09
All cells 36-45 except cell 44 which will not run due to a bad channel
Cells 51-55
26836_45
06/15/09
30K Charge Sustaining life cycles @ 30°C and 60% SOC (3.89V)
Life #2 Cells 36-45 except cell 44 which will not stay running
26851_55
06/15/09
30K Charge Sustaining life cycles @ 30°C and 90% SOC (4.09V)
Life #2 Cells 51-55
268HP_SA
RPT 1 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses Cells 46-50
06/16/09
26846_50
06/17/09
30K Charge Sustaining life cycles @ 30°C and 30% SOC (3.69V)
Cells 46-50
268HP_SA
RPT 2 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses - ALL cells 36 - 55
07/23/09
26836_45
07/27/09
30K Charge Sustaining life cycles @ 30°C and 60% SOC (3.89V)
26851_55
07/27/09
30K Charge Sustaining life cycles @ 30°C and 90% SOC (4.09V)
268HP_SA
RPT 3 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses - ALL cells 36 - 55
09/06/09
26836_45
09/08/09
30K Charge Sustaining life cycles @ 30°C and 60% SOC (3.89V) Cells 36-45
26846_50
30K Charge Sustaining life cycles @ 30°C and 30% SOC (3.69V) Cells 46-50
26851_55
30K Charge Sustaining life cycles @ 30°C and 90% SOC (4.09V) Cells 51-55
RPT 4 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses - ALL cells 36 - 55
268HP_SA
10/15/09
26836_45
10/16/09
30K Charge Sustaining life cycles @ 30°C and 60% SOC (3.89V) Cells 36-45
26846_50
30K Charge Sustaining life cycles @ 30°C and 30% SOC (3.69V) Cells 46-50
26851_55
30K Charge Sustaining life cycles @ 30°C and 90% SOC (4.09V) Cells 51-55
RPT 5 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses - ALL cells 36 - 55
268HP_SA
11/19/09
268C25SA
11/20/09
C/25 for SA cells @ 0.048A
268ES_SA
11/23/09
EIS prep for cells 31-48 - Charge and Discharge to 15% DOD
268ES_SA
11/24/09
EIS prep for cells 49-55 - Charge and Discharge to 15% DOD
Had to make a slight modification to the programs for cells 36-45 and 46-50
because the voltage was left too high to start the life tests. I added a discharge
step to bring the cells down to the correct SOC for cycling.
26836_45
m
30K Charge Sustaining life cycles @ 30°C and 60% SOC (3.89V) Cells 36-45
11/24/09
26846_50
m
30K Charge Sustaining life cycles @ 30°C and 30% SOC (3.69V) Cells 46-50
30K Charge Sustaining life cycles @ 30°C and 90% SOC (4.09V) Cells 51-55
26851_55
268HP_SA
RPT 6 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses - ALL cells 36 - 55
12/26/09
except 39, 44 and 55 (44 is down permanently and 39 and 55 are behind)
30K Charge Sustaining life cycles @ 30°C and 60% SOC (3.89V) Cells 36-45
26836_45
12/27/09
m
except 39, 44 (44 is down permanently and 39 is behind)
30K Charge Sustaining life cycles @ 30°C and 30% SOC (3.69V) Cells 46-50
26846_50
m
26851_55
30K Charge Sustaining life cycles @ 30°C and 90% SOC (4.09V) Cells 51-55
268HP_SA
RPT 6 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses - cell 55
12/29/09
268HP_SA
RPT 6 10kW + HPPC using Ihppc and 2.5*Ihppc for pulses - cell 39
12/31/09
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Appendix B
Summary of PhD Research Proposal
•

Key research questions:
o Will the Impedance Measurement Box (IMB) successfully estimate life under noload conditions?
o How will IMB measurements under load impact pulse behavior?
o Can IMB measurements under load be used to estimate life?

•

Proposed test matrix:
o Control Group (P268 Sanyo SA Cells, testing underway) – see Table 1.
 Note: Charge sustaining cycle-life profile with a 10kW discharge test and
L-HPPC every RPT, and an additional C1/25 and EIS every 5th RPT
Table 1. Control Group
Temp SOC Voltage
Group # Cells
(°C) (%)
(V)
1
10
30
60
3.89
2
5
30
30
3.69
3
5
30
90
4.09
4
5
40
60
3.89
5
5
50
60
3.89
6
5
60
60
3.89
o Research Groups (testing with additional Sanyo SA Cells) – see Table 2:
 Note 1: Conditions will generally be the same as the control group
 Note 2: Testing should be completed within one year

Table 2. Research Groups
IMB
Temp SOC Voltage
# Cells
Comments
Groups
(°C) (%)
(V)
IMB1
3
40
60
3.89
Periodic IMB applied to cells under load*
IMB2
3
40
60
3.89
IMB every RPT at 60% SOC (no load)
IMB3
3
50
60
3.89
Periodic IMB applied to cells under load*
IMB4
3
50
60
3.89
IMB every RPT at 60% SOC (no load)
* For example, cell xx will have IMBs during for the first 10,000 cycles, cell yy will have IMBs
for the next 10,000 cycles, and cell zz will have IMBs for the last 10,000 cycles of each set. The
IMBs will consist of measurements for 5 sequential profiles for every 100 cycles.
•

Equipment Needs:
o 12 test channels (5 V, 12.5 A)
o 2 temperature chambers
o EIS equipment and 2 IMBs

262

Test Procedure for Transient Study
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INL Test Procedure for an HCSD Transient Study Using Spare Sanyo SA Cells
Purpose:
The purpose of this experiment is to examine the transient effects of in-situ
impedance measurements using spare Sanyo SA cells under both no-load and load
conditions.
References:
1. FreedomCAR Battery Test Manual for Plug-In Hybrid Electric Vehicles,
INL/EXT-07-12536, March 2008.
2. Electric and Hybrid Vehicle Program Test Plan for In-Situ Impedance
Measurement Assessment Using Commercial Sanyo SA Cells, EHV-TP-250-P286,
Revision 1, April 2010.
3. LI # 1305-07-IRC
Cells:
Use three spare Sanyo SA cells from cold storage. Use the same ratings and
limitations defined in Reference 2.
Test sequence:
This test sequence is described as follows. Assume a reference temperature of 30°C
unless otherwise stated.
1. From a fully charged state, discharge to 60% SOC (clamp at 3.89 V until the
current drops below 50 mA) and rest for at least 2 hours.
2. Take EIS measurements over a range of 10 kHz to 10 mHz with 10 points per
decade of frequency.
3. Immediately following the EIS, measure the impedance over a range of 2 kHz
to 100 mHz using the IMB system under open circuit conditions. It is not
necessary to begin this test from a fully charged state.
4. Repeat Step 3, but run the HCSD with 5 periods of the lowest frequency.
a. Keep all 5 frequency measurements.
5. Perform the modified cycle-life test described below. Repeat for 75 cycles.
a. After the initial 25 cycles, in-situ impedance measurements should be
triggered as shown in Table 1; repeat the trigger sequence 5 times to fully
cover the remaining 50 pulses during cycling.
b. Keep all frequency measurements if possible.
6. Repeat Step 5, but use a constant current pulse of 0.55 A for both the
discharge and charge pulses
7. Repeat Step 5, but use a constant current pulse of 1.5 A for both the discharge
and charge pulses
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8. Repeat Step 5, but use a constant current pulse of 3.0 A for both the discharge
and charge pulses
Table 1. Under Load Triggers
Trigger
Pulse
Start Frequency (Hz) # of Lines # of Periods
1
Discharge (1)
0.1
15
1
2
Charge (1)
0.1
15
1
3
Discharge (2)
0.1
15
3
4
Charge (2)
0.1
15
3
5
Discharge (3)
1.0
12
1
6
Charge (3)
1.0
12
1
7
Discharge (4)
1.0
12
3
8
Charge (4)
1.0
12
3
9
Discharge (5)
1.0
12
6
10
Charge (5)
1.0
12
6
Modified Cycle-Life Profile:
The modified cycle-life profile is shown in Figure 1. It consists of a scaled constant
power discharge and charge pulse of 3 kW for 50-s each. The last 10-s of the charge
pulse should be used as a control step to bring the cell back to the voltage corresponding
to 60% SOC. The HCSD triggers are as shown in Figure 2.
Modified Cycle-Life Profile
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Figure 1. Modified Cycle-Life Pulse Profile
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Modified Cycle-Life Profile
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Figure 2. Trigger Locations During Cycling
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