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Abstract

Fundamental understanding of the heat generatiooeps of lithiurdon batteries during
operations is crucial for securing lifespan and safety by theetiesttive and efficient design of
thermal management systent¢eat generation rattHGR) of lithium-ion batteries varies at
different operation conddns, such as charge and discharge rates, state of charge (SOC),
temperatures and degradation coodis In the first part of this worka lowcost and high
performance multifunctional calorimeter is firstly developethe calorimeter uses the
thermoeleaic assemblies (TEAs) as hardware and accompanied with a feedback loop, which
enables the dynamic measurement of HGR and the active temperature control. The HGR
performance of a large format lithiuion cells is measured and compared as a function ofeharg
and discharge rates, SOC, temperatures and degradation conditions, and the associated energy

efficiency is analyzedl'hese works are presented as the first and second part of the dissertation.

Thesources oHGR within lithium-ion cells argoredominantlyclassified aseversible heat
and irreversible heatThe reversible heat is generated by a change in entropy during the
electrochemical reactions and can be estimated using the entropy coefficient. The irreversible heat
is caused by the resistances tlggiresent concentration, activation, and Ohmic polarizations. In
the third part, we developed sevenabvel experimental techniques that facilitate the fast and
accurate characterization of the two heat source terms, which include (1) accelerated @muilibrat
method (2) hybridized timdrequency domain analysis (HTFDA) methaahd (3) improved
frequencydomain calorimetric method, an@) wavelettransform based simultaneous and

continuous characterization methothe results are compared with those messuoy the



conventionakexperimentamethods and show advantagesth respect to measurement time and

accuracy.

In order to further explore the heat generation mechanism within littmaoncells, an
electrochemicathermal life model is developed and vadittd. The electrochemical model
describes he cel |l 6s i nternal reaction mechani sms
and electrochemical kineticthe degradation model describes the aging mechanisms including the
solid electrolyte interphaq&El) layer formation and lithium platingshile the associated HGRs
are modeled by the coupled thermal mo@sised on the developed model, the lggEateration
and the associated mechanisn beanalyzedor both fresh and aged cellhis work is preseted

in the faurth part of the dissertation.

As a closing work to the dissertation, we further proposed an improatgery
electrochemical model by considering a S@€pendent diffusion coefficient lithium ions in
cathodeThe model has been validatedsttow a drastic increase of the accuracy in predicting the
terminal voltage, while maintaining low computational time. The work may provide guisiiine

further improvement and optimization of the battery model.
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Chapter lintroduction

1.1Background

Rechargeable lithiuaon batteries are wally used as an alternative energy storage system
for pure electric, higrid, and plugin electric vehicles (EV, HEV and PEV) because of its high
energy and power density and long cycling INéhen energy is stored and retrieved, heat is
generated due to charge transport, chemical reactions, and intercalation and deiotepcatass
within the cell. Some of the generated heat is transferred to the ambient environment or a cooling
system, but the remaining heat generated raises the temperature within the cell, which affects
overall performance of the battef¥]. Low temperatures decrease speed of electrochemical
reactions, and increase lithium deposition reaction and consequently increase formation of
dendrited2], while high temperatures increase side reaction atelexate degradatid] [4]. In
order to ensure optimal performance and prolong the lifespan of the cells, it is highly recommended
maintaining the operating temperature between 15 °C and 3§ °@hich is accomplished by

thermal management system (TMS).

Costeffective and efficient design of the TM&quires prediction or characterization of the
heat generated at given operating ranges at first, which can be conveygdhesmal models
or/and measurements, where the experimental time and accuracy of the measurements play the
pivot role in the design process. The thermal characterization of cells includes measurement of the
HGR as well as the associate heat source tgsin€]. The heat source terms can be divided into
reversible heat and irreversible heat. The reversible heat is generated from the entropy change that
takes place during electrochemical reactionsiciwtamount can be estimated by the entropy

coefficient at a given current and temperatwiile the irreversible heat is caused by the internal



resistances of the cell owing to the concentration, activation, and Ohmic polarifalidds the

other hand, the heat generation mechanisms can be analyz@thysiasbased electrochemiecal
thermal life modelThe el ectr ochemical mo d e | describes
such as the mass transport, charge conservatiahelectrochemical kinetics; the degradation
model describes the aging mechanisms including the solid electrolyte interphase (SEI) layer
formation and lithium plating; while the associated HGRs are modeled by the coupled thermal

model.

1.2 Motivation and olgctives

Currently, theHGR of the lithiumion batteries is mainly measured by accelerated rate
calorimetry (ARC) and isothermal heat conduction calorimetry (IHC). Both methods provide
sufficiently accurate and dynamic measurement redultisthe cost of @uipment is relatively
high. In addition, the calorimeters asly for batteries that have a capacity on the order of 1Ah
to 10Ah, and are limited to measurement at constant ambient temperatures. Conventionally, the
measurement of entropy coefficient @ducted by the potentiometric or the calorimetric method,
while the internal resistance of the battery can be measured frochatacteristics, and EIS
technique[8]. The measurement of both terms has to be carried out bdiffecent methods,

which is timeconsuming and complicated.

Therefore, the objective of this dissertation is to develop an experimental method that can
efficiently characterize thelGR and heat source terms of the lithiiom battery. In addition, an
electochemicalthermal life model for the estimian of the electrochemical and thermal states of

a battery with high fidelity is required, in order have a comprehensive understanding of the



thermal behavior of large format pouch type lithiton battery avarious temperature -€ate and

degradation conditions.

1.3 Scholarly contributionsnd dissertation struate

In this work, hedevelopment of a loweost multifunctional calorimeter as hardware and the
associated experimental methods for the charactenzafiHGR and heat source terms, and the
establishment of the battery thermal model to explainmkasired resultscould make certain
scholarly contributions since provides comprehensive and systematical guidelines for the

research on the thermal befaof the lithiumion cells.In particular, the contributions are:

1 Design of a lowcost and higfperformance multifunctional calorimeter that enables

the accurate and dynamic measurement of HGR

1 Propose several nelvexperimental techniques that facilgathe fast and accurate
characterization of the two heat source terms, which include (1) accelerated
equilibration method, (2) hybridized tirfieequency domain analysis (HTFDA)
method, and (3) improved frequerdgmain calorimetric method, and (4) wavelet

transform based simultaneous and continuous characterization method

1 Develop a physiecbased electrochemictiermal life model for the analysis of the

heat generation mechanism within lithitiam cells

This dissertation i®rganizedas follows.

1 Chapter lintroduces the research background, motivation and objectives, and

scholarly contributions.



Chapter 2ncludes a brief introductioto thedesign of a multifunctiodaalorimeter,
calibration, and performance analysaasdpresents measured HGR result of peuch
type lithiumion cells using the developed calorimeter at different charging and
discharging current, SOC, and temperatufidse associated energy efficiency is

analyzed.

Chapter 3presents severalovel experimental methods for the fast and accurate

characterization of the reversible and irreversible heat sources.

Chapter 4describesan electrochemicahermal life model and its validatiagainst
the experimental dataThe HGR mechanisms of the lithidion cells are further

analyzed.

Chapter 5proposed an improved battery electraolieal model by considering a
SOGdependent diffusion coefficient lithium ions in cathode, which is validated to

have increased accuracy while maintaining low computational time

Chapter &oncludes the dissertati.



Chapter 2Design of a multifunctional calorimetand measurement of heat generation rate

2.1 Literature review

A Costeffective and efficient design of the TMS requires knowledge of the thermal
properties, temperature, and heat generation behaviors of thesughet to various operating
conditions such as charge or discharge rate, SOC, and tempej@fuRecently several studies
have been conducted to characteri zehansgms, cel | ¢
which can be categorized as indirect and direc
heat generation from the temperature response by various types of thermal sensors such as
thermocouples, thermistors, resistance temperature dstaatfoared thermal cameras, e{H)).
Then, the heat generation rate (HGR) and the associated heat source terms are calculated according
to battery thermal mode[41], [12]. The methods do not require extra experimental equipment,

but the accuracy is heavily dependent upon the accuracy of the thermal model and the associated

parameters.

Conversely, the direct methods maetesthe HGR of a cell using calorimeters, such as
accelerated rate calorimetry (ARC) and isothermal heat conduction calorimetry[{IB]()L4].
ARC is used to determeé the HGR of 18650 cylindrical cagpe lithiumion cells in an adiabatic
environmen{15], [16], while IHC determines the HGR of cylindrical, coin or pouch type baste
at constant temperaturg¢$7], [18]. Both methods provide sufficiently accurate and dynamic

measurement capabilities, but the cost of equipment is relatively high.

Recently, several types of legost calorimeters have been proposed specificallyher
measurement of the HGR of larf@mat pouch type lithiurion batteries. One of the approaches

involves wrapping a cell with thermally stable materials and platingpi a constant temperature



environment, and the HGR is calculated from the temperature change of the wrapped material
[19], [20]. Since the temperature of thecelli not actively controll ed,
vary during the tests, which causes errors and in turn decreases the accuracy of the measurements.
The second one uses heat flux sensors as the core components of the calorimeter to measure the
c e | IGR,swherk the generated heat is pumped out by the-a@ding based cold plate to
maintain the energy balan§2l] [22]. However, the optimization of the minhannelstructure

within the cold plate becomes additional challenging issue for the calorimeter setup. The third
calorimeter uses two thermoelectric modules (TEMs) as a heat pump, accompanied with a closed
loop controller to regulate the surface temperatéithecell to a set reference, where the HGR is
directly estimated by a Kalman filter with a simplified heat transfer model of the [RBM24].

Since the tuning parasters for the model are calibrated at a constant temperature, it produces
errors when ambient temperature fluctuates. Therefore, a new calorimeter should be designed for
pouch type cells that minimizes the effects of heat generations in battery on theemesss,

and calibrated to decouple the effect of ambient temperature variation.

2.2 Design of calorimeter for heat generation measurement

Since the heat generation in a battery dynamically changes during operation, and the
temperature inside the cell tenmsfollow the heat generation, the accurate measurement of heat
generation is very challenging because the individual heat source terms are a function of the
temperature changes. In addition, the calorimeter needs to accommodate various packaging and
forma sizes typical of large capacity cells. Under those considerations, two -DHant
thermoelectric assemblies (TEAs) are selected for a large format pouch cell type battery that
function as a heat pump in the calorimeter, where the amount of heat dluxtrolled by a bipolar

power supplyf25]. The surface temperature of the cell is measured using thermocouples and fed
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back to the controller to compare with a reference temperature. The error is compensated by this
controller, which controls a bipolar power supply. Ideally, the output of the controller should match
any disturbances at a constant reference. In this calorimeter, the HGR is regarded as the disturbance
and is equal to the output of the controller, allowing foritBAs to remove the heat generated by

the battery cell under operation.
2.2.1Modeling

Figurel(a) shows the schematic diagram of a single TEA that consists of metal plates, foam,
heat sink, fan and thermoelectric modules (TEMs). TE®M3 work based on the Peltier effect.
When a current flows through the TEM, there is a temperature gradient formed between two sides

that drives the heat from one side to the other, which is denoted as the heat purap raje (

whosepolarity and magnitude is dependent upon the polarity and magnitude of the current.
However, the exact relationship of both quantities should consider several other thermal effects
such as Thomson effect, Joule effect, and heat condy26pnwhich is modeled to estimate the
accurate HGR as an output variable of the controller. Under the assumption that the heat generated

by Thomson effect is negligib[@4], the actual heat pump eabf the TEM is expressed as:

qump =a I TEMTZ -OSI 2TEMR TEM K(TS 1-2-) (1)

, where U is t hlgewiSthedrpe cukentRran s thé Oheic eesistance,
K is the thermal conductance, aidandTs denote the temperatures at the cold and hot side of the

TEM, respectively.

In addition, there is a metal plate betwélee battery and the TEM that acts like a heat bridge

and serves to efficiently conduct the generated heat from one side to the other. In this design, the



heat conduction process within the metal plate is simplified asliomensional heat conduction

alorg the thickness direction, which is described by:

ENTLN @
ap K
Boundary condition=- ML -—-% _kHD :M;
MX lx=0 A MX =g A

Initial condition: T (t=0) =T,
, where U is t hkésthe thermahcanductiiydfisfthe sontsct areg,is

the Cartesian coordinate across the cell,tanthe time.
2.2.2Temperature control and HGR estimation using Kalman filter

Figure1(b) shows the block diagram of the calorimeter that includes a temperature control

loop and a HGR estimator loop.

In the temperature control loop, the averaged surface temperature of tie) celinleasured
and compared with the input reference vallier)( and the difference is amplified by linear
controllers to adjust the input current of TEM, such that the tracking error betwaen Trer is
reduced. The termrev=f(Vtem) describes the voltage controlled current source of the bipolar

power supply.

In the HGR estimator loop, a Kalman filter is employed to estingateas a state and

suppress the white noise present in the temperature measurement. A-tirmerstatespace form
of the model is obtained from the thermal model in(Bpusing the Craniicolson method, and

then along with Eq(1) are rewritten in the form of:



X, =AX_, BU, w ©)
Yo = CXo #y

Here, Xk is the sate vector of the system at time indéx and is expressed as

X =g - T, Q TE, Uk is the input of the systema, =Q,..., Yk is the output of the system

pump’

Y, =T, Wk andvk represent the process and sensor noises.

A two-step recursive estimation procedure is utilized, as shovwigure 1(b). The time
update is performed to compute the present states from the prior information in conjunction with
the system model. Then, a measurement updkés place using present measurements to further
compensate errors in the predicted state caused by the noise in the system. The detailed procedure
is illustrated inFigure1(b), whereK, Q andR represent Kalman gain, noise caaace of process

and observation respectively. After each iteration, the estimation of theGtaite obtained,

-

denote agy, , which represents the HGR of the cell.

2.2.3Calibration

Calibration of the calorimetas carried out to determine the parameters of thg Bgnd
(2). In addition, covariance of the Kalman filter should be tuned to optimize the dynamic response

of the calommeter. Thus, static and dynamic steps are performed.
(1) Static calibration

The termQ in Eq. (1), is a function ofl2, Tz andltem. T2 is the temperatures at the cold

pump
of the TEM that candregarded as a constant at steady Stais.the temperature at the hot side

of the TEM, which cannot be directly measured. However, since the hot side of TEM is next to



the heat sink exposed to the ambiditcan be expressed as a function of ambiemiperature,

Tamb Thus, Eq(1) is modified as follows:

qump = F (Tamb VTEM) (4)

When the calorimeter is at steady stagg,,,=Q,, and Q, is the heat generated by a

programmable heat source, such as a printed circuit board (PCB) with a known resistance. On the
other hand, E¢4) is a nonlinear function that is hard to fit using an input and outfdat s.

Therefore, a datdriven approach, artificial neural network (ANN) is employed.

ANN is a mathematical model composed of several interconnected processing neurons as
units. The neurons and their connections can be trained with a data set to tepecssiations
between inputs and outputs without the knowledge of the exact information of the system model.
Figure 1(c) shows a schematic architecture of ANN used for the static calibration, which is a
multilayer perceptron (MLPstructure. The input vector includes thewandVrem and the output

is theQ,,..,- The neurons in both hidden layer and output layer have a sigmoid activation function.

The training data for the ANN comes from the experimental measant, which includes

hundreds of data sets indicating the relationship betWagnVrem and Q... that cover all the

pum
possible testing conditions for the battery, such as the boundaries for HGR and ambient
temperature fluctuationshe training procedure of the ANN is carried out using a highly efficient
Neuron by Neuron (NBN) algorithii27]. As a result, the relationship shown in @J.is
excellently fit by the weéltrained ANN. The details of the training data collection, training

procedure, and the performance analysis of ANN can be found in the next section.

(2) Dynamic calibration

10



Dynamic calibration is used to identify the parameters ofH@nd optimize the covariance
values of Kalman filter. Different profiles of HGR are produced using a programmable heat source.
The values of the parameters and the covariance are tuned such that the estimated HGR has a good

match wth that of the programmable heat source in both accuracy and time response.

11
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2.3 Experiments

2.3.1Cell and test setup

The cells used for the experiment are commercial ENM@C/graphite cells with following

key specifications:

1 Active materials: LMO (30%j) NMC (70%) for cathode, and graphite for anode,

1 Electrolyte: Solution of LiP&

1 Nominal capacity: 25.9Ah,

1 Nominal voltage: 3.65V,

1 Endof-charge voltage, current: 4.15V, 1.25A,

1 Endof-discharge voltage: 2.5V,

1 Dimension: 203mmx154mmx7.2mm.

A test station is designed charge and discharge the cell using a DC power supply and an
electronic load, which are controlled via National Instruments data acquisition (DAQ) system

along with the LabVIEW software.

The calorimeter is constructed with two 160W DireeAir thermcelectric assemblies
(TEAS) as the main bodies that are connected in series. The detailed drawing of the calorimeter is
depicted inFigure2(a), where a cell is place between an upper (TEA #1) and a lower TEAs (TEA

#2), and graphitthermal sheets are used to reduce the thermal resistance between the cell and the

13



TEAs. The TEA is a compact device that laashilled planar surface that allows for a directly
thermal coupling to objects to be cooled down. The aluminum metal platéacishleat bridge

and serves to efficiently conduct the heat between the measuring object and the TEM. The heat
sink with the fan serves to transfer the heat to the environment. THrg®Khermocouples are
attached to the surface of the cell for measem of temperature, where two are located near the
terminal tabs on one side and the third one is at the center of the back side. The TEAs are powered
by a bipolar power supply controlled by the temperature controller. The controller is implemented
using LabVIEW, while the thermal model and Kalman filter are coded using MATLAB. The
maximum range of measurable HGR is 100W with the measurement temperature rang@® from

°Cto 35 °C.

Figure2(b) shows a photo for the calorimeter.eixperiments, the calorimeter is placed in a
thermal chamber, in which a-tgpe thermocouple is used to measure the ambient temperature,

Tamb The tested cell is powered using two custom designed clamps as shegura?®(c).
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Figure2. Calorimeter setup: (a) side view of the calorimeter structure, (b) photo of the
calorimeter, (c) connection to the clamps and locations of thermocouples.

2.3.2Experimental procedure

2.3.2.1Calibration

For static and dynamic calibranh, a printed circuit board (PCB) is designed that has the
same dimension as the cell, has a known resistance, and is connected to a voltage controlled current

source. The total heat generated in the PCB can be programmed using the current source.

(1) Stdic calibration

15



The static calibration starts with adjusting the ambient temperBidsto the required value,
To, and resting for 30 min to get a steady state. Then, a series of pulse currents are applied to the

PCB to generate the desired heat genmmags an input to the calorimeter,@s, which ranged

from OW to 100W. Each current pulse lasts for 10 min to allow the calorimeter to reach an

equilibrium state where_, =Q, , and then was followed by a 10 miest period. The

measurement dat@ Vrem, andTamp Within the last 1 min of each pulse tests are collected,

pump’

averaged, and stored.

The calibration should take all the possible conditions at testing into account, such as the
boundaies for HGR and ambient temperature fluctuations. Usually, the temperate inside a thermal
chamber fluctuates around a set reference. Thus, the calibration is repeated at different set
temperaturewith a tolerance of + 2 °C, where the=-30,-15, 0, 1525 and 35 °C. Afterwards,

ANN is trained. For an example, & =25 °C, the dataset given by the static calibration has 212

patterns, and each pattern includes valuek@f and Vrem as an input, and as an output.

pump
The datasesirandomly divided into two separate parts; a training set with 155 patterns and testing
set with 57 patterns. The training set is applied to train the ANN using the NBN algorithm. The
maximum number of iterations is set to 5000, and the Sum of Squarg&si6) is calculated as

a method to evaluate the training process. The training process is repeated 20 times, and the result
with minimum SSE (=0.0051) is select&iigure3(a) shows the training result of ANN, where the

x and y &is represents the two input values and the color map represents the value of the output.
The training result reveals that the cooling power of TEM exhibits a highly nonlinear relationship

with respect to the control voltage and ambient temperature.
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To evduate the performance of the trained ANN, the testing set was applied to the ANN
model. The heat pump rates predicted by the ANN model are compared with the actual values,
which is shown irFigure3(b). Thex andy coordinate of th circles denotes the valuefwnand
Vrewm, the color represents thedicted heat pump rates by ANN, and the numbers beside the

circles indicate the prediction error. The averaged prediction error for the ANN model is 0.408W.
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Figure3. Static calibration results at 2&:°(a) training result of ANN and (b) performance
evaluation. Dynamic calibration results at Z5 (c) pulse heat generation profile and (d)
discharge heat generation profile.

(2) Dynamic calibration
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Dynamiccalibration is carried out using two types of profiles of HGR artificially created by
a PCB which include three standard pulse profiles and a discharge profile, as skayuna8(c)
and (d) with the solid blue lines. The firstproduces 2W, 4.4W and 9W heat generation pulses
that last for 3 min. The second one is the similar form of the heat generation profile of a real battery
during 2C discharge. These two tgpd profiles are used to find a set of the parameters of the
calorimeter model and Kalman filter with respect to measurement error of the HGR and the time
response. The values of the model parameters are sedwih2856x1®, k = 20 Wm'K*and
the covariance of Kalman filter a@= 1500, andR = 10°. The measured HGRs of the calorimeter
in Figure3(c) and (d) with the red dash lines show that the averaged absolute measurement errors

of the two cases are 0.46W and 0.6 @spectively, and the time delay is less than 10s.

2.3.2.2Measurement of HGR

After a cell is placed in the calorimeter and in a thermal chamber, the temperature inside the
thermal chamber is set to a valilig,and is held fo30 min before proceeding to allow the system
to reach equilibrium. Then, the cell is charged or discharge with a girate QA Crate is the
amplitude of current needed to fully charge or discharge the theoretical maximum capacity in one
hour) from annitial state to the end state, and the current, along with the measured voltage, surface
temperature, and the HGR are recorded. In addition, tteteCand the temperature are changed
to quantify effects on the HGRs. Tests to determine effects of-flae€ on heat generation are
performed afTo=25 °C, where cells were charged or discharged with differersté€3 in the
constant current (CC) mode. The range of SOC considered was varied from 4% to 98% (measured
by Coulomb counting method), or until thertenal voltage reached the cutoff voltage of 4.15V
and 2.5V, respectively. The-@tes considered for charging and discharging were 1C, 1.5C and

2C and C/3, 0.5C, 1C, 2C, 3C and 4C.

18



In order to investigate the effects of temperature on the HGR, cells charged or
discharged at 1C within the same operation range, and the temperatures consideFeeDwibe
25 and 35 °C for charging anid=-30, -15, 0, 15, 25 and 35 °C for discharging. Temperatures
during charge were kept above 0 °C to avoid the ocaceref the lithium plating side reaction,

which may have introduced error into the heat generation measurements.

In addition, the HGR of a cell was measured under dynamic driving test cycles at 25 °C,
where a power profile for 600s provided by the cell nfacturer was used as an example. In the
measurement, the cell was fully charged up to 100% SOC at 25 °C, and then overall discharged

using the ten driving cycles until 15% SOC.

2.4 Result and discussion

2.4.1HGR at different @ates and temperatures

The HGR of he cells were measured under different charge and dischargesCand
temperatures. For all cases, the maximum averaged surface temperature fluctuation of the cell was
less than 0.3 °Cigure 4(a), (b) and (c) show the measurermeesults as a function of-fates
during charging and discharging at 25 °C. The HGR tends to increase as the current increases. In
addition, the heat generated during discharging is larger than that seen during the charging, which
is caused by the endattmal or exothermal process of the reversible heat. On the other hand, the
irreversible heat source is exothermic regardless of operating conditions. As the current increases,

the irreversible heat becomes a dominant part of the total heat generated.

Figure 4(d) and (e) show the HGR at various temperatures during 1C charging and

discharging. The magnitude of the HGRdrastically increased when temperature decreases,
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which is caused by increased Ohmic and SEI resistances, artthtige transfer resistance due to
the decreased mass transport. Thus, when temperatures decrease, the irreversible heat generation

increases rapidly.

However, the magnitudes of the HGR at 25 °C and 35 °C are very similar during charging
and discharging nocess, despite the decreased irreversible heat generation. This is due to an
increased reversible HGR at high temperature conditions. In addition, the shapes of the HGR
responses are also affected by the temperatures. At low temperatures, the HGRsincrease
monotonously. When the cell was charging at 0 °C, the HGR was seen to always be positive,
indicating an exothermic process, as showRigure4(d) during charging at 0 °C. However, as
temperature increases, the endothermic @®cE seen to appear at the beginning of the charge,
and becoming most prominent at 35 °C. Als&igure4(e), as the temperature increases to 35 °C,
the shape of the heat generation profile becomes a distinct S type. Thesegtemulicates an
increased proportion of reversible heat generation as temperature increases, which can be

mathematically explained Bq. (5):

Qtotal = Qre\, er =1 -T %{?—CO 1’ R (5)

.wherel, T, dg;’c , andRrepresent the current, temperature, entropy coefficient and internal

resistance of the cell.
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Figure4. Measurement results of HGRs at differentaf® during (a) charging and (b) (c)
discharging at 25 °C, and different temperatussunder 1C (d) charging and (e) discharging.

The measurement results under driving cycles at 25 °C are plofegline5, whereFigure
5(a), (b) and(c) show the applied electric power profile that consists of ten driving cycles, the
corresponding SOC depletion and HGR, respectively. The HGR of the cell under driving cycles is
relatively low, where the magnitude is generally smaller than 8W in thié 108% SOC range.

In addition, the overall tendency of the HGR profile shows a V shape at the power profile, where

HGR between 70%50% SOC is less than those at high or low SOC ranges.
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Figure5. Measurement results under dngicycles at 25 °C: (a) electric power, (b) SOC and (c)
HGR.

2.4.2Analysis of total heat generation and energy efficiency

When battery is charged or discharged, electric energy is converted to chemical energy or
vice versa. During this process, heat is geedras an energy loss that affects the energy efficiency
of the battery. The energy efficiency can be characterized as a ratio of the heat generation to the

total energy input or output during charging or dischargongy [18] as follows:
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pneat— ch = Qtota/ Etotal—cr (6)

pheat— dch: Qtota}/ Etotal— dcf (7)
, WhereQotal denotes the total heat generation that is calculated by integrating the HGR over

time. The tem Ewtal represents the total energy input and output during charging and discharging
process. The total input energy during chargigd.cn) is equal to the input electric energy, which
is obtained by integrating the power at the terminal over timéle for discharging the total

energy outputHotardch) is the sum of the output electric energy and the heat generation.

Figure6(a) and (b) show a comparison of input/output electric energy, total heat gamerati
andpneatat different Crates at 25 °C. As the-fate increases, the input and output electric energy
of the battery during charging or discharging decreases due to the increased overpotentials.
Conversely, the total heat generation increases beobtseincreased irreversible heat. However,
when the cell was discharged at 4C, the total heat generation becomes lower than that at 3C, as
shown inFigure6(b.2). This effect was mainly caused by the reduced digalg time or capacity
at high Crates. In additionpneat, as shown irFigure 6(a.3) and (b.3) increases as theat:
increases, which indicates that the proportion of electrical energy lost due to convevgimteto

heat becomes higher at higheraies.

Similarly, effects of different operating temperatures are plott&tigare6(c) and (d). The
amount of the stored electric energy during charging and the released energy durirrgidggcha
increases as the temperature increases, while the total heat generation decreases when temperature
increases from 0 °C to 35 °C for charging, ab8 °C to 35 °C for discharging. The main causes
for these phenomena are attributed to the decreasgdahtesistance. As temperatures increase,
overpotentials become smaller and less heat is generated. The total heat generated during 1C
discharging at30 °C was nearly 50% less than thatl& °C, as shown ifrigure6(d.2). Forthis
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casethe available capacity a0 °C (6.38Ah) is much less than thatHs °C (17.41Ah), which

results in a reduced discharge time and less heat generated, even with a higHeigHi@R(c.3)

and (d.3) show the relatioriphbetweenthe preat and the temperatures. As the temperature
decreases, the value pfeatincreases. Thus, a higher percentage of electric energy is dissipated
when the operating temperatures are low. In addition, as the subzero temperaturep.dawer,
drastically increases as temperature further decreases, which indicates that energy efficiency of the

battery is severely limited in the subzero temperature conditions.
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Figure6. Comparison of input and output electric enetgtal heat generated, and the
percentage of energy dissipation

2.5Summary

In this section we presenta new calorimeter working as a heat pump in a control loop is
developed that enables the measurement of the HGR of large format pouch cell-ibthium
bateries, while simultaneously regulating and measuring the cell temperature and a reference
temperature. Procedures needed for static and dynamic calibrations are also developed and
successfully implemented. The designed calorimeter is used to measuralsnd tre HGR and
heat source of a 25.9Ah pouch type LNNMC/graphite cell as a function of-ates, SOCs, and

operating temperatures. Here is a summary of the major outcomes:
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1 Design of an accurate and dynamic isothermal calorimeter with the maximum

measuement error of 0.67W and the responsestohless than 10s.

1 The high Crates and low temperature affect the irreversible heat generation
significantly, while the high temperatures mainly affebie reversible heat

generation.

1 The percentage of heatducel energy losspheatincreases at high-€ates and low

temperatures, indicating thaore energy is dissipated.

26



Chapter 3Characterization of heat source terms

3.1Literature review

The heat generated during the operation of lithiambatteries is predominantly ghoced
by two heat source terms, reversible heat and irreversible heat. The reversible heat is generated by
a change in entropy during the electrochemical reactions and can be estimated using the entropy
coefficient. The irreversible heat is caused by thsistances that represent concentration,

activation, and Ohmic polarizations.

I n order to understand and predict the rev
entropy coefficient as a function of state of charge (SOC) should be given. Cutiemtiytropy
coefficient for lithiumion battery is measured using one of two methods: the potentiometric or

calorimetric method28].

The potentiometric method firstly creates an equilibrium state at a given temperatuse once
cell has been discharged to a specific SOC and then relaxed until a specified condition is reached.
Then, the temperature is increased or decreased, and the corresponding change of the terminal
voltage is measured. The entropy coefficient is then deatedridy calculating the slope of the
open circuit voltageloc) vs. temperature (T). Even with decent accuracy, the measurement takes
a significant amount of time because of the Wagling relaxation needed to reach equilibration
in addition to the limitd temperature change rate (TCR), which is usually less than 0.5°C/min that
is required to be within a linear range betwéésc and T [28] [29]. Depending on electrode
chemistries, the measurement tiofean entropy coefficient ranges from 10 to 30 hours per SOC

point, which results in an overall measurement time on the order of 600[80Lrs
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Alternatively, the calorimetric method uses a calorimeter to determine the yentrop
coefficient. In fact, the calorimeter allows for measurement of the heat generation rate during
charging and discharging. If the irreversible heat generation rates during charge and discharge
process are assumed to be identical, the reversible heae geurt can be obtained from the
difference of the measured total heat, and then the entropy coefficient can be determined.
Compared to the former method, this method requires significantly less measurement time because
the timeconsuming relaxation period not necessary. However, the achievable accuracy is
usually lower than that of the potentiometric method because of the inherent inaccuracy of the
calorimeter, and meanwhile the measurement result is usually an averaged value within the SOC
range duringcharging and discharging periodi28][28]. In addition, design of an accurate
calorimeter is also a challenging issue because of the required calibrations necessary to minimize
the efects of the heat generated by heat pump and transient responses as a result of the controls

methodology.

Recently, several novel technigues have been proposed that reduce the measurement time for
determination of the change of entropy or the entropy e, while maintaining the accuracy
of the potentiometric method. One of them is by an electrothermal impedance spectroscopy
(ETIS), where a sinusoidal current is applied to a cell and the entropy is estimated by analyzing
the corresponding heat geneoatirates using Fourier transformation (FT) techniques in the
frequency domaifi31]. This method enables drastic reduction of the measurement time and takes
only one hundredth of the time compared to the potentiometric methadevidg the heat
generation is not directly measured but estimated using a thermal transfer function between the
heat generation and the surface temperature of the cell, which requires a significant amount of

experiments. The potentiometric method is furihgroved by applying a background correction
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approach30], where the drift of relaxation voltage after a discharge is identified and removed,
which results in a reduced relaxation period. However, the temperature char{@€Rtéor the
step excitation of the temperature should be lower than 0.5°C /min, which prolongs the overall

measurement time.

Onthe otherhand,or t he prediction of the irreversi
a function of state of charg&QC) should be known. Currentlthe internal resistance of the
battery can be measured frord ¢haracteristics, the EIS technique, as well as hybrid pulse power
characterization (HPPC) teg&2]. Among the above methods, tB¢S test has been widely used
to extract electrochemical impedance of lithion batteries. The internal resistance is a sum of
Ohmic resistance, SEI resistance and charge transfer resistance, which is extracted from the
experimental data with the help tfie EIS equivalent circuit model (EEBCM) [33]. The
measurements are repeated at different discrete SOC points and the relationship between the
internal resistance and SOC is obtained. This method provides relatively accassterement
results, but needs a long testing time because of the time required to reach each equilibrium at a

given SOC point.

Therefore, in thisection we propose severalovel experimental techniques that facilitate
the fast and accurate characteimabf the two thermal parameters, which include (1) accelerated
equilibration method, (2) hybridized tirieequency domain analysis (HTFDA) method, and (3)
improved frequencyglomain calorimetric method, and (4) wavdieinsform based simultaneous
and cominuous characterization method. The results are compared with those measured by the
conventional experimental methods, and show advantages with respect to measurement time and

accuracy.
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3.2 Accelerated equilibration method

In this part, we proposed a newudtdpration method for lithiurdon batteresby formulating
an optimal time control problem usiagingleparticle based electrochemical model and solving
the problen{34]. Firstly, the electrochemical model of the lithitiom battery was developed, and
validated against the experimental result of a commercial pouch type NMC/Graphite cell. Then,
constraints for the formulated optimal time control problem were defined. There are two most
important constraints, the evenly distribd concentration of lithium ions in the solid phase, and
a target SOC at the end of operation. The cost function includes a minimum time of the operation.
The optimal problem is solved by employing the direct method. Finally, an ogtimeakurrent
profile was obtained that was tested with the cell. The time to reach an equilibrium was compared

with the currently used pulgelaxation method at different SOCs and temperatures.

3.2.1Modeling and optimal time control

3.2.1.1Electrochemical model of lithiufion battey

The model of the pouch type lithidion polymer single cell is approximated by a micro cell
that has a sandwich structure with three domains between the two current collectors at the end of
each electrodes: a composite anode, a sepaaatba compositeathode. The governing equations
for the micro cell are listed imable 1 that describe ion transport and intercalation and
deintercalation using the principles of diffusion, mass transport, electrochemical iraetit

Ohm's laws.

Tablel. Governing equations of lithiwion battery.

Description Governing equation
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In this study, the electrode of the cell is simplified with the single particle model (SPM)

schemg35], which rests on twonain assumptions that (1) each electrode is approximated as a
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spherical particle where the intercalation and deintercalation of lithium ions take place and (2) the
volume current density maintains uniformly distributed in each domain. The schematic diagram

of the model setup is shown kigure?.
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Figure7. Schematic diagram of the model setup.

The model is solved using the following approaches: (1) the-statd concentration along
the radial direction of the particle is numerically solved by finite difference method, (2) the ion
concentration of electrolyte is approximated using residual grouping m@®jp@nd (3) Bulter

Volmer equation is linearized by jglying Taylor expansion.

3.2.1.20ptimal time control problem

Optimal control techniques provide a powerful tool that facilitates an optimal control
performance through minimization of a cost function of the system. In this study, our goal is to
find an approprige current profile that minimizes the time to get to an equilibrium state when
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changing a cell to a target SOC from an initial SOC. Consequently, an optimal time control
problem was formulated based on the electrochemical model of the litbwutmattery. The

objective function for minimizing the final timteis given as follows:

mm J= ra' 1dt =, (8)

In fact, relaxation process of a cell is mainly attributed to the assimilation processes of
lithium ions in the solid pas¢37]. Thus, the ion concentration in the soladyr,t) should be
imposed with a constraint. At the steady state, it remains constant along the radial direction of

particles in both electrodes. The equilibrium state of étlecensured by constraint #1 as follows:

max c,, ( tf)-romlgsnc ( If) €

(9)
max ¢, (r,tf)- . Omlglspc (rif) €,

, where(J and{ represent the error tolerance.

Constraint #2 is imposed to ensure the end SOC of the cell meets the target value. SOC is
defined as a ratio of the releasable charge capacity to the maximum charge c@pagitwlich
can be expressed using theeraged lithium ions concentration within the solid phase in the

electrochemical model:

t
21 (£)d ¢ )
SOC= SO¢é QQL 0% -2 & 10py (10

max G000~ Qo
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, where SO€denotes initial SOCY =savdCs maxand the subscript of 100% or 0% denotes
the states wheieaattery is fully charged (100% SOC) or discharged (0% SOC). Froth@ghe

Cs,avedt a target SOC (denotes as SPE expressed as:

Cs,ave(SOC): gmaxg]O% +Soq qOO% -(g) . (11)

Thus, the stateonstraint #2 is imposed by:

max csyn(r,tf)+r_or'nin csn(r If) =Zsave,(SOC)

max ¢ p(r,tf)+ min Csp(rIf) =2 F(SOC) (12

§ ave

In addition, the initial solid phase concentration, output terminal voltage, SOC range and the

input current limit are considered as othenstraints:

c,.(r.0) :csaven(SOC?),
(13

csyp(r,O):csavep(SOCf’),
\/t,min ¢\[( (t) qMt,max’ (14)
SOG,, ¢ SOG ) ¢ SOG,, (15
Lo €1 () @ o (16)

A direct solution approach is selected to solve the optimal control problem. The direct
method allows the optimal control problem to formulate as a nonlinear programming problem

(NPL), where the state and control variable amgproximated by a piecewise constant
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parameterizatiofi38] [39]. For this case, the input currd(t) is parameterized by a sequence of
constant current input;, with a fixed time interval. Thenhé MATLAB's builtin fmincon

function is used to obtain the optimaValues.

3.2.2Model validation and simulation analysis

3.2.2.1Model validation

The electrochemical model with single particle scheme is developed and experimentally
validated. The cells used foxmeriments is a large format pouch type NMC622/Graphite lithium

ion energy cell with following key specifications:

1 Active materials: Li[Nb.eMno.2C.2]O> for cathode and graphite for anode,

1 Nominal capacity: 58Ah,

1 Maximum continuous charge and discharggent: 19.3A (C/3),

1 Endof-charge voltage, current: 4.2V, 3A,

1 Endof-discharge voltage: 2.5V,

1 Dimension: 99.7mmx301.5mmx13.2mm.

The tested cell was placed imaultifunctional calorimetef24] that actively controls the
c e ltdmPesature at a set value of 25°C. The cell is charged and discharged with constant current
at C/3 rate, which corresponds to the maximum applicable continuous charge and discharge
current. The values of the parameters used for validation were listedl@2. Experimental and

simulated terminal voltages are plottedrigure 8 for comparison, where the voltage responses
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are in a good match with the experimental data. Themaatnsquareerror (RMSE) of the voltage

for charging and discharging are 0.021V and 0.044V, respectively.

Table2. Parameters for lithiuron cell electrochemical model at 25°C

Parameter Negative electrode  Separator  Positive electrode Unit
A 18637 18637 cny
U 8.40x16° 7.75x10° cm
Rs 1.745x1C 1.073x1C cm
V] 0.703 0.675
G 0.247 0.5 0.243
Cs,max 0.031 0.050 mol cnt®
Ce 0.012 0.012 0.012 mol cm?®
Ds 2.5x10% 2.0x10%° cn? st
De 2.0x10° 2.0x10° 2.0x10° cn? st
vl 1 0.01 Scm?
] 0.057 0.057 0.057 Scmt
G, G 0.5 0.5
k 12.9 6.28 (A cm?)(cm?
mol?)s
R 1.60x1C° 1.60x1C° q
Qmax 60.5 Ah
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Figure8. Model validatioin by comparison between experimental and simulated terminal voltage
at C/3 (a) chargema (b) discharge at 25°C.

3.2.2.2Simulation analysis

The performance of a typical pulsglaxation profile and a proposed optiatiahe current
profile is compared and analyzed using the validated model. As an example at 25°C, the initial and

target SOC are séd 0.497 and 0.447, and the maximum current is limited to £C/3 (£19.3A) for

the two profiles.

(1) Pulserelaxation (PR) profile
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The pulserelaxation profile is the simplest and most widely used method, where the constant
current charge or discharge pulsepplied to set the cell to a target SOC and followed with a
resting period for equilibration. When C/3 discharge is applied for 9 minutes and rested for 50
minutes, the current and corresponding SOC change, and the variation of the terminal \astage w

plotted inFigure9 (a) and (b).
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Figure9. Pulserelaxation for equilibration. (a) Current profile along with SOC, (b) terminal

voltage, (c) and (d) average and surface concentratiornininlition in negative and positive
electrode particles.

The voltage firstly responds with a quick drop due to the Ohmic and charge transfer

resistance, and then slowly decreases due to the transport of lithium ions in the solid phase. When
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the dischargingorocess stops, the voltage increases as the littbanconcentration becomes

evenly distributed throughout the solid phase and reaches a steady state. This can be seen more
obviously in the response of the surface and average concentration variatioderaad cathode
particles, as shown iRigure9 (c) and (d). At the end of discharge, there was a large difference
between the surface and average concentration, which is reduced by ion flows during the resting
period, where the surface concentration gradually approaches to the average value. The relaxation
process has taken more than 50 minutes to reach the equilibrium state. Moreover, the equilibration
process in anode is observable to be longer than in cathoaaskeaf the relatively large radius

of the particle in anode, which indicates that the i@sging relaxation time by the pulse

relaxation profile is mainly caused by redistribution of the lithium ions in anode.
(2) Optimattime current (OC) profile

The @timal current profile was obtained by solving the optimal time control problem, with

the state and input bounds specified as:

SOC =0.497,SOC =0.44,
\

t,min
SOC, =0, SO¢,, 4,
= 1937, $9.2.

=25V \ ., 2.,

,max

I min

The resulting arrent profile along with SOC, terminal voltage, the surface and average
concentration in solid phases are plotted-igure 10 (a), (b), (c) and (d). The current profile
consists of six consecutive discharge andrgé pulses, which is basically similar to the bang
bang controls. The first five pulses used the maximum discharge/charge current, while the last one

did a 10second peak pulse charge with the magnitude of 12.5A. At the end of the pulses, the cell's
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SOC was reached the target value. In addition, at the end of the applied optimal current profile,

the terminal voltage does not change over time. Meantime, the surface concentration reaches the

average value for both anode and cathode and remains constaimtditaies that the cell reached

an equilibrium state with no need for relaxation. Simulation results have shown that the time

needed for the OC profile was 28.3 minutes, which reduces 53% of the time taken by the traditional

PR process.

~—~
2

10

Current (A)

-10

-20

—~
O
~

0.0170

0.0140
0.0135

Li* Concentration (mol/cm?®)

20

0.0165 [{*-
0.0160 |
0.0155 |
0.0150 |
0.0145 [

0.52 (b)
M 3.70
—4 0.50
{048 2 268
6] .
O
0460 &
n 35 -
1044 =
- 3.60
[=—— Current h 10.42
- SOC
1 " 1 " 1 " 1 " 040 1 " 1 " 1 " 1 "
0 10 20 30 40 0 10 20 30 40
Time (min) (}1) Time (min)
&_" 0.0280
e L
o
T 0.0275
é L
s 0.0270
je) r
‘é‘ 0.0265
T 0.0260
(&S]
Q L
Cs,:surf,n 8 0.0255
) Cs.aven 5 0.0250 [
1 1 N 1 N 1 N 1 N 1 N 1 N 1 N
0 10 20 30 40 0 10 20 30 40

Time (min)

Time (min)

Figure10. Optimattime current profile for equilibration. (a) Current profile along with SOC, (b)
terminal voltage, (c) and (d) average and surface concentration of lithium ion in negative and
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The evolution of lithiim-ion concentration along the radial direction in anode and cathode
particles at different times is plotted kiigure11 (a) and (b)respectively. Initially, the cell is at
the equilibrium state, and there are aamcentration gradient at anode and cathode. During the
first pulse discharge, the lithitton concentration begins to decrease in anode and at the same
time increase in cathode, where a rapid change of the concentration takes place at the surface. At
theend of the first pulse discharge=(14.7 min), a steep concentration gradient is formed within
the solid phase. Then, a pulse charge enables equalization of the-lhiainstribution. Each of
the following pulse actions helps reduce the concentrgtiatgient to some exterand at the end
of the current profilet = 28.3 min, the concentration gradient both in anode and cathode becomes

negligible, which implies that the cell finds itself in the equilibrium state.
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3.2.3Experimental result and discussion

For evaluation ofheperformance of the proposed method, the PR profile and the OGprofil
were implemented in a test station with a capability of baitetiieloop and applied to the
aforementioned cell at 25°C. The maximum current for charge and discharge was limited to C/3
in order to minimize any potential degradation of the cell. TH&ir5OC was 51.8%, and the
target SOC was set to 46.8%, which corresponds to a 5% SOC decrement. The current profile,

corresponding SOC variatipand the terminal voltage are plottedrigure12 (a) ~ (c).

For the PR test, the cell was discharged with C/3 for 9 minutes and then the SOC was set to
the target value. Conversely, it took three times more time for the oftm&kurrent profile to
reach the target SOC. This extra time was consumed to reach therieomilstate of the ion
concentration within the particles, which can be seen in the SOC trajectory fluctuating by
approaching the target value, as showifrigure 12 (b). For the PR test, the cell was at a-non
equiibrium state after the pulse discharge, where a steep concentration gradient of lithium ions
was formed within the solid phase, which indicates that a long relaxation time will take. On the
other hand, since the potential in solid phase is determindulsutface concentration of lithium
ions, the terminal voltage tends to slowly change along with the redistribution of the lithium ions.

Figurel2 (c) compares the terminal voltage for the two cases.

For PR profile when the current becomes zero, the voltage firstly shows an immediate
increase due to the Ohmic and charge transfer resistance, and then increases in an exponential
decaying pattern due to the transport of lithium ions in the solid phase. On the athehkaOC
profile ensures a uniform distribution of lithium ions at the end, thus no apparent voltage relaxation

is observed during the resting.
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Figurel2. Comparison of experimental results by puisiaxation profile and theptimaktime
current profile at around 50% SOC, 25°C: (a) current profile, (b) SOC variation, (c) terminal
voltage, and (d) voltage difference between the relaxation voltage and OCV.

Figurel2 (d) gives a zoonrin view of the voltage difference between the relaxation voltage
and the OCV, which was measured after then@0r relaxation, where the starting time of the
resting period was set as zero. In addition, two different error bounds were specified: (1) £1mV,
apdicable for the measurement with moderate demand of the equilibrium condition, such as the
OCV test[40]; (2) £0.5mV, applicable for the tests that require a{hagel equilibrium state, such

as the measurement of entropy cméfht [30] and EIS analysig37].

At the end of the OC profile, the terminal voltdyetuateswithin the £1mV error bound of
the OCV, and it takes 34 minutes to reach the +0.5mdf @ound. The extra voltage relaxation
indicates that the cell is not at the perfect equilibrium state after applying OC profile, iszhich

caused by the model error, inner temperature change during the operation and so on. Conversely,

45



for PR profile, it thkes 55 minutes and 140.5 minutes for the voltage to be relaxed to reach the

same level of equilibration.

The total time for the two profiles, calculated as a sum of the time for charge and discharge
processes and the time for relaxation, are summarizéabte 3. With the given 1mV error
bound, the OC profile reduces 55.8% compared todhtte PR profile. To reach the £0.5mV
level of the equilibration, the OC profile can reduce the total testing time by 5&3&ddition,
the tests aforementioned are repeated with two more identical battery cells. The average percentage

of saved time by OC than PR is 43.8% and 50.8% at +1mV and £0.5mV error bound, respectively.

Table3. Time cost for twqrofiles at 50% SOC at 25°C.

Type Testing time (min) Percentage of
saved time
Charge/Discharge Relaxation Total
PR (x1mV) 9 55 64 55.8%
OC (z1mV) 28.3 0 28.3
PR (x0.5mV) 9 140.5 149.5 58.3%
OC (x0.5mV) 28.3 34 62.3

3.2.3.1Effects of different SOCs

Theoptimal time control problem is formulated based on the battery model to minimize the
concentration gradients in both electrodes. In fact, the model used for the calculation of OC profile
at around 50% SOC and 25°C was validated from 0% to 100% SOhepdrameters such as
Rs, Csmaxand Ds are assumed to be constant at different SOCs. Under this assumption, the
concentration gradients and the diffusion velocity should be very similar, except for a shift in the

magnitude of ion concentration at the apglsame current load to the cell at different SOCs. Thus,
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theoretically, the obtained OC profile should work at different SOCs except for those near 0% and

100% SOCs, where the terminal voltage may exceed the cutoff voltage during operations.

Experimentalerifications were conducted at around 75% and 25% SOCs. Initially, the cells
were set at 75% and 25% SOC, and rested for 12 hours at 25°C. Then, both OC and PR profiles
are applied to the cell to compare each other, which results in a 5% SOC décgemed3 (a.1)

(b.1) and (a.2]b.2) show the terminal voltage behaviors and a zoowiew of the voltage
difference between the relaxation voltage and the OCV, respectively. As shown, the deviation of
the terminalvoltage to the OCV by the OC profile is much smaller than that by the PR profile,
resulting in an even fast transition to reach the equilibrium Stabde4 summarizes the total time

cost taken by the two profileShe OC profile saves 33.1% ~ 45.2% of testing time than that of

PR profile at 25% and 75% SOCs.
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Figurel3. Comparison of experimental results by ptuisiaxation profile and the optiméime
current profile at 25°C: (a.b,1) terminal voltage, and (a.2, b.2) voltage difference between the
relaxation voltage and OCV at around 75% SOC and 25% SOC, respectively.

Table4. Time cost for two profiles at 75% and 25% SOC at 25°C.

SOC Type Testing time (mih Percentage of
saved time
Charge/Discharge  Relaxation Total
75% PR (z1mV) 9 123 132 45.2%
OC (¥1mV) 28.3 44 72.3
PR (x0.5mV) 9 262 271 33.1%
OC (£0.5mV) 28.3 153 181.3
25% PR (¥1mV) 9 152 161 41.4%
OC (x1mV) 28.3 66 94.3
PR (x0.5mV) 9 370 379 33.2%
OC (£0.5mV) 28.3 225 253.3
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3.2.3.2Effect of different temperatures

Firstly, the battery model is validated against the experimental data at the two different
temperatures. The proposed method using the model is implemented and experimstadibt te
40°C and 10°C. Theultifunctional calorimeters used to controlthe e | | 6 s sur f ace t e
at 40°C and 10°C, respectively, whtlee cell is being charged and dischargeth a constant
current at C/3 rate. Since the solid phase concentrdbomnantly determines the relaxation
process, only the diffusivity of the solid phase is regarded as a function of temperature. The
updated lithiurrion diffusivities in anode and cathode particlesiaB®x10°cn? s'and 1.60x10
Ven?stat 40°C; 2.2810°cn? stand 7.30x18 cn? st at 10°C Figure14(a.1) and (b.1) show
the perimental and simulated terminal voltages at 40°C and 10°C, respectively, and the

corresponding RMSE, where the voltage respoases a good match with the experimental data.

Then, similar to the previous case, optimal time control problems were formulated based on
the validated model and solved to obtthiae OC profiles, which are so designed that 5% SOC gets

decreasg

In orderto evaluate the performance of the OC profile, the tested cell was initially set at
around 52% SOC and rested for 12 hours at the preset temperature to reach an equilibrium state.
Current profiles for OC method with red solid line and PR methods witrsbligtlines are plotted
in Figure14 (a.2) and (b.2), where the cell is discharged with C/3 for 9 minutes to reach the same
target SOC for the PR profile. The corresponding terminal voltage variations awihe view
of the voltage difference between the relaxation voltage and the OCV are ploEmplie14

(a.3)}(b.3) and (a.4]b.4), respectively.
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The total time taken by OC and PR profile at 40 and 18 $0mmarizd in Table5, where
both of them take almogite same time to reach the £1mV error bound at 40°C. However, the OC
profile takes 33.7% less than the PR to reach the £0.5mV error bound. In addition, the relaxation
time by both methods at 40°C is shorter than that at 25°C under the same level of the equilibration.
These two results are due to an increased lithamdiffusivity in anode and cathode particles at
elevated temperatures that leads to decreased ion catmentgradients and fast diffusion

processes.

The advantage of fast equilibration of the OC method can also be seen at 0°C, where the
testing time by OC profile is 78.4% and 52.1% shorter than that by PR profile method with the
+1mV and £0.5mV error bounds the values of solid phase diffusivity drops at lower temperature

condition, the time to reach equilibrium at 0°C is generally longer than that at 25°C.
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Figure1l4. Model validation by comparison between experimemntidlamulated terminal
voltage at C/3 charge and discharge at (a.1) 40°C and (b.1) 10°C, respectivley. Comparison of
experimental results by pulselaxation profile and the optiméime current profiles: (a.2, b.2)
current profile, (a.3, b.3) terminal valie, and (a.4, b.4) voltage difference between the

relaxation voltage and OCV at 40°C and 10°C, respectivley.

Table5. Times for two profiles at 40°C and 10°C.

T (°C) Type Testing time (min) Percentage of
saved time
Charge/Dischrge Relaxation Total
40 PR (x1mV) 9 15.5 24.5 -
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OC (x1mV) 25 0 25

PR (+0.5mV) 9 43 52 33.7%
OC (+0.5mV) 25 9.5 345

10 PR (+1mV) 9 138 147 78.4%
OC (x1mV) 31.7 0 31.7

PR (+0.5mV) 9 320 329 52.1%
OC (x0.5mV) 31.7 126 157.7

3.2.4Summary

In this section, an equilibration method for lithition batteiesis proposed that significantly
reduces the seittlg time needed for a battery cell to reach an equilibrium state when SOC is
changed from one to a target value. An optimal current profiletareed using optimal control
theory along with the electrochemical model. The resulting current profile is implemented in a test
station and its performance is tested with a pouch type lithioimbattery with NMC/graphite
chemistry. The proposed OC pitefata constant temperature of 25f€luces up to 55.8% and
58.3% testing time compared with that by the current PR method dependent upon £1mV and
+0.5mV OCV error bounds, while the OC method 10°C and 40°C does1$4% and 33.7%
testing time, respegkly. As a result, the testing time can be significantly reduced regardless of

operating temperatures.
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3.3 Hybridized timefrequency domain analysis (HTFDA) method

In this section we propose a new method for measurement of the entropy coefficient based
ona hybridized timdrequency domain analysis (HTFDA) technidd&]. This method is similar
to the potentiometric method, but a sinusoidal temperature excitation is applied to the cell, and a
two-step data processing proceduraplied, which includes (1) background correction in the
time domain, and (2) entropy coefficient determination in frequency domain. In the first step, the
background correction decouples the relaxation induced voltage offset from thle¢alata by
fitting background voltage response with a polynomial equation, which reduces the usual multiple
hours of relaxation time to approximately 30 mimthe second step, the periotiec response is
analyzed in the frequency domain using a FT, which is thentoseetermine the value of the
entropy coefficient in the frequency domain. Due to the performance of the fast Fourier
transformation (FFT), the applicable equivalent TCR (ETCR) for the exciting step magnitude of

the temperature can be increased to 2.58C/m

3.3.1Principle

Opencircuit voltage Uoc) is the battery terminal voltage specifically at the ideal equilibrium
state that is given by the difference of equilibrium potentials of two electrodes. The equilibrium
potential is a function of a stoichiometriamber that represents ion concentrations, which is given
from the Nernst Equatiof#2]. Subsequently, thBoc varies with SOC, operating temperature,
and the degree of agirfg3]. For a fresh cellUoc is expressed only as a function of SOC and
temperatureJoc(SOC,T) When the cell is set to a specific SOC, thec should be solely
dependent upoii. This nonlinear function can be linearized using the Taylor seriegxpa

with the first order at a given temperatdieas follows:
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U
Uoe (T) =Uge(To) %(T T) 17)

Before measurement of thiac, the SOC should be set by a charge or discharge claneht
a new equilibrium of the terminal vofia should be reached, which takes hours or even days of
relaxation depending on the chemistry and structure of each elef@0pdehe measured terminal
voltage during the relaxatioN; (T,t) is expressed by sum of theUoc and the relaxation induced

time-dependent offset(t) as follows:

V, (T, 1) = Uy (T, 1) (1) (18

, Where the effects of side reaction and-dedtharge on the terminal voltage and the thermal
effects such asdat of mixing are presumably negligible at the lowvrents[48]. Thus, thev(t)

becomes independent of other side effects and temperature.

Based on this assumption, combining Bg) and Eq(18) can yield:

V(T = U (T) () Hoe(T 19

The left hand side term in E9) represents the measured terminal voltagémet and
temperaturel. The first and second terms in the right side refer tolbe at a reference

temperaturdy (referencéJoc) and the relaxation induced voltage offset. The last term represents
the temperature inducetloc change, which containshe entropy coefficient&_l?C and
u

temperaturd.
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When the temperature changes, Yhevaries as well. When a sinusoidal temperature is
applied to the cell, the resulting function of the last term should contain the same frequéaty as t

of the applied temperature function.

The FT of a sine function can be expressed with a sum of two Dirac pulses that have a positive

and a negative frequenéy

Agsin( 20 ft) @'5 & +) {d t) (20

When applying a sinusoidalrtgerature profile to the cell

T(t)=T, + Tsin(2o ft) (21)

, Where DT represents the amplitude of the temperature changefanepresents the

frequency, th&Joc expression irEq(19) becomes:

V(T =Une (T) M9 +T ‘:Toc sin( 20 11 (22

Fourier transformation of Eq§22) in the frequency domain results in the expressidodef

ARL(TY) @Uc(T) 1) @  g¥B L drgn) AF 9) 3

According to the superposition princigdéthe FT,V: in frequency domain is a sum of all of

terms. The first term in the right side refers to the(To) in frequency domain, whetdoc(To)
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does nb vary over time and contains only a DC component. The second term represents the
frequency response of the relaxatioduced voltage offset. Its FT results in a monotonically
decreasing function of the frequency that is hard to decompose in frequenay dartis easily
separated and removed in time donj&). Based on these facts aforementioned, a newste®
procedure is proposed that combines the time domain analysis with the frequency domain analysis,

which is called Hipridized Time and Frequency Domain Analysis (HTFDA):
(1) Time domain analysis for background correction

Previous study30] on voltage behaviors during the relaxation period has shown that the
voltage relaxation occurs rapidlyitially and slows down over time, allowing for the response to

be approximated by a parabolic function in the time domain as follows:

v(t)=a tat af (24)

By subtracting the empirical(t) from V¢(T,t) in the timedomain, the relaxation voltage offset
term is removed and the remaining voltage changes,(T,t) = Vi(T,t)-v(t) reflect the time
response to the temperature excitation (the last term in the right sidé2#)iaqd Eq(23) in time
and frequency domain respectively). The time domain background correction technique works to
compensate the effect of the lelagting voltage relaxation for the measurement of entropy
coefficient so that the measuremeatn be performed even at theweguilibriumstate, and thus

the testing time can be drastically reduced.

After the background correction in time domain, the expression 23a modfied to:
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(2) Frequency domain analysis for determination of entropy coefficient

The entropy coefficient is determined by transforming the measured response in time domain
to the frequency domaimsing the FT. The third term in EB3) reflects the contribution from the
first harmonicfi of the input frequency. When the temperafliis a sinusoidal function, change
in the Uoc(T,t) is also a sinusoidal furioh with the same frequency. The value of the Fourier
coefficient off; of this term contains the expression of entropy coefficient, thus the value of the

entropy coefficient can be determined by:

‘ MU ¢
MT

|2
-‘ DP(fi)‘ (26)

, whereP(f)) denotes the amplitude of the frequency spectrud @qc (T.t) atf=f.

The sign of the entropy coefficient is determined from the phase angle béfvaeenthe

correspondindJoc™(T,t) signal at frequencfy. The Fourier cofficient atfi expressed in E(R5) is

a pure imaginary number D&_IC_’C'E and its phase angle is either% or% dependent upon
0

the sign of the entropgoefficient. In the experiment, there is always a time delay between the
temperature excitation and the voltage change caused by the heat capacity of the cell, which leads
to a slight deviation of the phase angle change around its expected value, but aithange of

the sign.

Thus, the entropy coefficient is determined as follows:
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Rox = song ea(1) ¢ P(1) @

, Wwherel PA denotes the phase angle in radian at the frequency
3.3.2Experiments

In order b reduce the measurement time of the entropy coefficient, there are two possibilities,
increase of TCR and decrease/#it A new term Equivalent Temperature Change Rate (ETCR,
°C/min) is introduced to compare effects of sinusoidal temperature excitatiba oreasurement
time with those of the conventional potentiometric methods. ETCR is given as the temperature
amplitude divided by the time needed from the DC offset reference to reach the maximal amplitude

of the temperature. The relationship betweerghiiei, and theETCR is given as follows:

ETCR= 240 O (29)

The proposed measurement method for the entropy coefficient by HTFDA is applied to
lithium-ion cells and its performance is evaluated by comparisonthéthof the conventional

potentiometric method and the calorimetric method.
3.3.2.1Cell and test station

The battery cell used for the experiments and the test statiomsame as those described

in Section2.3.1
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3.3.2.2Design of expements

During experimental measurement and analysis, two tests were designed that aimed to
analyze the effect of ETCR and temperature amplitude on the measurement accuracyrand in
measure the entropy coefficient using HTFDA with the goal of companmgeisults with those

from the conventional potentiometric method and calorimetric method.

(1) Effects of ETCR and temperature amplitude

Initially, the cell is fully charged up to 100% SOC and then allowed to relax for 10 hours in
order to reach equilibria. At the equilibrium state, a sinusoidal temperature reference is applied
to themultifunctional calorimeteto create the same surface temperature profile of the cell. The
amplitude of the reference temperature is set @Wik15°C, and different rates &TCR are
selected from 0.5, 1.0, 1.5, 2.0 to 2.5°C/min. For each rate, two periods of the temperature were
applied. The data for the temperature and the voltage of the cell were collected at a sampling rate
of 2Hz.Secondlythe amplitude of temperature was increased from 5°C G 20@fle the ETCR

was kept constant at 2.5°C/m#ll other experimental steps were identical to previous conditions.

(2) Determination of the entropy coefficient

To start measurement of the entraefficient using HTFDA, the cell was fully charged at
25°C. Then, the cell was stepwise discharged at 0.1C for 30 minutes, which corresponds to a
discharge capacity step of 1.295Ah and 5% SOC decrease. After a step for discharge, the cell was
rested for30 minutes, so that the cell reached equilibrium. Then, a sinusoidal temperature profile
was applied to the cell. Detailed information of the values chosen fab,th#, fi, and the ETCR

is listed inTable6.
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The sinusoidal temperature excitation is held for two periods at first and then was kept at
25°C for 10 minutes for the cell to equilibrate and then repeated for the next discharge step. The
time for each SOC step ¢iTFDA requires 72 minutes and the totah& to complete the
measurement requires 34 hours. The data collected for the temperature and the voltage was used

to determine the entropy coefficient of the cell using the proposed HTFDA method.

The performance of the HTFDA is compared with that of theventional potentiometric
method and the calorimetric method. For the conventional potentiometric method, the same
experimental setup as HTFDA method is used. The value of TCR was selected to be 0.5°C/min in
order to obtain a linear relationship betweéést andT [28]. Other detailed parameters are also
listed inTable6. Theconventional potentiometric method required a total time of 294 hours for
20 SOC points. After copletion of the measurements, the entropy coefficient was determined

using the leassquares linear fit to the slopedbcto T.

Table6. Parameters and comparison of the required time for measurement of the entropy
coefficient betveen HTFDA and conventional potentiometric method (CPM).

HTFDA CPM

®pPSOC /| % 5 5

TO/°C 25 25

T |/ AC 10 10

fi / mHz 1.04 -

ETCR / °C/min 25 0.5
Measurement duration per SOC / h 1.2 14.7

For validation of the calorimetric method, the designed multifunctional calorimeter is used.

The cell wadully charged and thedischarged at 0.1C to certain SOC. After reaching equilibrium,

60



a testing profile consisting of a 120s 2C discharge, 1h resting, and 120s 2C charge was applied to
the cell. The calorimeter measured the total heat generated during the discharge and charge

separately while maintaining the temperature of the cell at 25°C.

The measurement was performed by decreasing the SOC from 80% to 20% with

S O C = 1Toeentropy coefficient was determined[B]:

lJ'UOC o Qdis -Qch
uT 21.Tt,

(29)

, WhereQ,, and Q,, denote the total heduring discharge and chargg, = 1, I5( O},

andt, =t, =%,. The entropy coefficient determined by the calorimetric method is an averaged

value over the SOCmge (6.7% in our case) assessed during the charging and discharging process.
3.3.3Result and discussion
3.3.3.1Selection of an optimal ETCR

Figure 15 (a) shows the average measured surface temperature obtained by avéeaging t
readings of three thermocouples (TC1~TC3) of the cell at different ETCR$,.3RC/min,
R2=1.0°C/min, R=1.5°C/min, R=2.0°C/min, and &=2.5°C/min. The corresponding responses of
Uoc were plotted irFigurel5 (b). For a clearer representation, the raw datdogfwere smoothed
by means of a moving average filter and plotted as curves in the following figures. At 100% SOC,
the Uoc is in phase with the change of the temperature, which indicates a positive entropy

coefficient.
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Additionally, the frequency spectra bioc obtained by the FFT is plotted in Figure 2 (c),
where the highest peak is located;at 0.104, 0.208, 0.312, 0.417 and 0.521 mHz for each case,
which corresponds to the fundamental frequency of tGetémperature excitation at o Rs,

calculated by E@28). These peaks show a similar magnitude to each other despite the different

frequencies.
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Figure15. Averaged surface temperatamed (b) Wc response versus time for different ETCRs:
R1=0.5°C/min, R=1.0°C/min, R=1.5°C/min, R=2.0°C/min, R=2.5°C/min, for clarity, only
one period test of Rvas plotted; (c) frequency spectra afdJat 100% SOC.

The entropy coefficients for eaclase were calculated using Eg7) and plotted irFigure

16 (a) as a function of different ETCRs. The black dashed line indicates the entropy coefficient
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measured by the ceantional potentiometric method, where the values of the determined entropy
coefficients at the different ETCRs are in good accordance with the reference value of 4%761x10
V/K. The relative errors to the reference value are less than 3.7%. As a reseltfect of the
variation of the ETCR of the temperature excitation on the measurement of the entropy coefficient

for the proposed method is negligible.

For the determination of the entropy coefficient, an appropriate ETCR is selected by

consideringhefollowing three facts:
(1) The ETCR of the temperature excitation has little impact on the measurement result.
(2) The higher ETCR is, the shorter becomes the measurement duration.

(3) The maximum temperature change rate of the cell is limited by the gibaating

capacity of thenultifunctional calorimeteand the heat capacity of the cell.

Consequently, 2.5°C/min is selected as the optimal ETCR, and is applied for the following

tests.
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Figurel6. Comparison of determined entropyefficient at different (a) ETCR and (b)
temperature amplitudes at 100% SOC. The entropy coefficient measured from conventional
potentiometric method, as a reference (black dash line).

3.3.3.2Selection of an optimal temperature amplitude

A series of temperata excitations at a fixed ETCR = 2.5°C/min with different amplitude

(pF2. SAES5AMDELIGRAGS 1 5p8AC  w20tC) vepie applied to the cell. After the
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ETCR has been fixed at 2.5°C/min, different amplitudes of the temperature excitation are applied
to the cell in order to find an optimal value for the measurement of the entropy coefficient. The
average surface temperatures and the corresponding responsesud plotted irFigure19 (a)

and (b). As seen herthe amplitude oblocis in phase with the temperature. The amplitude of the

peaks are plotted iRigure19 (c), which tends to decreasecaddecreases from 20°C to 2G&°

For the lithiumion cells, the value of the entropy coefficient is usually in the order 10
10° V/K. When op Toecomes small, the value of thiec change by a variation of temperature
becomes small and is easily mashe the noise. As shown Figurel9( ¢ ) , whe 1€, T i

the amplitude of the peak fats too small to identify. Thus, a large measurement error is induced.

Figurel6 (b) showsacomparison of the calculated entropy coefficient of the cell at different
temperature amplitudes. Foz main dasnipFivalue of the o f
determined entropy coefficients are very similar and are all close to férermee. When the
amplitude of the temperature was decreased lower than 5°C, the error began to increase. At
o 1=2.5°C, the relative error was 36.8%. Thus, a large temperature perturbation is required to

maintain the accuracy.

However, the high temperaturange results in a long measurement time and potentially
exceeds limitation of the safe openatitemperature range, 15~40°9C] [44]. Therefore, a
compromise has been found between the measuremmmiaay and the measurement duration,

whereg E10°C at the referenck=25°C is chosen.
3.3.3.3Background correction of voltage offset in time domain

(1) Analysis
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The terminal voltage during resting includes a twaeant voltage offset thas measured

after 10, 20, 30 and 65 minutes and at differen€§Qvhich are plotted iRigure17. The offset

voltages see the most significant decay within the first 10 minutes, which is caused by the

equilibration of the lithiurion concentration within the particles andthe diffusion process of

ions across the electrod&3]. In addition, the decaying behavior of the offset voltage is dependent

on the SOC, which can be caused by the SOC dependent diffusion coefficient diidihe ilins

in solid state445], [46]. Typically, the cell would be required to reach equilibrium prior to

proceeding, however, in this method, a correction can be toadmove the relaxatiogifect and

determine the response with respect to the equilibrium potential.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

: | | : —=—10 min|
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Figurel7. Voltage offset after resting time of 10, 20, 30 and 65 minutes as a function of SOC

(2) Correction
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When a cell isthermally excited at a neequilibrium state by applying a sinusoidal
temperature perturbation, the terminal voltage immediately responds and tends to follow the
applied temperature profile, but with an offset to the reference. The measured voltagés,at 100
50% and 20% SOC are plotted Fingure 18 (a)(c) as red solid lines. In order to remove this
relaxationinduced voltage offset from the measured voltage curve, a correction was made using
an empirical function it is obtained by a curve fitting of voltage offset cw{®. To perform
this correction, the terminal voltage is collected at the reference temperature of 25°C at rest in the
10 minutes prior to and following the temperature excitation, and then amattexi by a parabolic
function, as Eq(24) (black dashed lines). Finally, the compensated voltdge (T,t) is obtained
by subtracting the polynomial functior(t) from the terminal voltage, so that the remaining

Uoc (T,t) changes only include the response to the temperature excitation (solid blue lines).

The voltage responses are analyzed in the frequency domain and the corresponding
frequency spectra before and after théage correction offset are plotted Figure 18 (d)-(f).
Prior to the correction, the spectra includes a fundamental frequency and harmonics. The amplitude
of the harmonics monotonically decreases as the frequanmases, which is caused by the
polynomiatshaped voltage offset in time dom§7]. Following the correction, the amplitude of

the harmonics is decreased aside from that of the fundamental frequency.

The intent of compensat for the voltage offset is to minimize the effects on the measured
terminal voltage, which results in reduction of the relaxation time. By employing this method for
HTFDA entropy coefficient measurement, the time to reach éqguin is significantly redced
compared to other methods, and the time necessary to sample at each SOC is less than 0.5 hour.
In addition, the method reduces the resting time to 80%~95% of that by the conventional

potentiometric methof#8] [31].
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Figurel8. Measured voltage, background offset and the voltage after correction at (a) 100%
SOC, (b) 50% SOC and (c) 20% SOC, and (d) ~ (f) the corresponding frequency spectra.
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Figurel9. (a) Averaged surface temperature and (&) tdsponse at different temperature

amplitudesgir1=2.5°C,qil 2=5°C, il s=10°C, ol 4=15°C andypls=20°C; (c) frequency spectra
of Uoc at 100%SOC.

3.3.3.4Comparison of the HTFDA method with others

Firstly, the effectiveness and the necessity of the-tioreain background correction was

evaluated by comparing the measurement result from HTFDA with the data measured by the

conventional potentiometric method (CPM) as a reference.

Three profiles are shn in Figure 20 (a), where the orange line indicates the entropy

coefficient profile calculated using frequency domain analysis (FDA) by2&).but without the
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backgrounctorrection. The red line indicates the entropy coefficient by HTFDA method including

the background correction, and the blue line represents the CPM.

At high SOC ranges from 70% to 100% SOC, all three methods provide similar values of the
entropy coeffieent. As SOC decreases, the difference in the measured entropy coefficients
between the noenoorrected FDA and the CPM begito increase, becoming noticeable at 65%
SOC and significant below 10% SOC. This tendency aligns well with the profile of the voltage
offset at different SOCs, as shownHRmgure 17, which is the primary cause for the discrepancy.
This discrepancy can be minimized by applying the background correction in HTFDA method,
which illustrates that the @asurement result is in good accordance with that by CPM for the SOC
range from 0% to 100%, as seen in Figure 7(a) In addition, both results by HTFDA and CPM show
a similar trend, with values in good quantitative agreement with the published data fe MO

blended cells collected using the potentiometric mefa6{50][51].

As seen in Figure 7(a), the measured entropy icieft for the cell ranges fror8.7x10*
V/K to 1.0x10* V/K, with a shift in sign around 88.5%, 65.5% and 37.8% SOC, respectively,
which indicates a transition between endothermic and exothermic reversible heat generation. It
should be noted here thatetltrends in entropy coefficient are not representative of a single
electrode or material in the cell, rather, the magnitude and the shape of the entropy coefficient is
affected by the competing reactions of both electrodes and the associated entropjocieaaye
For example, when considering LMO as cathode chemistry, the entropy coefficient generally
decreases from positive to negative values during the transition from a fully delithiated to lithiated
state, a local valley at around 85% SOC is typicstig{28] [49]. This gradual shift from positive
to negative as seen in Figure 7(a) is representative of this phenomenon and the overall entropy

coefficient varies beteen 1.0x18 V/K and-3.5x10* V/K, which is comparable to the 2.5x40
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V/IK to -3.7x10* V/K range typically seen for LMO. In contrast, the curve of the entropy
coefficient for the NMC cathode is rather smooth and its variation is quantitatively smaller i
comparison and ranges from 0.3%1/K to -1.7x10* V/K [18][21], which indicates a minimal
impact on the shape of the curve. Additionally, the entropy coefficient for a graphite anode shows
a distinct plateau around 40%~55% SOC and 60%~85% SOC bexfgpisase transitiongb2]

[53] and its range is3.7~1.8x1¢ V/K, similar to the additional phenomena seen in Figure 7(a).

The review above reveals that the shap&efentropy coefficient of the cell used in this
work, as shown ifrigure20(a) is qualitatively similar to that of a cell with the graphite and LMO,
where the peak, the inflection points, and the valley are sho@h% SOC, around 85% SOC,
and at 5% SOC, respectively. In addition, the inflection points near at 65%, 35%, and 10% SOC
correspond to x=0.52, 0.27, and 0.09 ofCLin graphite, which indicates potential structure

changes from the stage 2, to stage 2Lstade 453].

Though the conventional potentiometric method (CPM) enables an accurate and reliable
measurement of the entropy coefficient, it takes several weeks to obtain an entropy coefficient
SOC curve at e condition. This drawback is primarily caused by two factors: prolonged
relaxation time caused by lotgrm equalization effect, and limited TCR (lower than 0.5°C/min)
in order to obtain a linear relationship betwékst andT [28]. Over the course of our study, the
implemented CPM in the test station took around 294 hours across 20 SOC points, which includes
a 12hour relaxation and a 2our temperature excitation per SOC. Further improved 30y
that employed the background correction approach was able to drastically reduce the relaxation
time to 1.5 hour per SOC, but the time for the temperature excitation still requires the same time

as that of the CPM with a TRC= 0.5°C/min.
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The proposed HTFDA method not only takes advantage of the background correction to
shorten the relaxation time, but also incorporates the frequency domain analysis for the entropy
coefficient measurement, which is applicable at increas&RHip to 2.5°C/min. fie overall time
needed foHTFDA ateach SOC step i®duced to 72 minutes, which results in significant time
saving, requiring only 34 hours for a complete measurement procedure, which is 52% less time

t hat by Os s wal 4%dess tharthahby GPMand 8 8.

As seen in Figure 7 (b), the result by the proposed HTFDA method is compared with that of
the calorimetric method (CM), where the measurement using the CM is repeated three times and
its average value is plotted with green homntad lines. The vertical thickness of the green boxes
indicates the maximum error. The proposed HTFDA method produces similar values to that of the
calorimetric met hod within the CMOs measur at
drawbacks. For one, it rages an isothermal condition during testing, which is achieved through
the use of a set of wetlalibrated and highly dynamic calorimeters, which are not trivial to design
or obtain. In addition, the calorimetric method can only determine an averagauyertefficient
over a limited SOC range. Moreover, its accuracy is highly affected by the size of the cell and
amplitude of the charging and discharging current because of the-sigrase ratio[28], and
the Ohmic resistance of the cell that is related to the irreversible heat gen¢t8iionherefore,

accurate measurements are difficult to obtain.
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Figure20. Entropy coefficient as a figction of SOC for graphiteMO/NMC battery by HTFDA
and comparison with the measurement results from (a) conventional potentiometric method and
(b) calorimetric method.

(1) Effect of reference temperature

During the operation of electric vehicles, electscooters, and portable electronic devices,
the ambient and operating temperature of the battery cells can vary widely, and knowledge of the

entropy coefficient across the operating range is critical. Therefore, the entropy coefficient at
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different referace temperatures was measured using the proposed HTFDA for further analysis. A
graphiteLMO/NMC cell identical to the one used in the previous section was utilized, and the
reference temperatures were set to 0, 15, 35 and 45°C. Before the measuremeiitr3hghe
capacity of the cells was measured using the C/3 CC/CV charging and discharging method under
0, 15, 35 and 45°C. In addition, all the parameters of the sinusoidal temperature excitation were
identical to those listed iMable6. It was determined that at lower temperatures, such as 0°C, the
relaxation voltage after 30 minutes still exhibits an exponential decaying pattern because of the
slow relaxation of lithiurrion in solid, which causes a large ermottiie parabolic approximation

that was used for the background correction and the corresponding measurement results.

Therefore, the resting time after the discharge was extended from 30 minutes to 1 hour.

The entropy coefficient profiles at each refereiereperature are plotted igure21, where
their shapes are identical, including all the critical inflection points. However, the absolute
magnitude of the entropy coefficient is dependent upon the reference atun@eiWhen the
temperature changes, the absolute value of the coefficient tends to follow regardless of the SOC,
which is similar to those published in previous wof&8] [54]. In addition, the extent of the
temperaturalependent effect varies at different SOCs, with the most notable effect being in
40%~60% SOC range, where phase transition occurs in the fB&jdEnd cathod [56] active

materi al s. Since the entropy cibnsargaderédpShe r e f |
electrode material lattices, the value of the entropy coefficient ( y_) is accordingly affected

by the structure change and phase transitiatoccurred in the anode and cathode active materials
at different temperatures. Based on the XRD analysis on NMC/LMO blend c§87¢{&F], both
NMC and LMO phases exhibit a structural change at different temperatures. The graphite anode

also exhibits the changes in layer spacing and the range of certain phases when temperature varies
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[58]. Consequently, the value of entropy coefficient varies with reference temperature of the

measurements.
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Figure2l. Entropy coefficient values of commercial grapiitdO/NMC battery at different
temperatures of°C, 15°C, 25°C, 35 and 45°C.

(2) Effect of aging condition

In order to investigate effects of the aging condition on the entropy coefficient of the battery,
four cells were cycled with 2C charging and 4C discharging at 25°C. The capacity of the cells
were measured with @/discharge rate at 25°C. After 200, 250, 300 and 325 cycles of the aging

tests, the capacity fade of the cells reached 4.85%, 8.88%, 14.65% and 19.23% that corresponds
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to Endof-Life (EOL), respectively. The entropy coefficient of the aged cells wereureshby
applying the HTFDA method at 25°C, where the parameters of the sinusoidal temperature

excitation were the same as those listefahle6.

The entropy coefficient profiles as a function of the dischargectagpfor the cells at
different states of aging are plottedrigure22. The resulting curves are similar in appearance,
but scaled alongvith the magnitude of the entropy coefficient and shifted towards higher SOC
values. With increased capacity fade of the cell, the flat portion of the entropy coefficient curve
between 65% SOC and 85% SOGAY ) becomes smaller and resul
when the cell reaches EOL. lectaddi tpioom,it tCHe&Oopl
to the left at higher SOC. Moreover, the range ofiliec/dT decreased as the cell aged. The value
of dUod/dT for a fresh cell ranged fror8.51x10* to 8.81x1¢* V/K, while the entropy coefficient
range of the cell with 193% capacity fade i8.23x10*to 7.72x1¢ V/K. When the cell is getting
aged, the anode structure is changing during the degradation process. Based on the XRD analysis
of the electrod¢59], the graphite anodef the aged cell shows larger graphene layers stacking
disorder. This will affect the Lintercalated state of positive and negative electrode and thus, the
value of entropy change (or entropy coefficient), as one of the thermodynamic parameters, will be

changing accordingly.

76



toaott B B
0.0

oot T T TN

dUq/dT / VIK

20000

—=— 4.85% CF| |
41 !
-3.0x107 . g8 CF
—+—14.65% CF| |

19.23% CF|

-4.0x10* | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
1.0 09 0.8 0.7 0.6 05 0.4 0.3 0.2 0.1 0.0
SOC

Figure22. Entropy coefficient values of commercial grapiitdO/NMC battery at different
aging conditios.

3.3.4Summary

In this section, a fast and accurate measurement method of entropy coefficientuor lithi
ion batteries is proposed, which is based on a hybridized-ftagaency domain analysis
(HTFDA). The HTFDA works in two following sequential steps, tid@main background voltage
offset correction and frequenchpmain entropy coefficient determinatiof.test cell is excited
with a sinusoidal temperature generated by the multifunctional calorimeter that follows the

reference input with high and accurate dynamics, and the terminal voltage of the cell response is
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measured. The excitation temperature nésdgarameters, ETCR and the amplitude, which were

determined with consideration of the effect on the time and accuracy of the measurement.

The cell used for experiments is a large format gratM®/NMC pouch type lithiumion
battery. The results of ¢hentropy coefficient measurement are compared with those measured by

the conventional potentiometric method and calorimetric method.
Here is a summary of the major outcomes:

1 HTFDA allows for fast and accurate determination of the entropy coefficieat as
function of SOC.

1 The accuracy of the HTFDA method is comparable to that of the conventional two
methods.

1 The measurement time of the HTFDA is drastically reduced to around 1/10 of that of
the conventional potentiometric method.

1 Entropy coefficient profile are measured and compared at different reference
temperatures and aging conditions, which allows for analysis of reversible heat source

terms under real operating conditions.

3.4Improved frequencgomain calorimetric method

3.4.1Principle

Based on the expressi of he total heat generategiven as Ed5), the reversible and
irreversible heat source is expressed as a function of the input cuaedi?. If a sinusoidal

current profile is applied to the cell,
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I (t)= D sta(2oft) (30)

, where DI and f, denote the amplitude of the current change and the frequency, the

expression of the total HGR inside the cell (B).becomes:

d

Qua (1) = - IDsir@ 2 ft) T —0O( 1)* sif P24Q R (31)

The function in frequency domain by Fourier transform results in:

DIT dUg

Ag.gmtal( ) g o aT @d()f fi)+ (Q’f- fi)
@U

(32

pa{f 2f) 24f) (d-21) g

Eq.(23) includes two terms, and indicates that by applying a sinusoidal current excitation to
the cell, the reversible heat source includes the first harmonic freqfievitje the irreversible
heat source contains the second harmonic frequencih2refore, sepation of the two parts is
possible by analyzing their frequencies in the frequency domain. In addition, the entropy
coefficient and internal resistance of the cell are the key parameters for reversible and irreversible

heat and are further identified.

As shown in Eq.(23), the Fourier coefficient ofi contains the expression of entropy
coefficient, which is used to determine the value of the entropy coefficient from the amplitude of

thefrequency:
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=l——P(f )‘ (39

, whereP(fi) denotes the amplitude of the frequencyéchtotal ( f) atf=f;.

Similarly, the sign of the entropy coefficient is determined fromphase angle at the
frequencyfi:

édUoc g

% p [PA( f
sgn8 o lflsgrg () . (39

, WhereT PA( f) denotes the phase angle in radiafht Thus,the entropy coefficient can

be calculated as follows:
dUgc o ..
—2% =gsgne IPA( P ) 3
25 =sgng (.)%‘zﬁ(f)‘ (35

On the othehand, the Fourier coefficient of; 2ontains the expression of internal resistance,

which is used to determine the value of the internal resistance:
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_4p(2f)

(o)

(36)

3.4.2Experiments
3.4.2.1Cell and test station

The batery cell used for the experiments and the test statithe same as those described

in Section2.3.1
3.4.2.2Experiments procedure

The characterization of the reversible and irreversible heat souasgrerformed at 25 °C
using tke calorimetric method previously described. Initially, the cell was set to a specific SOC
and a sinusoidal current was applied to the cell for six periods at different SOCs (10%,
20 %, €90 %)exl=38.854 (1.&6C) andl = 0.0025Hz. The values of the ety coefficient
and internal resistance were measured using the proposed method. The measured entropy
coefficient result was compared with the one by the conventional potentiometric method as shown
in Section3.3.3.4 The measwd internal resistance was compared with the conventional EIS
analysis by summing up the Ohmic resistance, SEI resistance, and charge transfer resistance,

which were extracted from the EEBCM.
3.4.3Result and discussion

The two key parameters, entropy coeéfit and internal resistance of the cell, are
determined by experimentally measuring the two heat source terms using the proposed

calorimetric method. The applied input sinusoidal current and the voltage response as output at

81



30%, 60%, and 80% SOC are pémt inFigure23 (a) and (b). The corresponding HGRs of the cell
are plotted inFigure23 (c.1) ~ (e.1) in time domain, where the signal of the HGR contains an
additional freyuency to that of the inpdt The corresponding frequency spectra are plotted in
Figure 23 (c.2) ~ (e.2), where two peaks at the fundamental frequierand the second order
harmonics R are observed. The peakfacorresponds to the reversible heat source, while the one

at Zi corresponds to the irreversible heat source.
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Figure23. (a) Input current, (b) terminal voltage response, and measured HGR at (c.1) 30%
SOC, (d.1) 60% SOC dre.1) 80% SOC in time domain and the corresponding frequency
spectra (c.2) ~ (e.2).
Based on E@27) and(36), the values of the entropy coefficient and the internalteesis

are calculated. The calculated entropy coefficient as a function of SOC was pldtigdra24
(a) with the blue dots. Its values range franb3x10* V/K to 1.18x10* V/K in the SOC range of
10% to 90%, adh its sign is altered around 40%, and 70% SOC, respectively, which indicates a
transition between endothermic and exothermic reversible heat generation. In addition, the entropy
coefficienti SOC profile measured by the potentiometric method is also glottegure24 (a)
with the red dots, which delivers similar results including the shape, magnitude and inflection

points. In fact, the proposed calorimetric method measures an averaged entropy coefficient over a
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limited SOC range by the input current, which results in a slight shift of the curve position in the

horizontal directionas shown irFigure24 (a).

Figure24(b) shows interal resistances at different SOCs that are calculated by the proposed
calorimetric method and characterized by EIS method. Both curves are in good agreement with
each other, rami ng of 1.71 mq to 3.01 mgq, [60f[6l]l.dh i s s
addition, the internal resistance of the cell varies as a function of SOC, which geineratses
as SOC decreases, which indicates that more irreversible heat is generated when the cell operates

in the low SOC range.

The total testing time for the measurement of entropy coefficient and internal resistance by
the conventional methods is appimately 15.2 h and 3.8 h per SOC point, respectively. However,
the proposed calorimetric method is able to simultaneously determine the two parameters, and the
overall testing time is reduced to 1.5 h per SOC, which saves 92% of the time cost by the

cornventional approaches.
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Figure24. Calculated (a) entropy coefficient and (b) internal resistance as a function of SOC
from the calorimetric method and comparison with those by potentiometric method and EIS

method, respectively

Thedetermined entropy coefficient and internal resistance of tharedlirther verified by
comparing the calculated reversible and irreversible heat generation with the experimental
measured results. The cell was initialgt to a specific SOC. After tasy, a testing profile
consisting of a 120s 2C discharge, 1h resting and 120s 2C charge was applied to the cell. The same
setup of the calorimeter was used to separately measure the total heat generated during the
discharge and charge while maintaining teamperature of the cell at 25 °C.
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During discharging or charging process, the SOC changes by around 6.8%. Thus, it is
assumed that the values of #r@ropy coefficient and internal resistance do not vary within such
SOC window, so the irreversible helaring discharge and charge is identical, while the reversible
one has the same amount but the sign is opposite. Then, thédatajeneration during the

discharging and charging process can be written as follows:

.. dU.. .. ..
Qotal—dch = -IO Tp_d-lg:_ t @ B (Qv Qirr[’ (37)
Qtotal— ch = IO -Q %érjﬁ t C[)(Z)IJQ +1 . revo er (38)

, Wherelo = 51.8A (2C),To = 298.15K, andet= 120s. The ternQrev and Qir denote the
reversible and irreversible heat during discharge, which can be determined by rearrar{8ing Eq.

and(38) to yield:

(Qtotal- dch _Qtotal-cr)/ 2
(Qotal-dch -'Qotal -ch)/2 .

QI’E‘V

(39
QIIT

The measurements were performed from 80% to
each SOC, the test was conducted three times, and an averaged tot@icheat] Qir were
determined. Then, the calculateglversible and irreversible heat is obtained by applying the
determined parameters of entropy coefficient and internal resistandggifGp The results from

the measurement and the calculation are plott&igure25.

Figure25 (a) shows the averaged total heat generation during the discharging and charging

at each SOC, where the error bars represent the standard deviation. Geméeston of the cell
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varies at different SOCs during the discharging and charging process. During discharging, the heat
generation at high or low SOC ranges is greater than that at mid SOCs, and it becomes exactly
opposite during charging, which is cadsby the reversible heat generation of the cell, which has
previously been seen to be endothermic or exothermic. In addition, the magnitude of the reversible
heat generation depends upon the magnitude of the entropy coefficient. The value of the entropy
coefficient at 60% SOC and 70% SOC is 1.18%WK and-1.68x10° VK 1, respectively, which
isseven times as large at 60% as that at Aa%ordingly, the absolute differences of the measured
total heat between discharging and charging at 60% and 70% 8034 kJ and0.05kJ,

respectively, which is also a factor of seven times greater in magnitude.

Figure25 (b) shows the averaged values of each source for the discharging process, where
the error bar indicates ttetandard deviation. At different SOCs, the heat generation caused by
reversible and irreversible heat have different values. The irreversible heat is always positive and
is a function of SOC that is similar to that of the internal resistai®@C curve sbwn inFigure
24 (b). As for the reversible heat, its magnitude is lower than that of the irreversible heat, but the

sign can be negative dependent upon SOC. In fact, fro(B)Etihe sign of the reversible heat is

dependent on the sign of the applied current anéj—g?é. The measureg% -SOC relationship

dUqc

in Figure 24 (a) shows that the vaduof e is positive between 50% and 70% SOC, and is

positive in the rest SOC range. Thus, for dischalg@)( the reversible heat is negative during
50%~70% SOC, and becomes positive value at other SOC points. Since the measurald in
resistance and entropy coefficient are average values within an SOC range ofé&gd%atOC

point, the calculation error may occur due to the assumption that the values of the entropy

coefficient and internal resistance do not vary within sSOIC window.
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The irreversible heat generation from the calculation and the measurement are plotted in
Figure 25 (c), where two results are qualitatively similar. Additionally, the magnitude seen via
measurement is satler than calculated. The mismatch is a result of part of the heat generated

stored in the batterf$2], which is not compensated for in the proposed calorimeter.

In reality, when the cell is charged or discharged, part oh#a generation stored in the
battery results in an increase in the internal temperature. The relationship between th@agtual (

measurable@mea) and storedQst) heat can be expressed as:

Qact. = Qmea -|QStO' (40)

Thus, the expression of the irreversible and reversible heat frd@0Eig. modified to

Qmea irr = gQact— dch -Qsto) (-iQact— ch Qst) /@ Q%.ct irr Qst
Qmea rev— gQact dch -Q stg (-Q act ch Q sl /@ Q:act irr .

(41

Consequently, the amplitude of the measured irreversaaieis lower than that of the actual
value, while the amplitude of the measured reversible heat should be equal to that of the actual

value.

Finally, thereversible heat generation from the calculation and the measurement is compared
in Figure 25 (d). Since the heat capacity does not affect the measurement of the reversible heat,
the measurement results tend to follow the calculation results, where the highest exothermal and
endothermal reversible heat are at 28086 SOC and 50460% SOC, respectively. However,

there are some discrepancies in the magnitude caused by the inherent errors of the simplified
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thermal model of the battery, errors of the measured entropy coefficient, and the assumed average

entropy coefficienfor calculation.
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Figure25. Measured (a) total heat during discharge and charge and (b) irreversible and reversible
heat during discharge. Comparison between the calculated and measured (c) irreversible and (d)
reversible heatuting discharge.

3.4.4Summary

The proposed calorimetric method provides a fast and accurate tool for determination of

entropy coefficient and internal resistance, which saves 92% of testing time compared with the

conventional methods.
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3.5Wavelettransform basedimultaneous and continuous characterization method

As a matter of fact, the entropy coefficient continuously varies as a function of SOC. Those
classical methods and the newly proposed ones in the previous sections can only determine the
entropy coefficent at given SOCs, which results in discrete values. Thus, interpolations of the
values are needed for applications like modeling where continuous values are preferred. There are
some suggestions for a continuous measurement of entropy coefficient byngpaty
electrothermal impedance spectroscopy (ETIS) with piecewise Fourier trar8fgrnthe heat
generation is estimated by the variation of surface temperature of the cell with a thermal transfer
function that requires a sigicant amount of experiments in advance. In addition, the Fourier
transform requires a proper length of the windowed piece of the data. In fact, a large piece of data
reduces the time resolution while a small piece has a drawback in analyzing low dsequen
response$63]. On the other hand, the internal resistance measured from the abovementioned

approaches is also discrete with respect to SOC points.

In this section, we propose an improved calorimetric method that enableas®ous
characterization of the two thermal parameters, where the resulting data is a continuous function
of the SOC[64]. This method is based on the tifintequency domain analysis using wavelet
transform technique and implemted into a previously developed high performance
multifunctional calorimeter. The wavelet transform is the technique that analyzesetireg
signals and simultaneously displays functions and their local characteristics ifreinency
domain. Basic#y, it expands targeted functions in terms of a set of basis functions, named as
mother wavelets, where the temporal analysis is performed with a contractedrehigincy
version of the mother wavelet, while the frequency analysis is performed withteddilow

frequency version of the same wavggs].
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This technique is used to simultaneously characterize the two thermal parameters. Firstly, a
cell is mounted in the calorimeter, where a sinusoidaicAftent superimposed thia small DC
current is applied and the heat generation rata @sponse is measured. The measured heat
generation rate profilés processed by the continuous wavelet transform, which delivers the
entropy coefficient and internal resistance as a funafoSOC. The results are compared with
those measured by the conventional potentiometric method and EIS analysis, respectively. In
addition, the determined parameters are applied to a simplified battery thermal model for the

calculation of the total hegeneration.

3.5.1Principle

In Section3.4.1, we have illustrated that the reversible and irreversible heat can be easily
separated in the frequency domain, and the corresponding parameters: entropy coefficient and

internal resistare are expressed as the amplitudes of the terms (82Eq.

The wavelet analysis technique is a powerful tool to detect and analyztationary time
series signals by decomposing the signals into aftietriency spacks6]. The wavelet transform
has two basic transform features: continuous wavelet transform (CWT) and discrete wavelet
transform (DWT). CWT is more suitable for extraction of a signal feature while DWT is for data
compression and signae-eoising processing applicatiof®7]. Therefore, the CWT technique
was selected for analysis of the heat generation response of the cell, which allows simultaneous

analysis of the heat generation signal in batquency and time domain.

The CWT analyzes the signals using wavelet basis functions, called mother wavelet in two

aspects: (a) temporal analysis performing with a contracted{fta@ghency version of the mother

91



wavelet and (b) frequency analysis pemniong with a dilated, lowfrequency version of the same
wavelet. The mother wavelet is generally exprésse

1 t-b

Yan(t) :_aycf:e? (42

Qo

, Wherea andb denote the scaling and shifting parameters of the mother wavet¢iofun
which represent the factor of the translation and the center of the mother wavelet, respectively and

tis the time coordinate.

The CWT projects the timdomain heat generation signal on the mother wavelet function at
different parameter sets, resodf in the wavelet coefficient that describes the correlation between

the heat signal and the mother wavelet function, which is expressed as:

Wa,b (l" S) = ﬁu Qotal( l) OZb d1 (43)

, whereUands denote the position of a wavelet ime and frequency domain, and * denotes

a conjugated complex number.

Eq(23) includes the modulus of the wavelet coefficient at frequendlyat is used to
determine the magnitude of the entropy coefficient asnatifan of time, while he sign of the

entropy coefficient is calculated from the phase angle betwggnand the corresponding

Q.w () signal at frequencl. Thus, the entropy coefficient is determined as follows:

dUgc

- (1) =sang (1) HDlTHV\é il (44
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, where\'r PA(t, )| denotes the absolute value of the phase angle in radian at dinoke

frequencyfi.

In Eq(22), thephase angle isteiher or O should the sign o
positive or negative. In real experiments, thereldeen a time delay between the current and the

heat generation because of the cell s heat <ca

angle around its expected value.

On the other hand, the value of the internal resistance as a function of time can be determined

from the amplitude of the wavelet coefficient at frequerfcy 2

R(9= gy M2 ) @

The simultaneous and continuous characterization of reversible and irreversible heat sources
is accomplished by offsetting the sinusoidal-&@rent with a small DC curreni) that serves to
continuously change the SOC of the cell. The value of the@nt should be relatively small,
so that its effects on the overall tiffrequency domain analysis can be neglected. Then, the SOC

as a function of time is calculated by:

Rl (£)d ¢
soc( )= so¢ M F00% (46)

, whereSOC andQmaxdenotes the initial SO&nd the maximum capacity.
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Using Eqs(44)-(46), the entropy coefficient and internal resistance as a function of SOC is

simultaneously and continuousiptained.
3.5.2Experiment
3.5.2.Cell and test station

The battery cell used for the experimentihessame as those described in SecAdhl The
schematic diagram of the test station is showsigare26. In order to generate a sinusoidal current
signal, a power supply is connectedattelectronic load in parallel as a combined current source.

The power supply outputs a DC current, while the electronic load generates adsihcsoient

load with a compensated DC offset, which is the same magnitude but opposite sign to the one
generated by the power supply. Thus, it can be assumed that the sinusoidal current is ideal whose
maximum amplitude and frequency can go up to 100Al@tdz. During the tests, the terminal
voltage and the surface temperature of the cell are measured and collected. Measurements of heat

generation rate are carried out usihg multifunctional calorimeter

Power Supply

Eg o 0 | F——

£ o o o Thermal Chamber
: Electronic Load Sinusoidal

current
excitation -
PC To Current Caloritmeter
D AQ - Voltage
o Temperature Cell I
LabVIEW
Heat GenerationRate
L | | 1 | Calorimeter control siznal - ________________

Figure26. Schematic @gigram of the test station
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3.5.2.Experiments procedure

The cell to be tested was placed in the calorimeter located in a thermal chamber, where the
ambient temperature is set to 25°C. Initially, the cell was fully charged at 25°C using €% CC
protocol, dischargd with C/3 to reach 90% SOC, and rested for an hour to let it reach equilibrium.
The starting SOC point of the measurement was at 90% instead of 100% in order to prevent the
cells from overcharging during the first cycles of the sinusoidal current eswijtathich was
selected by rough estimation. To start the measurement, a sinusoidalr®@t with a discharge
DC-current offset was applied to the cell until the terminal voltage reached the cutoff value. The
amplitude and the frequency of the sinuso@lc ur r ent p r=038.85A @.5Cyanfl e
= 0.0025 Hz, respectively. The Bdlirrent continuously changes the SOC of the cell and its
amplitude is selected with a small value of 1.295A (C/20) that should not adversely affect the
overall timefrequency domain analysis. The experimental procedure took a total time of 17.3 hrs.
The input current and the corresponding terminal voltage, heat generation rate and the surface
temperatures of the cells were recorded with a sampling frequency of 10 Hzlaftomship of
the two parameters as a function of SO&wontinuously and simultaneously calculated using
the builtin functions of MATLAB, cwt and wcoherencefor the calculation of the wavelet

coefficient and phase angle, respectively.

For comparison, # parameters are also measured at 25°C by the conventional
potentiometric method and EIS test respectively as references, which has been discussed in

previous sections.
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3.5.3Result and discussion

The measured three waveforms of the input current (a), termotge (b) and heat
generation rate (c) are plottedFigure 27. In thissection the discharging current is defined as
positive, and the charging current as negative. The input current includes a sinusoidaief€C cu
superimposed by a small B&lirrent offset. The terminal voltage is a continuous waveform, a
decaying quassinusoidal oscillation, as shownkigure27 (b). This phenomen becomes more
apparent at low SOC mge, where the terminal voltage decreases rapidly. The measured heat
generation rate, as plotted Figure 27 (c) varies continuously, but contains an additional
frequency besides the excitation frequency of thatigprrent, whose shape and the magnitude
are varying at different time steps. The full profile of the heat generation rate is ploigadrie

28.
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Figure27. (a) Input current and corresponding resparfge) terminal voltage and (c) heat
generation rate at 25°C.
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