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Abstract

The electro-thermal characterization of Li-lon batteries is today a

forefront topic, due to the recent interest in Electric Vehicles (EVs), Plug-in
Electric Vehicles (PHEVs) and Hybrid Electric Vehicles (HEVS).
In order to control and manage these devices, suitable models are needed. For
control-oriented applications, the electro-thermal behavior of a battery is
typically modeled using an equivalent circuit analogy approach. This leads to
phenomenological models that capture the essential steady-state and dynamic
behavior of the system (typically voltage as a function of a current input),
relying on a set of calibration parameters. The model parameters, such as the
open-circuit voltage, battery capacity and internal resistance, are typically
scheduled with respect to the temperature, which is regarded as static input to
the model.

The assumption commonly made in this case is to consider the
temperature uniform throughout the whole system. However, in a real case a
battery cell presents an internal temperature distribution, due to its thermal
resistance and the internal heat generation. Although these phenomena are
often overlooked in these simplified models, they may be quite relevant for safety
and aging related issues. Therefore, for applications related to battery
management systems design and optimization, or for the thermal management of
such components, it is necessary to provide information on the battery internal
temperature.

In this thesis, a general modeling methodology that accounts for the
internal temperature dynamics is proposed to predict the temperature
distribution within a prismatic battery cell, accounting for different operating
conditions. Unlike most control-oriented models, based on identification
techniques, the proposed modeling approach is physically based, relying on the
fundamental equations for heat diffusion and convection. This ensures
consistency with the system behavior, and relies on a set of physical parameters
that can be easily obtained from the open literature or from experimental tests.
Various models have been developed, considering different cooling solutions
commonly available for battery packs for motive applications. First, a general
model is developed starting from the formulation of 1D unsteady heat diffusion
problem that accounts for different boundary conditions. Then, the 1D model
structure developed is extended to a 1+1D scheme in order to account for the
variability of the boundary conditions. A spatial discretization is operated along
the second direction to account for the evolution of the boundary conditions.
Within each cell lump, the internal temperature profile is determined by solving
the unsteady heat diffusion equation with internal heat generation and the
proper boundary conditions. The proposed modeling approach allows for a



complete mapping of a Li-lon battery cell temperature with respect to both time
and space. At the same time, the solution scheme adopted leads to an algorithm
that is sufficiently simple and computationally efficient. The 1+1D modeling
approach developed allow for an easy and rapid comparison of different cooling
systems.

The modeling methodology developed is applied to a pouch-style Li-lon
battery cell and an experimental setup is developed ad hoc to characterize the
thermal behavior of a Li-lon battery cell. The experimental results are used to
calibrate the model. A 1+1D model of a cooling air system is developed and
then validated though a comparison with an advanced finite element simulator.

The model developed is general and characterized by a flexible structure,
which allows one easily select cooling parameters, such as cooling air velocity,
air temperature, air duct geometry, etc., and compare the effects of different
cooling systems. The consistency with the FEM solution, the simple structure, and the
computational efficiency make the model an ideal candidate for simulation of battery
packs, performance estimation, design of cooling systems, and optimization of thermal
management systems.

Key words: Energy storage systems, Li-lon battery, Thermal characterization,
Battery modeling.



Sommario

I temi del risparmio energetico e dell’eco-sostenibilita sono al giorno

d’oggi in primo piano per lo sviluppo della societa.
Nel settore dei trasporti su ruota, i veicoli ibridi (HEV/PHEV) sono la soluzione
sequita dai grandi costruttori per far fronte al problema. A tutt’oggi, il maggior
ostacolo alla diffusione di questi veicoli resta lo stoccaggio dell’energia. Le
batterie agli ioni di litio (Li-lon), data la loro grande potenza ed energia
specifica. sono la prima scelta come sistema di stoccaggio dell energia a bordo
di tali veicoli. Tali dispositivi, d’altro canto richiedono un sistema di gestione e
controllo dedicato.

In questo lavoro di tesi viene affrontato il tema della modellazione
termica di batterie agli ioni di litio. I modelli volti al controllo e alla gestione
delle batterie approssimano normalmente il funzionamento di tali dispositivi
attraverso ['uso di circuiti elettrici equivalenti. I parametri di tali circuiti, quali
tensione a circuito aperto, resistenza interna e capacita della batteria, vengono
tabulati in funzione dello stato di carica (SoC) e della temperatura.

La maggior parte dei modelli volti al controllo delle batterie ipotizzano che il
sistema sia a temperature uniforme. Tuttavia la resistenza termica della batteria
e il calore generato internamente fanno si che si generi una distribuzione
instazionaria tridimensionale di temperatura all’interno della batteria stessa.
Da questo [’esigenza di sviluppare modelli termici piu dettagliati, che siano in
grado di predire la distribuzione di temperatura all’interno di una batteria
senza d’altro canto diventare eccessivamente inefficienti dal punto di vista del
tempo di calcolo e della memoria richiesti. In questa tesi viene sviluppata una
metodologia di modellazione per predire la distribuzione di temperatura in una
batteria agli ioni di litio, in presenza di generazione interna di calore e
considerando diverse condizioni di funzionamento. L approccio seguito si basa
solo su principi fisici e non su tecniche d’identificazione sperimentale
normalmente usate per caratterizzare tali modelli.

In primo luogo e presentata una revisione dell attuale stato dell arte.
Partendo dalla caratterizzazione elettrica sono definiti e descritti modelli
“fondamentali” e “fenomenologici”. Particolare rilievo & dato ai modelli volti
al controllo e alla gestione delle batterie agli ioni di litio (control-oriented
models). Un ampio esame delle tecniche e degli approcci di modellazione della
parte termica e fornito nella seconda parte del Capitolo 2. Questa parte é divisa
in tre sottosezioni, rispettivamente caratterizzazione termica di una singola
cella, caratterizzazione termica di un pacco di batterie e sistemi di gestione
termica delle batterie.

Il Capitolo 3 presenta [’approccio seguito in questa tesi per modellare la
dinamica termica di una batteria agli ioni di litio. Dato che tale approccio



fonda su principi fisici, € proposta una revisione dei concetti di bilancio
energetico e delle equazioni di base di trasmissione del calore.

Nel Capitolo 4 viene sviluppata la metodologia di modellazione. In
primo luogo é stato risolto un problema monodimensionale. L’ equazione della
diffusione del calore é risolta applicando il metodo delle trasformate integrali,
ottenendo una soluzione in grado di predire la distribuzione interna di
temperatura con qualsiasi condizione al contorno. In particolare sono
presentati due casi di particolare interesse: condizioni al contorno di
convezione e condizioni di temperatura di parete imposta.

Il primo modello simula il comportamento della batteria quando

raffreddata con un flusso d’aria mentre il secondo riproduce le condizioni a cui
e sottoposta la batteria durante i test di identificazione dei parametri interni. In
questi test la batteria viene posta in mezzo a due celle di Peltier che impongono
una temperatura di parete al sistema.l due modelli 1D sono poi estesi seguendo
un approccio 1+1D in modo da tenere in considerazione la variabilita delle
condizioni al contorno nella seconda direzione spaziale.
Il sistema viene discretizzato in questa direzione ed in ogni blocco il modello 1D
e utilizzato per predire la distribuzione di temperatura. Questo consente di
ottenere una distribuzione bi-dimensionale della temperatura, mantenendo una
struttura semplice e un 'elevata efficienza computazionale. 11 modello 1+1D con
temperatura imposta simula il comportamento di un “cooling bar system”. |
modelli sviluppati consentono una rapida comparazione tra i due sistemi di
raffreddamento e la metodologia puo trovare applicazioni nel settore del design
e dell’ottimizzazione di sistemi di raffreddamento e gestione termica di pacchi di
batterie.

Nel Capitolo 5 la metodologia sviluppata viene applicata per modellare

un modulo agli ioni di litio prodotto da EiG. Come primo approccio i parametri
termici della batteria richiesti dal modello sono calcolati a partire da dati
disponibili in letteratura.
Un setup sperimentale ad hoc ed un laboratorio sono stati allestiti per effettuare
la caratterizzazione termica di batterie. La conduttivita termica della cella
prima calcolata, & stata misurata sperimentalmente in modo da calibrare il
modello sviluppato.

| risultati del modello sono stati comparati con simulazioni effettuate
con un noto software basato sul metodo delle differenze finite. Alla fine del
lavoro, il modello 1+1D é stato calibrato e validato tramite tale comparazione.
| risultati ottenuti sono sufficientemente accurati da poter affermare che la
metodologia sviluppata é adeguata allo scopo per il quale é stata implementata.
La sua semplice struttura e [’efficienza computazionale rendono il modello
proposto un candidato ideale per la simulazione del comportamento termico di
pacchi di batterie, per il design di sistemi di raffreddamento o sistemi di
gestione termica. Possibili applicazioni dell’approccio presentato possono

VI



essere trovati nel settore dell’analisi e comparazione di diverse tecnologie di
raffreddamento delle batterie.
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CHAPTER 1

1. Introduction

The modern society relies completely on the fossil fuels - natural gas,
coal and oil - for its energetic needs. Their reserves are however limited and the
environmental concern is nowadays haunting the society.

The utilization of energy in a sustainable way is the only pursuable solution to
cope with these problems. On a short-medium time frame the energy systems
are experiencing an increasing of their electrification, in order to reduce fuel
consumption and emissions.

Thus, the conversion and storage of energy is becoming a necessary step for the
global efficiency of the energy generation and utilization process. The most used
devices to store energy are, nowadays, electro-chemical batteries. They
interconvert chemical and electrical energy and are widely used in all sectors of
industry (automotive, aerospace, medical, military, etc.) and in consumer
oriented applications (e.g., appliances, laptop computers or any electronic
device).

In order to maintain competitiveness, automakers have to improve powertrain
performance and reduce pollutant emissions. In particular, stricter emission
standards are spurring new interest in batteries for electric-vehicle applications.

Lithium-based batteries are attractive as energy storage systems in
hybrid and electric vehicles due to their high theoretical energy densities.
Furthermore, they are less toxic than nickel cadmium or lead acid cells, and their
disposal poses fewer environmental problems.

Figure 1.1 shows a Ragone® plot for various electro-chemical systems, which
reveals that, at one extreme, energy can be stored into, or extracted from,
capacitors in milliseconds, making them ideal devices for example to exploit
regenerative braking energy in Electric Vehicles (EVs) applications.

At the other end, fuel cells have a very poor dynamic performance requiring
more time to convert and deliver energy. This limits their application in
automotive applications where they are often used in conjunction with batteries

'a Ragone plot, like the ones depicted in Figure 1.1 and 3, is a double chart used for
performance comparison of various energy storing devices. On such a chart the values of energy
density [Wh/kg] are plotted versus power density [W/kg]. Both axes are logarithmic, which
allows comparing performance of very different devices (for example extremely high, and
extremely low power).

Conceptually, the vertical axis describes how much energy is available, while the horizontal axis
shows how quickly that energy can be delivered. The sloping lines on the Ragone plots indicate
the relative time to get the charge in or out of the device.
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or capacitors to overcome this problem. Lithium based batteries are somewhere
in between and provide a reasonable compromise between the two.
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Fuel Cells
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Source US Defence Logistics Agency
Figure 1.1. Ragone plot of various electro-chemical conversion systems [1].

A lithium ion (Li-lon) battery is a type of rechargeable battery where
lithium ions move from the anode (negative pole) to cathode (positive pole)
during discharge and from the cathode to the anode during the charge process.
Figure 1.2 reports a sketch of the chemistry of a Li-lon cell.

Positive Charge Negative
Electrode e —— Electrode
Discharge  mess—
Li+ =
Li+
=]
Li+ | er———
¥ Uy a——
—-
Li+ . [esmneras|
= ~p® — L+
| —
e Li+
G
i+
Qi ==
=

Legend: ¢ Metal  Lithium Oxygen I Graphic layers
Figure 1.2. Li-lon electro-chemical or elementary cell, [1].

Different types of Li-lon batteries use different chemistries and present different
performance, cost, and safety characteristics.
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These electric storage devices, first proposed by M.S. Whittingham in the 70’s,
now represent a substantial part of the fast growing battery market [2]. They
achieved this predominant role because Li-lon storage systems present the best
specific energy and power densities among the chemical storage systems, as
shown in Figure 1.3.

Li-lon batteries are rapidly becoming the technology of choice for the
next generation of Electric VVehicles, Battery Electric Vehicles, Plug-In Hybrid
and Hybrid Electric Vehicles (EVS/BEVS/PHEVS/HEVS). The automotive
industry is increasingly committed to electrified wvehicles to providing
sustainable mobility in the next decade. Li-lon battery, so far, is the technology
that best fits for the need of these vehicles, due to their large specific energy
density and specific power, making these cells ideally suited for high rate-of-
discharge applications such as acceleration of electric vehicles (see Figure 1.3).

Ragone Plot of Various Energy-Storage Devices
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Figure 1.3. Ragone plot of energy—storége devices for automo;[ive applications, [3].

Right now, the major obstacle to an increased market share of HEVs and mass-
produced commercialization of PHEVSs is the battery, and in particular its cost,
reliability and safety. To this end, great effort is being devoted to address the
safety, performance and aging? issues of Li-lon batteries [4].

To achieve the required reduction in fossil fuel consumption, a significant
percentage of the world automobile fleet of 1 billion vehicles will be electrified
in the coming decade [5]. Ultimately all production, currently 52 Million
vehicles per year (according to the International Organization of Motor Vehicle

2 A Li-lon battery is subjected to two different kinds of aging. One is driven by thermal effects
the other is by current loads and cycling.
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Manufacturers), will be replaced with highly electrified vehicles: PHEVs and
BEVs [6]. To this extend, great interest is devoted to improve the performance
of such vehicles and their components. In particular, a lot of emphasis and
efforts been dedicated to the development of new battery technologies over the
last decade.

1.1 Motivation and objectives of the thesis

Since the performance, life and reliability of Li-lon batteries are quite
dependent on the operating temperature, great interest has been devoted to study
cooling solutions and control algorithms for thermal management.

Detailed studies of the temperature distribution within Li-lon battery cells
during charging and discharging conditions have been proposed by several
authors (see [7], [8], [9], [10]). Most of these studies are conducted utilizing
FEM (Finite Element Method) thermal simulators, often coupled with detailed
models that characterize the electrochemical reactions and transport phenomena
that take place inside a battery.

Such simulators are extremely useful to gain understanding on how the
temperature distribution affects the performance of a battery cell. Moreover,
they also provide important information for cell modeling and design; for
instance they can help identifying hot spots. On the other hands, such tools are
too complex to be applied to studies oriented to the characterization of the
electro-thermal performance of modules and packs, or to the design of battery
cooling systems and control algorithms.

This thesis presents a computationally efficient modeling approach to
characterize the internal temperature distribution within a Li-lon battery cell.
This would serve as a tool to design models characterizing the thermal behavior
of Li-lon battery cells to be used in the area of performance and thermal
management studies for battery pack cooling systems.

To meet these objectives, the model must be both sufficiently simple to be
executed almost in real-time, and accurate enough to provide a reasonably
estimation of thermal dynamics inside the cell.

Computationally efficient models that can provide a reasonable estimate of the
cell thermal field, with limited calibration effort, can be useful tools for battery
pack designers and integrators.

The modeling methodology presented in this thesis is based on the unsteady heat
diffusion equation, for which an analytical solution is obtained through the
integral transform method proposed by Ozisik, [11].

First of all, a general one-dimensional thermal model is developed to predict the
temperature distribution inside a prismatic Li-lon battery cell under different
boundary and initial conditions.
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Second, a specific case with convective boundary conditions is studied with the
objective of characterizing a cell cooled by a forced air flow.

To characterize the effects of the cooling system on the temperature distribution
within the cell, the one-dimensional solution is then extended to a 1+1D* model
that accounts for the variability of the boundary conditions in the flow direction.
Then a 1D model with imposed boundary conditions is developed to predict the
temperature distribution within a Li-lon battery cell during the typical electrical
characterization experiment, where two Peltier junctions are used to keep the
temperature of the cell walls at imposed values. Finally, the latter case study is
extended to a 1+1D model in order to characterize the behavior of a cooling bar
system.

The inputs needed by the model, namely the heat generation rate and the thermal
parameters, will be presented. Finally, an ad hoc experimental set-up to measure
the thermal parameters of the studied Li-lon battery cell will be developed.

The calibration and validation of the model will be presented, adopting a
detailed 2D FEM simulator as a benchmark.

1.2 Structure of the thesis

The thesis is organized as follows. In the second chapter a literature
review of the state of art of Li-lon battery modeling is presented, with particular
focus on the thermal characterization aspects.

Chapter 3 presents the approach to model the thermal dynamics of a Li-lon
battery and the basic physical principles needed to implement a thermal model.
In Chapter 4 the modeling methodology to predict the internal temperature
distribution in a prismatic Li-lon battery cell is developed. First, a general 1D
modeling approach is described and then it is extended to a 1+1D approach.

In Chapter 5 the modeling technique developed is first experimentally
calibrated, and then validated thought a comparison with a finite element (FEM)
software.

% A 1+1D approach is an approximated method to model a 2D problem. It consists in solving the
mono-dimensional (x-direction) associated problem, which presents an easier mathematical
solution. Then, by performing a spatial discretization in the second direction (y-direction), it is
possible to capture the trend along this direction. In this case, a battery cell is discretized along
the y direction into a certain number N of lumps. The 1D solution in x-direction is applied in
each lump along the y-direction, thus obtaining a solution varying with respect to both x and y.
The solution results in a simple mathematical formulation and is much more computationally
efficient than the 2D solution.






CHAPTER 2

2. Review of the state of art for Li-lon
battery modeling

Li-lon batteries are becoming the dominant battery technology, in
particular for high power systems. However, they must be used properly to
prevent accelerated aging, decreasing of performance or damages.

Therefore, there is a fundamental need for a battery management system (BMS)
capable of assessing and controlling the state of charge (SoC*) and state of
health (SoH") of a battery pack (see [12] or [13] for a discussion on BMS).
These two parameters (SoC and SoH) allow the vehicle energy management
system (EMS) and the battery management system (BMS) to determine the
optimal operating strategy so that fuel consumption is minimized and battery
pack longevity maximized.

SoC and SoH are difficult quantities to estimate because direct measurements
are either unreliable or impossible [14]. For example, SoC can be measured via
current integration, but noise in the electrical current measurement can cause the
estimate to deviate from the true value. SoH is often assessed in terms of
capacity or power fading, both of which are measurable in a laboratory
environment, but are almost impossible to estimate during vehicle operations.
Many algorithms have been proposed in the literature to face this problem [15],
[16]. They range from data correlation methods such as artificial neural
networks [17] and fuzzy logic systems [18] to model based approaches such as
Kalman filtering [19] and sliding mode observers [20]. Model-based approaches

* The SoC is defined as the capacity still available in a battery cell. It is normally expressed as a
percentage of the rated capacity of a new cell and a 0% SoC means empty battery while a 100%
SoC means fully charged battery.

Knowing the amount of energy left in a battery compared with the energy it had when it was
fully charged gives the user an indication of how much longer a battery will be able to supply a
load before it needs recharging. Several methods of estimating the SoC of a battery are used:
SoC from specific gravity measurement, voltage based estimation methods, internal impedance
or current based estimations.

® The SoH is an indication of the point which has been reached in the life cycle of the battery.
SoH is an estimation rather than a measurement. It reflects the general condition of a battery and
its ability to deliver the specified performance compared with a new battery, taking into account
such factors as charge acceptance, internal resistance, voltage, and self-discharge [1].
Knowledge of the SoH can be used to make prognosis or diagnosis and plan replacements [4].
This is essentially a monitoring function tracking the long term changes in the battery.
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are attractive since they provide good result requiring a small effort for the
calibration [21].
However, in order to take advantage of model-based approaches, it is necessary
to define models of the behavior of the battery. In doing so, it is critical to
balance the accuracy with the complexity and computational time

This chapter presents a literature review on different approaches to Li-
lon battery modeling. First, a review of the electrical characterization techniques
will be presented. Then fundamental and phenomenological models will be
defined and explained. Finally, an extensive review of the thermal
characterization modeling and thermal management systems will be presented.
The open literature consists of many papers providing analysis of lithium-based
batteries. Perhaps the most comprehensive reference books on the subject are [1]
and [22].
With the increase of computational power and the need to analyze the problems
in a more detailed way, modeling approaches are becoming more and more
important. Many ways to model electrochemical energy storage systems exist:
normally they are classified as fundamental or phenomenological.
The former can be defined as First Principles Models, as they attempt at
representing a system starting from its physical foundations. Alternatively,
phenomenological models refer to models that provide a representation of the
input/output relationships of a system without investigating the fundamental
physics.
In particular, this study focuses on control oriented models which are low-order
dynamic models (linear or quasi-linear) used to design control algorithms. Such
models, because of the need for simple structure and low computation effort, are
mostly phenomenological.

2.1 Electrical characterization

The first step in the development of a battery model is to perform an
electrical characterization of the system.
The typical lithium elementary cell is made up of a metal negative electrode
(anode), an electrolyte which serves as an ionic path between electrodes, a
positive electrode (cathode), such as Mn,04, and a polymeric separator.
Figure 2.1 shows a typical Li-lon elementary cell under the discharge process.
Note that during the charge the lithium ions and the electrons move in the
opposite direction, namely from cathode (positive pole) to anode (negative

pole).



Review of the state of art of Li-lon battery modeling

Discharge
—e _m e~
LixC6 LE*
= J'J
ot
g
of—»
Anaode —| | Li-xMO2 | Cathode
.
\ M=Mn,Co.Ni

Electrolyte Separator
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Figure 2.1. Electrons and Li-ion movement during discharge, [1].

In this thesis the term elementary or electro-chemical cell will be used to denote
the sandwich anode-electrolyte-cathode shown in Figure 2.1. A battery cell is
composed by a number of elementary cells in series and is a device which is
able to supply an electrical load, like the one in Figure 2.2.

Lithium Ion Polymer 7:

Figure 2.2. Li-lon battery cell, [23].

A battery module consists of the union of two or more cells electrically
connected, while, as shown in Figure 2.3, a battery pack is the union of two or
more battery modules.

Figure 2.3. Example of battery pack composed by four modules, [24].
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Regarding an elementary cell, a highly reactive material is desired for
the negative electrode to give a higher cell potential, and hence a higher
theoretical energy density. Unfortunately, the more reactive the electrode
material the more likely it reacts irreversibly with the electrolyte. The high
reactivity of lithium metal is a significant problem for lithium based batteries.
To avoid this problem, lithium battery systems feature a protective film that
forms on the electrode surface.

Alternatively, the lithium metal negative electrode can be replaced with a
lithium alloy or compound. These materials stabilize the lithium, but also reduce
the energy density of the cell since the added material is not used in the
operation of the system.

Rechargeable batteries for electric-vehicle applications require long cycle life;
500 to 1000 cycles are desired before the capacity falls below 80% of its initial
value. For this to be possible, the electrochemical reactions must be highly
reversible. Some of the most reversible electrodes operate through insertion
reactions.

The lithium ion dual insertion systems exhibit the largest theoretical specific
energy densities for lithium-based systems, although the energy necessarily is
reduced from corresponding systems utilizing solid lithium anodes, as shown in
Figure 2.4, proposed by [25].

The latter systems, however, present instability problems and they are not
commercially available.
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Figure 2.4. Comparison of Ragone plots for the dual ion insertion and solid lithium electrode
systems. The systems are identical except for the negative electrode. The solid lithium at full charge
has four times the capacity required according to the stoichiometry, [25].

The attainable power is also large, making dual insertion cells ideally suited for
high rate-of-discharge applications such as acceleration of electric vehicles.

10



Review of the state of art of Li-lon battery modeling

To model the electro-chemical behavior of a battery cell, essentially two
different approaches have been proposed in literature:

e Fundamental, or particle-based distributed, models:
These models account for particle movement and chemical reactions
using PDEs. They are rather accurate but on the other hand numerically
intensive to solve and computationally consuming.

¢ Phenomenological models:

These models, instead of investigating the fundamental physics, provide
a representation of the input/output relationship of the system, often
adopting a lumped-parameters framework. This is a way of simplifying
the behavior of spatially distributed systems into a topology consisting of
discrete entities that approximate the behavior of the distributed system
under certain assumptions. These models present less complexity and
mathematically they are cast into ordinary differential equations (ODES),
simple to solve and suitable for real-time simulation. On the other hand,
these models are not able to achieve comparable accuracy to
fundamental models.

In this section, a review of the electro-chemical modeling techniques for Li-lon
battery cells is presented.

2.2.1 Fundamental models

The word “fundamental” refers to models that describe the behavior of a
battery cell starting from its physical foundations principles.
The literature on fundamental models is quite extensive, see [26] for a review of
the work proposed in the last 20 years. The first approach to model Li-lon with
two composite electrodes and a separator was developed by Fuller, Doyle and
Newman at the University of California, Berkeley in the first half of the 90’s.
[25], [27]. A literature review of this topic revealed that most modern models
are derived from that original work which is considered a milestone for the
argument.

In their original works, [25] and [27], Fuller et al. modeled the
galvanostatic charge and discharge of a dual lithium ion insertion cell, shown in
Figure 2.5.

11
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Figure 2.5. Dual-insertion cell sandwich consisting of composite negative and positive electrodes and
separator, [25] .

Transport in the electrolyte is described with concentrated solution theory and
the insertion of lithium into and out of the active electrode material has been
simulated using a superposition approach, greatly simplifying the numerical
calculations. Given its importance, a specific review of this model will be
presented below.
The model is general and can be used to simulate any cell utilizing two
composite electrodes composed of a mixture of active insertion material,
electrolyte, and inert conducting material. In particular, the diffusion in the solid
material will be assessed since it is considered to be a strong limitation in some
cells. The concentrated solution theory with variable physical properties allows
one to deal rigorously with the transport phenomena. Following this approach,
the driving force for mass transfer is the gradient in electrochemical potential
given by:

cVu; = Zj:ti Ki; (Vj - ;) (2.1)
where c is the concentration of species [mol/l], u is the electrochemical potential
of species [J/mol], v is the velocity of the species [m/s] and K is the frictional
coefficient describing the interaction between species i and j [Js/m°].
The total current flux I is uniform and flows through either the insertion material

phase (i1) or the electrolyte phase (i,). Since the current in the two phases is
conserved, it can be stated that:

The current flowing in the matrix is governed by Ohm's law:

il = —UV<P1 (23)

12
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where ¢ is the conductivity of the solid matrix [S/cm?] and & represents the
electric potential [V].
On the other hand, the variation of potential in the electrolyte can be written as:

= —kV, + = (1+5L2) (1 - e9)Vine (2.4)

where k is the reaction rate constant, ¢ is the concentration of electrolyte,
[mol/dm?], fa is the activity coefficient of salt, T is the temperature, F and R are
the Faraday’s and universal gas constants, respectively, and &, has been
measured with a lithium reference electrode in solution.

According to the authors, a material balance on the electrolyte gives:

€2 = V(eDVc) — lZZ” 4 Yn(=td) (2.5)
+

V4

where € is the volume fraction of the electrolyte, D is the diffusion coefficient
[cm/s], z is the capacity ratio between positive to negative electrode and j, is the
pore-wall flux across interface [mol/m? s].

dcg

Jn = _DSE atr = R, (2.6)

The boundary conditions for such equations can be derived from the condition
that the flux density of each ionic species must be zero at the ends of the cell. In
that point it is possible to infer also that the current flows only in the solid
matrix (i = 0).

As the diffusion coefficient of the inserted lithium ions has been here assumed
to be constant, this is a linear problem and it can be solved by the method of
superposition. In brief, the flux at the surface of the insertion particles can be
calculated from the prior surface concentrations and a series of coefficients
which are calculated separately.

The open-circuit potential of insertion materials varies with the amount of
lithium inserted and is expressed by a general function of concentration in the
particle:

U=U°-U% +F(c) 2.7)

where U is the open circuit potential, cs represents the concentration of lithium
in the solid particle phase and the function F(cs) can vary widely depending on
the insertion chemistry of the material.

When developing this model, one must consider that universally
accepted values of the lithium ion transference number and salt diffusion
coefficient do not exist in the literature. In their works (see [25], [27]) the

13
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authors proposed some results that allow for a better comprehension of the
problem.

According to [28], there is a strict connection between the reversible open
circuit voltage of a cell and its maximum efficiency. The operating voltage of a
battery cell can also be very easily related to its efficiency.

Figure 2.6 shows the cell potential as a function of utilization of positive
electrode material for galvanostatic charge and discharge for the
carbon/manganese dioxide cell.

4.5 T T T
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Figure 2.6. Cell potential vs. state of discharge for the manganese dioxide/carbon system analized in
[25] at various discharge rates. The dashed line is the open-circuit potential of the cell..

The term y represents the stoichiometry of the positive electrode and it has been
here used to measure the state of charge (SoC).
The voltage drops result from three major irreversibilities, [28]:

1. Activation losses. These are caused by the slowness of the reactions
taking place on the surface of the electrodes. A proportion of the voltage
generated is lost in driving the chemical reaction that transfers the
electrons to or from the electrode. This voltage drop results to be highly
non-linear.

2. Ohmic losses. This voltage drop is the straightforward resistance to the
flow of electrons through the material of the electrodes and the various
interconnections, as well as the resistance to the flow of ions through the
electrolyte. This voltage drop is essentially proportional to current
density, and so linear.

14
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3. Mass transport or concentration losses. These result from the change in
concentration of the reactants at the surface of the electrodes. Because
the reduction in concentration is the result of a failure to transport
sufficient reactant to the electrode surface, this type of loss is also often
called mass transport loss.

For Li-lon batteries, the abrupt drop in cell potential at the higher discharge
rates is caused by concentration polarization. At high current densities, the cell
potential is lower irrespective of concentration polarization and, thus, it is
apparent that the material utilization is limited at higher discharge rates.

An important factor in optimizing the performance of the cell is full utilization
of the active material. For a specified battery performance the cell potential
should fall below its cutoff value only after nearly all the active material is
consumed.

This result requires an understanding of the transport limitations in each phase
of the composite electrodes, as these lead to non-uniform reaction distributions.
The importance of diffusion in the solid electrode material can be assessed using
the dimensionless parameter Sq:

RZI

S =
$ DenF(1—e—€f ) (ci—cd)d

(2.8)

which is the ratio of the diffusion time in either electrode to the discharge time
for the positive electrode. For Sy << 1, diffusion in the solid phase can be
neglected. According to the authors, it is possible to use S, to predict the radius
of the particles for which severe diffusion limitations exist in the solid phase for
this system.

An analogous parameter relates the time constant for transport of the electrolyte
to the time of the discharge:

s = 121
e DnF(l—e—efy+)(ct—c£)6+

(2.9)

The time for transport in the electrolyte may be small in comparison to the
discharge time which results in a quasi-steady-state concentration profile.
Transport limitations in the electrolyte phase are the main factor limiting the
performance of this cell at high discharge rates.

The mechanism of failure is the depletion of the electrolyte in the solution
phase, which leads to a large concentration over-potential. This result is less of a
problem with larger values of the salt diffusion coefficient, the initial salt
concentration, or the lithium ion transference number.

At higher discharge rates, the concentration in the solution phase can be driven
to zero well before 100% utilization has been attained, leading therefore to

15



Chapter 2

incomplete utilization of the active material. As this is the major cause of the
end of discharge, it suggests that increasing the electrolyte concentration would
improve the performance of the system at high rates of discharge.

The advantages in terms of the increased concentration in the depth of the
porous electrode generally outweigh the increase in ohmic drop.

The maximum concentration attained by the system can be checked using the
current model to ensure that a solubility limit is not surpassed. It should be
mentioned that this model does not account for salt precipitation, but this is an
undesirable situation that should be avoided in practice.

An analysis of the current distribution in these systems shows the importance of
the rate of change of the open-circuit potential of the insertion material with the
state of charge.

4.5 1 I T
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Figure 2.7. Cell potential vs. state of discharge for the manganese dioxide/carbon system with the
initial electrolyte concentration as a parameter. The dashed line is the open-circuit potential of the
cell. The discharge rate is | = 5.0 mA/cm? [25].

The great emphasis given to the model presented in [25] and [27] is due
to the fact that this work is very useful to understand the main limitations that
have to be faced to improve the performance of Li-lon batteries.

The work of Fuller, Doyle and Newman was extended by Ramadass et al. [29]
to account for the decay in capacity of the cell with cycle number. Further
extensions to this model were made by Sikha et al. [30] to include the change in
the porosity of the electrode material as a function of time.

In all these models, the concentration of lithium within the solid phase was
either calculated using the superposition principle [11] or solved for rigorously,
using a pseudo second dimension along the radius of the particle. Since the
concentration of lithium at the particle surface is the only variable of interest,
this methodology is cumbersome and time consuming.
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A very good approximation of the concentration profile within the solid phase
was presented independently by Wang et al. [31] and Subramanian et al. [32]
based on the integral approach outlined by Ozisik [11]. In this second approach,
the concentration profile within the solid particle is approximated by a second
degree polynomial whose coefficients are expressed in terms of the average
concentration of lithium inside the particle and the concentration at the surface.
Thus, the need to solve for the concentration profile within the solid phase is
eliminated.

Fundamental models allow understanding completely the physics beyond
a Li-lon battery cell and they can be used to compare or calibrate other models
that neglect the physical diffusion problems.

2.2.2 Phenomenological models

The word “phenomenological” refers to models that provide a
representation of the input/output relationship of a system without investigating
the fundamental physics. These models are in contrast with the fundamental
models analyzed before, which describe the behavior of a battery cell starting
from its physical foundations principles.

Among phenomenological models, control oriented models (COM) are low-
order dynamic models (linear or quasi-linear) that are used to design control
algorithms.

Examples of phenomenological models are the equivalent circuit models.
Quoting [16], the equivalent circuit model has a simple structure but can capture
sufficient dynamics under both temperature and SoC variation, thus making it
applicable for use with real-time model-based estimation algorithms in
automotive applications.

Equivalent circuits are often used to model the electrical part of batteries. They
consist of a series of Randle® circuits, as shown in Figure 2.8. By piecing
together multiple RC circuits, one is essentially providing a piecewise constant
approximation of the frequency response amplitude.

® In electrochemical studies Randle circuits are often used. They consist of an active
electrolyte resistance R in series with the parallel combination of the double-layer
capacitance and an impedance of a Faradaic reaction.
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Figure 2.8. Sketch of an n'" order equivalent circuit to model the electrical dynamic of a battery, [16].

In [33] a first-order equivalent circuit model with parameters scheduled
on SoC and temperature is presented. The first order model captures the
dominant transient processes that are neglected by a zero-order model, while
avoiding the computational and calibration complexity of higher-order circuits.
Figure 2.9 depicts the electrical equivalent circuit. The simple first-order model
is able to adequately compute the voltage-current relationship of the battery over
a wide range of operating conditions due to the SoC and temperature scheduling
of the open circuit voltage Ey, internal resistances R and Ry, and capacitance Cy

Figure 2.9. First-order equivalent circuit model of battery electrical dynamics, from [33].

The electrical model equations, obtained using Kirchoff’s current law, are
reported in equations (2.10) and (2.11).

. 1 1
ch—mVC +C_01 (210)

V=E,—IR-V, (2.11)

The input to the electrical modeling circuit is the current, I, and the output is the
battery terminal voltage V. Note that, in this model, the total pack voltage is
obtained by scaling a single cell voltage by the number of cells.

18
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The SoC dynamics are determined through Equation (2.12).

dSoC _ I(t)

- - (2.12)

where | is assumed to be positive during the discharge and C, is the nominal
capacity’ of the pack.

Realistically, the internal resistance, open circuit voltage, and capacity of
batteries are influenced by a number of factors, including SoC, temperature, and
current direction. The parameters of the equivalent circuit model describing the
electrical dynamics must approximate this dependency. This has been
accomplished successfully throughout the open literature. For example, Figure
2.10, from [16] shows the temperature-SoC-resistance relationship for cells
similar to those modeled in this work.

004
00354
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internal resistance [LY

SoC [%] temperature [°C]
Figure 2.10. Internal resistance as function of temperature and SoC, [16].

If a battery is excited and then allowed to relax for long periods of time,
the rested terminal voltage at the same SoC varies depending on the type,
duration, and strength of the previous excitation. This phenomenon is typically
characterized by a very slow dynamics, which is not captured by the Randle
circuits. Because a simple equivalent circuit cannot capture such effects directly,
a hysteresis voltage element is appended (V).

In [16], a second order equivalent circuit is used and an additional hysteresis
term is considered. The dynamic equation that describes the voltage across the
i RC circuit is given by:

" The nominal capacity of a battery is defined as the amount of Ah that can be drawn from the
battery at 1C-rate discharge at room temperature.
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av, _ 1

1
? —_ RiCi ‘/l + EI (213)
where i=1,2.
The total voltage can then be expressed as the sum of all the voltage
components:

Viate = Voc — Rol = X2, Vi + Vy, (2.14)

The model structure presented in [16], and extended to battery packs in [34], is
intuitive and the identification procedure provided is systematic; providing thus
a method for generating accurate yet simple equivalent circuit models for
batteries under conditions of varying temperatures.

The dynamic pack behavior can be approximated by a scaled-up model
of a single cell, hence implying that all cells are the same. This approximation is
well depicted in [34] even though its assumption fails on multiple grounds due
to small manufacturing differences, unavoidable thermal gradients and different
degradation due to aging in each cell.

In [34] a lumped parameter, distributed battery pack dynamic model was
introduced. It allows for the simulation of the electrical dynamics of all the cells
in an arbitrarily configured series-parallel pack similar to those used in
automotive applications.

A low-order equivalent circuit has been chosen to model the electrical part of
the battery, as:

Ve(®) = e FTVe(to) + 552 (1 — e#T) (2.15)

1 1
where f =Eandy =z
To simulate the pack model, two assumptions are necessary: the current input is
constant over the simulation time interval and the SoC does not change during
the simulation time itself.

In order to obtain meaningful data from simulation of the battery pack, it is
necessary to enforce variability between cells. This variability may be caused by
manufacturing differences, aging, or other conditions.

A simulation tool has been developed to perform Monte Carlo simulations on
typical automotive current profiles.
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Figure 2.11. Average SoC ratio divergence. [34].

Figure 2.11 shows the distribution of the different SoC ratios of each of the
different batteries in the battery pack over 100 simulations where each Ry
parameter of each cell is perturbed per simulation run. As expected, the
distribution appears to be normal and the SoC ratio scale is small, since the
value represents the amount of SoC deviation per second.

Equivalent circuit models are inherently simple and fit for real time
implementation. On the other hand they are phenomenological models and thus
require some simplifications. This leads to an accuracy which is lower than
fundamental models.

In automotive applications, control-oriented models are used by the
management system to optimize the performance of the vehicle and of its
components. Control-oriented models of batteries are composed, as shown in
Figure 2.12, by two sub-systems:

e The electrical model

e The thermal model

—> T cell

Figure 2.12. Example of control-oriented model for batteries.
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The electrical part of the battery is normally modeled through an equivalent
circuit with parameters (as the internal resistance and the open circuit voltage)
scheduled with respect to SoC and temperature.

The SoC is computed with a current based estimation, according to:

SoC(t) = SoCq — f_, 2 dt (2.16)

where C, is the nominal capacity of the cell, SoC, is the initial state of charge
and # is the Coulombic efficiency of the cell, here supposed to be equal to 1
(according to [35]).

The performance of batteries strictly depends on the internal temperature
field [12], thus the electrical model is coupled with a lumped® thermal model. In
this model the battery is assumed to be a lumped body (see Section 3.1.3 for a
review of the topic) cooled by convection with a known heat transfer coefficient
h. The model predicts the uniform temperature of the battery starting from the
ambient temperature T,, and solving the general heat balance.

ar Q—Ah(T—-Tw)
dt mc

(2.17)

where Q = RI?> + ¥N_, R;I? is the heat generated inside the battery, in [W].
The battery dynamic is modeled through an equivalent circuit of order N and the
subscript i, referred to the current and the resistance, indicates that those
quantities are referred to the i Randle circuit. m is the mass, and ¢ is the
specific thermal capacity of the entire system [J/kg K].

Once the temperature and SoC have been calculated, the model computes the
open circuit voltage, the internal resistance and the capacity and resistance of the
Randle circuits. These parameters are normally scheduled as function of
temperature and SoC using different algebraic functions for charge and
discharge processes.

The model is simple and suitable for control-oriented and on-board
implementation. From an electric point of view the accuracy is sufficiently high,
as reported in [21]. From a thermal point of view, however, the model is fairly
inaccurate since the temperature distribution within the battery cell has been
completely disregarded.

Since the performance, SoH, and optimization of battery module and cells are
mainly affected by the operating temperature it is a crucial point to improve this
aspect of these simplified models.

® In a lumped system the temperature distribution is spatially uniform at any instant during the
transient heat transfer process, [44].
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Very accurate models of both electro-chemistry and heat diffusion inside
a battery are performed with finite element software, like ANSYS® or
COMSOL® However, these software applications are so memory and time
consuming that there is no possibility for any on-board or real-time application.
In this thesis a modeling approach to account for the temperature dynamic inside
a Li-lon battery cell, suitable with a control-oriented approach, will be
developed.

2.2 Thermal characterization

The topic of thermal characterization and modeling of Li-lon batteries is
a fairly new research area which has attracted the attention of both industry and
academia in the last decade. In 1995 John Newman and Caroline Pals published
two fundamental journal papers on the topic: the first is related to the thermal
modeling of a single Li-lon battery cell, [8], and the second represents an
extension to a cell stack, [9]. Later on a refining of the single cell modeling has
been proposed by the same authors in [36].
In their work, [37], Bernardi et al. presented a general energy balance for battery
systems on which most subsequent model relies. A few years later, Pesaran et al.
presented a work on the thermal performance of EVs and HEVs battery cells
and packs [24], developed at NREL®. The same authors proposed some
extension to that original work from the battery management system point of
view [7], [38],[12].
In 2004 Chen et al. proposed a remarkable work on the optimal approach to
simplify the thermal model of a Li-lon battery [10].
As regard the thermal behavior of battery packs, important results were obtained
by Lee et al. [39] and Innui et al [40]. The latter, in 2006, proposed an
interesting comparison between prismatic and cylindrical battery cells.
From the thermal management point of view, a complete work was proposed in
2009 by Kuper et al. [41].
The papers reviewed are organized into three categories:

o Single cell thermal model,
e Whole pack thermal models;

e Battery thermal management systems.

% National Renewable Energy Laboratory, Golden (CO), U.S.A.
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2.3.1 Single cell thermal models

In their first work [8], Newman and Pals presented an extension of the
work proposed in 1993 by Fuller and Doyle, [27], to introduce an energy
balance for a battery cell. In the previous models, a uniform temperature was
assumed throughout the cell, although the temperature was allowed to vary with
time. In this work a 1D thermal model has been introduced.

Thermal modeling is particularly important for Li-lon batteries because the heat
produced during charge and discharge may cause either irreversible side
reactions or damage and even melting of the solid lithium. This is a primary
safety concern for the battery manufacturer.

The energy balance used in [8], and first introduced by [37], is given by:

Q=1(Ve —V-TT

oT

) = heony (T = T)) + mec, o (2.18)
where m. is the cell mass per unit area [g/cm?]. The term (Vo - V) is the heat
produced due to cell polarization, and the term -1T(dV./ dT) is due to the
reversible entropy change in the cell.

Isothermal modeling is important because it helps one understanding the
operation of the battery at different temperatures.

Time (min)
0 50 100 150 200

Cell potential (V)

0.0 02 0.4 0.6 0.8 1.0
Utilization
Figure 2.13. Cell potential as a function of utilization and time for isothermal discharge of the cell at
I = 1.1 mA/cm? for several temperatures, from [8].

In the isothermal calculations it is assumed that all the heat generated in the cell
is transferred out of the system without considering the details of how it is done.
Figure 2.13 shows the cell potential as a function of utilization and time for
isothermal discharge. The dashed line is the open-circuit potential of the cell.

The figure shows also how the cell performance is affected by the temperature
of operation. At higher temperatures, the cell potential is higher for a given
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value of active material utilization. The cell also utilizes more of the active
material at higher temperatures.
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Figure 2.14. Heat-generation rate as a function of utilization and time for isothermal discharge of the
cell at I = 1.1 mA/cm?. [8].

The heat-generation rate as a function of time and utilization is given in Figure
2.14 for the same simulations. This figure demonstrates that the heat generation
rate is much larger for lower temperatures than it is for higher temperatures.
This result may also be seen by examining the cell-potential behavior: The heat
generation rate is equal to the product of the current density and the difference
between the open-circuit potential and the cell potential. At lower temperatures,
the conductivity is lower, and the larger Ohmic drop leads to larger heat
generation rates.

For design purposes, it is useful to examine the temperature dependence of the
energy and average power densities that the system can provide.
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Figure 2.15. Specific energy and average specific power of the cell as functions of temperature for
isothermal, galvanostatic discharge at |1 = 1.1 mA/cm?, [8].
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At lower temperatures, from 80° to 100 °C, the specific energy increases
steadily as the cell attains a higher utilization with increasing temperature.

Then, at temperatures from 100 °C to 120°C, the energy density continues to
rise, but at a slower pace, as the cell is reaching nearly 100% utilization. Above
120°C the specific energy begins to level off to its theoretical value.

In this paper, adiabatic discharge behaviors are also presented: adiabatic
modeling is important because it simulates the consequences of no heat removal,
for example, if the temperature control system fails.

In [8] it is also anticipated that the one-cell model can be used to analyze
the behavior of a cell stack under heat-transfer conditions by defining an
appropriate per-cell heat-transfer coefficient for each cell in the cell stack.

The authors consider 1D heat transport in the direction perpendicular to cell
layers. This assumption is valid when transport in the direction parallel to cell
layers can be neglected, such as when the cell stacks are very thin, or when the
ends of the stack perpendicular to cell layers are insulated.

To use the one-cell model for cell-stack calculations, the per-cell heat transfer
coefficient hs must be related to the convective heat transfer coefficient.

2
1 1 (L) 2] L
— = =) x|+ — 2.19
hs chell lcell [ 2 2hconv lcell ( )

Now that the per-cell heat transfer coefficient has been related to the convective
heat-transfer coefficient, the temperature and discharge behavior for each cell in
the cell stack can be calculated from known values of the convective heat-
transfer coefficient and from cell properties.

The one-cell model proposed by Newman and Pals could be used to estimate the
temperature and discharge behavior of the battery when the cell-stack
temperature gradient can be neglected.

The results presented show that an increasing of the per-cell heat transfer
coefficient causes the cell potential and temperature to decrease. This behavior
is expected because as the heat transfer coefficient increases, more heat is
transferred out of the cell stack to the surroundings causing the cell temperature
to decrease. This lower temperature causes the cell potential to decrease, as was
seen in isothermal discharges.

The per-cell heat generation rate increases as the temperature of the cell
decreases, due to the increase in over potentials in the cell.

Concluding, the simulations showed that the cell potential, along with the
active-material utilization at the cutoff potential, increases with increasing
temperature. Following the cell-potential behavior, it was seen that the heat-
generation rate of the cell decreases with increasing temperature.
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In the paper the per-cell heat-transfer coefficient was defined for each cell in the
cell stack. Simulations were presented for discharge behavior for various values
of the per-cell heat transfer coefficient. The simulations presented for the per-
cell heat transfer coefficient can also be used if the temperature gradient in the
cell stack is negligible according to the accuracy requirements of the
calculations.

Later on, in [36], Newman et al. presented a general review of the
several key aspects that must be considered in modeling the behavior of Li-ion
batteries. The electrodes are generally porous, and therefore the distribution of
the reaction through the depth of the electrode must be considered. The active
material is an insertion compound, in which the chemical potential and other
thermodynamic properties may vary continuously with inserted lithium
concentration, and solid-state diffusion of lithium through the active material
must be considered.

Finally, in most batteries, the electrolyte is a concentrated, non-ideal solution,
and mass transport across the electrolyte has a significant effect on battery
performance. The basic modeling framework consists of porous electrode
theory, concentrated solution theory, Ohm’s law, kinetic relationships, and
charge and material balances.

Porous electrode theory treats the porous electrode as a superposition of active
material, electrolyte, and filler, with each phase having its own volume fraction
Concentrated solution theory provides the relationship between driving forces
and mass flux.

A charge balance is also needed to keep track of how much current has passed
from the electrode into the electrolyte. Ohm’s law describes the potential drop
across the electrode and also in the electrolyte.
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Finally, the Butler—VVolmer equation generally is used to relate the rate of
electrochemical reaction to the difference in potential between the electrode and
solution.

A big deal in modeling batteries is that the dependent variables of concentration,
potential, reaction rate and current density each appear in more than one
governing equation, and therefore the coupled governing equations must be
solved simultaneously.

In addition, material properties often vary considerably with concentration.
Thus, battery simulation requires a numerical technique, such as the finite-
difference technique BAND suggested by the authors, that can solve multiple
coupled, nonlinear differential equations.

The flux of one species is inherently coupled to the fluxes of all other species
present, as set forth in the Stefan—Maxwell equations:

CiC}

= (v — 1) (2.20)

iV — %

CTD

where ¢; is concentrations, Dj; the diffusion coefficients, v the velocity, i and j
the species indices, and Cy is the total molar concentration. With the Onsager
reciprocal relations, these principles yield n(n-1)/2 transport properties, where n
is the number of species in solution.

In the second part of the paper, the authors present three analyses of mass-
transport-related effects in Li-ion batteries.

The first section demonstrates how a continuous side reaction could cause error
in measurements of the transference number. The second section discusses the
heat effect associated with the formation and relaxation of concentration
gradients. The third section presents the results of molecular dynamics
simulations which give insight into the decrease in conductivity with increasing
salt concentration in liquid carbonate electrolytes.

Measurement of the transference number in polymer electrolytes is difficult
because the polymer electrolytes are opaque and poorly conductive. The
galvanostatic polarization technique has been previously developed by the
authors to provide a simple yet rigorous method of obtaining transference
numbers in non-ideal polymeric electrolytes.

The concentration gradients formed during the passage of current are also
associated with heat effects. The heat is released (or possibly even absorbed)
during relaxation after the current is turned off. An equal and opposite amount
of heat is absorbed (or possibly released) during formation of the concentration
gradients while current is flowing.

This heat of relaxation is termed heat of mixing; an energy balance which
includes the heat effects of heat of mixing looks like:
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where Q is the rate of heat exchange with the surroundings [W], | the current
(assumed positive on discharge), V the cell potential, U the open-circuit
potential, the superscript ‘avg’ means evaluated at the volume-average
concentration (e.g. U%Y9 is the potential to which the cell would relax if the
current were interrupted), T the temperature, Cpthe heat capacity, H; the partial
molar enthalpy of species i, and c is concentration

It is important to notice that if the partial molar enthalpies are constant with
composition, then the heat of mixing term is zero. In addition, heat of mixing
can be endothermic or exothermic, depending on how H; varies with
composition.

This work states that the heat released during relaxation is much smaller than the
resistive and entropic heat. For cells properly designed to mitigate concentration
over-potential, heat of mixing will be negligible.

2.3.2 Battery pack thermal models

The thermal characterization of a whole battery pack is even more
important because, when small batteries are scaled up, the internal heat
generation becomes large, leading to the temperature rise and the occurrence of
an uneven temperature distribution in the battery.

According to [24], battery pack performance in an automotive application
directly affects the all-electric (zero-emission) range, power for acceleration,
fuel economy, and charge acceptance during energy recovery from regenerative
braking. Thus any parameter that affects the battery pack must be optimized.
The battery operating temperature range changes depending on the
electrochemical couple used. Generally, higher temperatures improve the
battery's performance because of increased electrochemical reaction rates.
However, the battery's lifetime decreases because elevated temperatures increase
corrosion promoting the aging of the battery.

Predicting temperature profiles is important to design a thermal management
system for the battery, as well as predict how the temperature variation in the
battery affects its performance.

In [24], an overview of heat generation in battery modules is presented.

As stated before, heat is generated within a cell by two effects: entropy change
from electrochemical reactions and Joule’s effect caused by current flux.
At practical EV and HEV rates, the first term (reversible entropy change) is
usually small compared to the second one (Ohmic and other irreversible effects).
Thus, the heat is generated and released from the cell during both charge and
discharge.
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As heat is generated in a module, it is either removed/rejected to the surrounding
area, accumulated in the module, or both. It is also possible that if the
surrounding area is at a higher temperature than the module, heat will be
transferred into it. An overall energy balance on a battery module leads to:

Q - thbS (Tbs - Tf) - O-ngsAbs (Tl;l's - Tf4) =MmycCy (de%) (222)
where:
hp, = Convective heat transfer coefficient between battery surface and its
surrounding fluid [W /m?K];
Aps = Battery surface area exposed to the surrounding;
T, = Temperature of the battery surface;
o = Stefan-Boltzman constant (5.67-10 [W/m2K*]);
¢ = Battery surface emissivity;
Fps = Shape factor between the battery and its surroundings ;
Cp = Weighted-average module heat capacity [J/kgK].

The radiative term (the third one) is usually small compared to the convective
term (second one) if temperatures are below 100 °C, so it is disregarded for
common battery applications.

In Equation (2.22), an average battery temperature has been considered.
However, in reality, a three-dimensional temperature distribution exists in the
module. A commercial finite element analysis software has been used by the
authors to solve for temperature distribution in HEV modules.

The overall energy balance can be used to obtain the temperature distribution in
a pack of modules. For example, if a certain amount of a fluid is passed around a
module, the fluid temperature change can be obtained from overall energy
balance for the module:

hb Abs (Tbs - Tf) = mf Cr (Tout - Tin)ﬂUid (223)

The overall temperature change in the fluid can be obtained from the overall
energy balance:

: ATy, . AT
N (Q — My ¢y ;t“) = [mfcf(Tout — Tin) — Mgy (d_tf)]Pack (2.24)

where N is the number of modules in the path of mi,.

The second terms on each side of the equation are thermal inertia of the module
and the fluid, respectively, and could be ignored for short-term transient and
steady state cases.

To obtain thermal performance in modules and packs, the author proposes to use
finite element analysis, to solve the two-dimensional or three-dimensional
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transient or steady state heat conduction equation for a set of modules at the
beginning of the pack.

If the interest is limited to the average battery temperature, conduction can be
ignored, assuming a single temperature for the modules. It is possible taking
advantage of symmetry to solve for the minimum number of modules or even
sections of a module to reduce computational efforts.

Using an iterative process, the energy balance between the module surface
temperature and its surroundings has been used to find the overall temperature
change in the fluid. Temperature distribution in any module in the pack could be
obtained by using the superposition principle and overall energy balance.

For the analysis, the authors used a prismatic, valve-regulated, lead-acid battery
module.

R0OEACDERE

Figure 2.18. Sketch of the battery module analyzed in [24] and 2D temperature distribution.

In this analysis, an air flow cools a series of 10 battery modules, as depicted in
Figure 2.19. The air temperature rises by 1.3 °C as it passes by each module,
resulting in a variation of 13 °C between the inlet and the outlet.
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Figure 2.19. Steady-state 2-D temperature distribution in battery pack cooled by an air flow, [24].
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There is also a variation of about 4.5 °C within each battery module. Although
this cooling arrangement is not ideal, it is much better than placing the pack in a
closed box, as shown in Figure 2.20.

R00EO0N

Figure 2.20. Steady-state 2-D temperature distribution in an enclosed battery pack, [24]

Obtaining thermal images of a battery module or a pack is a useful way to obtain
information on temperature variation and compare that with analytical results. It
is more productive and less intrusive than installing many temperature sensors
on the walls of the battery.

At the NREL both IR photography and liquid crystal thermography are used.
The battery pack performance, and thus the performance of an EV or HEV, is
affected by its operating temperature and the degree of temperature gradient in
the pack. Thermal issues are of more concern in an HEV pack because of higher
power and more aggressive charge/discharge profile.

Using finite element analysis software, temperature distributions in a
hypothetical module and pack is obtained. Even with reasonable air flow rates,
the temperature in the pack can vary significantly; a pack with no air flow can
reach unacceptably high temperature levels.

NREL analysis indicated that adding ventilation holes improved the thermal
performance of an HEV battery module. IR and LC thermography were used to
obtain thermal images of an HEV module and a simulated HEV pack.

Newman et al., in the second part of their work, [9], proposed a model
that uses heat generation rates calculated from isothermal discharges of the one-
cell model presented in Part | to calculate temperature profiles in cell stacks.
This allow taking into account that cells on the outside of the stack operate at a
lower temperature than cells on the inside of the stack, due to conductive heat-
transfer limitations of the system.

In this model, again, the heat is assumed to be transferred only in the direction
perpendicular to cell layers. Due to geometric consideration the temperature
behavior of the full cell stacks is assumed to be symmetric.
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Figure 2.21. Schematic diagram of one-half of a cell stack studied in [9].

The energy generation in cell j, Q;, may be calculated from the one-cell model
given previously, but this requires running the previous one-cell program for
each cell, which means a large amount of computer time required. To reduce the
computer time needed to solve the temperature profiles, the authors introduced a
simplified heat generation rate calculation:

e Forcell 1:

mcy

2 (T —TPM) = 2(T —T3) + 0y (2.25)

e For cells 2 to n-1:

mc k '
mo (e gty =k (puey ey pier) 1, (2.26)

e For cell n (the last one):
T (Tew — TR = S(Tuey = T3eW) + 0y — h(T, = T) (2.27)

To simplify the calculations, the heat-generation rate as a function of time and
temperature for isothermal discharge as calculated by the previous one-cell
model are considered to give an accurate approximation to the heat-generation
rate as a function of time and position for non-isothermal discharge (Qj).

This means that a cell that discharges non-isothermally to a particular
temperature and state of charge presents the same heat generation rate (as well
as other discharge characteristics) as a cell discharged isothermally at that
temperature to the same state of charge.
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Various experiments showed that the estimated heat generation rates and
corresponding temperatures are most accurate for higher heat transfer
coefficients where the cell temperature remains nearly constant.

In this work, the temperature behavior of the battery is considered as a function
of the stack thickness, heat transfer coefficient, and discharge rate. All
simulations were made for a nominal 3 h discharge rate, 1.1 mA/cm?, using 90
°C for the initial cell temperature and 89 °C for the ambient air temperature.

The figure below shows that as the cell stack thickness increases, its overall
temperature increases, and the cell temperature profile gets steeper. The
temperature profiles are considered at the end of discharge.
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Figure 2.22. Temperature profiles at the end of discharge for cell stacks of several widths for
galvanostatic discharge at 1.1 mA/cm?, [9].

For early times, the temperature has not risen much, and there is little
temperature variation in the cell stack. As the discharge proceeds, however, the
temperature variation increases.

For the 576 cells stack, at the end of discharge, the temperature at the center
reaches 117 °C while the temperature at the outer face reaches only 104 °C.

As it can be noticed in Figure 2.23, the heat-generation-rate profile is relatively
flat at the beginning of discharge. As the discharge proceeds, the heat-generation
rate decreases through most of the cell stack, but a gradient develops. At the end
of discharge, the cells at the outer face of the stack are generating heat at over
twice the rate of the cells at the center of the stack.
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Figure 2.23. Temperature and heat-generation rate, of a single cell and for a 576 cells stack, as
functions of time for various heat-transfer conditions, [9].

For automotive purpose a 144 cells stack has been chosen. There is a

cooling channel every two cells stacks and the battery pack consists of 16
stacks.
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Figure 2.24. Temperature profiles as a function of time for the proposed electric vehicle battery
design, [9].

For the cells in the middle of the cell stack, the models show good agreement for
both heat generation rate and temperature. The models predict a center

temperature of 108 °C at the end of discharge, with a variation between models
of less than 0.5 °C.
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The models disagree more strongly on both temperature and heat generation rate
for the outer face of the cell stack (102.5 °C versus 105 °C).

The difference between the cell-stack and the one-cell calculations for the
temperature of the cell at the outer face of the stack can be explained by
examining differences in the development and use of the models.

The cells in the cell-stack model vary in both temperature and heat generation
rate from their neighboring cells, and therefore a temperature gradient is
established in the stack. The one-cell model, considers one cell with a uniform
temperature and heat generation rate with heat transfer from the cell calculated
using an averaged value of the per-cell heat transfer coefficient based on the
position of the cell in the cell stack.

For the one-cell model, the time constant for heat transfer to the surroundings is
a relatively large number, while for the cell-stack model it’s a relatively small
number.

This means that in the cell-stack model, the cell at x = L/2 transports more heat
to the surroundings earlier in discharge and does not appreciably heat up until
the temperature profile in the cell stack is developed and the outer cell can
receive heat from the internal cells. Thus the outer cell temperature calculated
by the cell-stack model rises more slowly and reaches a lower value than its
corresponding temperature calculated by the one-cell model.

For a single cell, or for a cell stack with a negligible temperature gradient,
differences between calculated heat generation rates and temperatures from the
one-cell model and the cell-stack model are due to the heat-generation rate
approximation.

From examination of a heat generation rate profile, it was concluded in [9], that
heat was generated at lower rates in higher temperature areas of the stack, and at
higher rates in lower temperature areas of the stack. This type of non-uniform
heat generation rate tends to flatten the temperature profile of the cell stack.
Because of the methods in which the models were developed, the one-cell model
iIs more accurate than the cell-stack model for calculating temperatures in cell
stacks with negligible temperature gradients, and the cell-stack model is more
accurate for calculating temperature profiles in stacks with appreciable
temperature gradients.

Y. Inui et al. presented, in [40], a comparison analysis: two-dimensional
simulation for cylindrical battery and three-dimensional simulation for prismatic
battery. The former is done because the cylindrical shape is most popular for the
commercially available small size batteries while the latter choice is due to the
fact that prismatic battery cells have an advantage in comparison with
cylindrical ones when combining them in modules.
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Figure 2.25. Schematic diagram of cylindrical Figure 2.26. Schematic diagram of prismatic Li-
Li-lon secondary battery and analytical region, lon secondary battery and analytical region,
[40]. [40].

The following equations can be used to calculate the transient response of the
temperature distribution in the cylindrical battery:

» Power generation region:

aT 10 aT a aT _
pCpE = ZaT(Arra_r) +6_z(/12 6_2) +q (2.28)
ds i
it (2.29)
=" (2.30)
I=[[ 2nmridrdz (2.31)

» Case and cavity:

per 5 = v (W) 5, (4 5) (2.32)

Where s is the local state of charge, E is the terminal voltage, | is the discharge
current, p is the mass density, c is the specific heat, 1 is the thermal conductivity,
ci is the capacity per unit volume of the power generation region, S is the power
generation region on the r—z plane and the subscripts r and z denote the values
along the radial and axial-directions, respectively.

In this model the battery is assumed to be cooled by natural convection. This
heat flux is employed as the boundary condition on the battery surface required
for calculation of the temperature distribution.

Numerical simulations of the transient responses of the temperature distribution
in the battery are performed for 0.9 A (0.5 C) and 1.8 A (1.0 C) constant current
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discharges. The authors confirmed that the simulation results of the transient
temperature and voltage variations coincide very well with the experimental
results for both the 0.9 A and 1.8 A constant current discharge, as shown in
Figure 2.27
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Figure 2.27. Experimentally and numerically obtained transient temperature and voltage variations of
cylindrical battery for 0.9 A constant current discharge, [40].

Figure 2.28 shows the temperature distribution in a cylindrical battery at the end
of a 1.8A (1 C) constant current discharge.

TEN

s

Figure 2.28. Numerically obtained temperature distribution in cylindrical battery at end of 1.8 A
constant current discharge, [40].

In the case of prismatic batteries a 3D simulation code is needed to compute the

temperature distribution. To calculate the transient response of the temperature
distribution in the prismatic battery, Equation (2.28) must be replaced with:
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Similar to the two-dimensional code, the three-dimensional code calculates the
transient response of the temperature distribution in the battery along with the
transient responses of the current distribution, state of charge distribution and
terminal voltage for given discharge current by solving the above equations
simultaneously.

The temperature rise during the discharge becomes different depending upon the
cross sectional shape even under the condition of the same battery volume and
capacity. Selecting a prismatic battery with laminated cross section (pouch-style
battery, i.e. 137.6 mm x 8.6 mm x 68.8 mm), has a remarkable effect on
suppression of the temperature rise in comparison with a battery with the square
cross section, (i.e. 68.8 mm x 17.2 mm x 68.8 mm).

This result is considered to be caused by the difference in the surface area. The
cooling effect by the ambient air is proportional to the surface area, and batteries
with laminated cross section have the largest surface area.

g

X-Z plane F=& plane

Figure 2.29. Numerically obtained temperature distribution for laminated prismatic battery at end
of 9.0 A constant current discharge, [40].

According to the authors, the effect of the lamination on the suppression of the
temperature unevenness is, however, unexpectedly small, and some other
measure is considered to be needed to suppress this unevenness. These results
are very informative to determine the cross sectional shape of large size
batteries.

At Argonne National Laboratory, J. Lee et al. developed a three-
dimensional thermal modeling of electric vehicles batteries, [39]. Once the cell
design specification, the thermal properties, and the electrical performance
characteristics of a battery system are given, the battery temperature distribution
can be predicted by the model for different operating and ambient conditions.
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Figure 2.30. Inputs to battery thermal model, according to [39].

Generally, the temperature rise will be higher, and the temperature gradients will
be larger, for a collection of cells in comparison with a single cell. The thermal
behavior of individual cells and modules in the battery pack is also affected by
the asymmetrical boundary conditions imposed by the packaging requirements
of the vehicle.

In this work, each cell is divided into two regions, namely the core region and
the boundary region. The equation describing the temperature distribution in the
core region is:

P =5 () o (W) (W) va-eaU @39

where the convective velocity U is assumed to exist only in the x-direction and
represents the average motion of a composite mass, which is equivalent to the
actual movement of the electrolyte. In most cases, such a movement is caused
by the change of electrode porosity as electrochemical reactions occur.

. C . . _ I AHO | Ac
Here, for simplicity, g is written as: g = W [V + — t n—;’ (T = Tref)]
where T is the temperature at the surface of the core region, W, is the thickness
of a composite element. AH? is considered to be negative for exothermic
reactions and | < 0 for discharge.
However, the requirement of knowing | and V a priori imposes a limitation on
the predictive power of the model. The heat generation rate cannot be calculated
without knowledge of the variations of | and V during cell operation.
Theoretically, I, V, and T are dependent upon one another, therefore,
determining | and V without knowing T results difficult.
The boundary region denotes the cell case and the electrolyte surrounding the
core region. In terms of heat transfer, the boundary region separates the core
region from the outside environment and thus imposes an additional barrier to
heat dissipation. However, the electrolyte in this region absorbs heat generated
in the core region and thus serves as a heat sink.
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T (n)

n an

—k = h(Ty — To) + 0 (T = Td) + Py Hy 52 — pc, TU,  (2.35)
where T; is the temperature at the external cell surface, Hy, is the thickness of the
boundary region and the fourth right-hand side term accounts for the variation of
mass in the boundary region. Equation (2.35 )can be used for all three directions
(n=x,y, or z). Here Ts is considered to be:

hH; . hH,\ "L
T T) (2.36)

T, =c, T+ (1 —c,)T, where c, = (1 +
where Hy, and k; are the thickness and thermal conductivity of liquid electrolyte,
and H¢ and k. are the same for the cell case material.

One needs to use different coefficients for boundaries in different spatial
directions when the heat transfer coefficient (h) and the amount of electrolyte in
the boundary region are not identical in each direction.

In the paper a dimensionless analysis is proposed in order to obtain generalized
characteristics of thermal behavior and reduce the number of parameters.

At high rates of discharge, the thermal resistance and capacitance imposed by
the cell case and the surrounding electrolyte become relevant. However, their
effects diminish as the size of the cell increases, due to the reduction of external
surface area per unit volume.

In addition, the internal thermal conductivity becomes more important in larger
cells. In most cases, the effects of radiation on total heat loss are small (~10% of
convection), except at low discharge rates (C/3 or less) under natural
convection. Results for a lead-acid battery are presented in the paper and are
shown in Figure 2.31.

Figure 2.31. Calculated temperature distribution at mid-height cross section of three-module lead-
acid battery after 2h of charge at 3h rate under natural convection cooling, [39].
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Figure 2.31 shows that the average temperature of the battery increased from 25
°C to approximately 33°C after 2 hours of charging at a 3C rate. The flat
temperature profile at the center of each module indicates that the internal
thermal resistance is relatively small compared with that at the boundaries.

The result also shows that a higher temperature exists near the surface area
where modules face one another.

Application of the thermal model to various batteries indicated that excessive
temperature rise will occur in a closely packed 330 Ah module of five cells.
Forced air convection is not effective for cooling the module.

To provide sufficient capacity, a large-scale Li-lon battery generally consists of
many individual cells that are connected in parallel. Given the results shown
in[39], it is evident that this configuration inherently increases the thermal
resistance of a battery, so thermal management becomes critical for operation.
Generally, when modeling battery modules and packs some simplified strategies
are adopted to avoid computing an unacceptable amount of calculations. It is
possible to neglect the radiative heat transfer on the boundaries, take the
layered-structure of the cells as the homogeneous materials, transfer the
container to be a part of the boundary equations, or degrading a three-
dimensional system to a 2D or 1D model.

In [10], Chen et al. developed a detailed thermal model to verify the correctness
of the assumptions and to determine the optimal approach to simplify the
thermal model of a battery.

= case
mm contact layer
3 cell stacks

F

Figure 2.32. Schematic representation of a
typical lithium-ion battery, [10].
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Figure 2.33. Schematic diagram of a typical lithium-
ion unit cell, [10].

Inside the battery conduction is the main heat transfer mechanism and the
transient heat conduction equation is:

pey == (kx ‘;—i) + % (ky ‘;—i) +— (kZ Z—T) +3 (2.37)
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where p, Cp, k and g are the density, heat capacity, thermal conductivity and
heat-generation rate per unit volume, respectively.
At the boundary, both convection and radiation must be considered and they
expressed as:
Qr = SO-(TS4 - Toi)
(2.38)
Qc = hc(Ts - TOO)

Note that Tgurace May vary with location and h, may be a function of both
location and temperature. In case of forced convection the convective heat

transfer coefficient can be determined as h, = f, \E where f;, V and L are a

temperature-dependent coefficient, the velocity of the airflow, and the
characteristic length of the surface, respectively.

In addition, the heat-generation rate of a lithium-ion battery during operation
needs to be determined. The authors adopted the equation derived by Bernardi
[37]:

7 =7 (Boc —E -T2 [ (2:39)
where 1, Vol, Eoc and E denote respectively the total current of the battery, the
total volume of the core region, the open-circuit potential and the working
voltage, respectively.

This equation is efficient enough but it is important to notice that the potential
terms should be obtained, and the effect of temperature on electrochemical
behaviors cannot be evaluated.

Finally, it is necessary to determine several physical parameters at the interfaces
between the different components inside a lithium-ion battery. The product
value of density and heat capacity is calculated based on the volume of each
component while the thermal conductivity at the interface should be determined
based on connection between components and the contact resistance of the
interface. Fortunately, the effect of contact resistance on effective thermal
conductivity is insignificant in this case, because most of the pores and gaps are
filled with liquid electrolyte, and the thermal conductivity of the liquid
electrolyte is comparable with that of the materials.

The 3D detailed thermal model presented is not the best candidate to perform
the practical simulations due to its inefficient calculation. However, such
detailed model could be useful for validate with a comparison more simple
models.
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Table 2.1. Detailed information of simplified thermal models examined in [10].

Mumber Dimension Core region Casze and contact layer Radiation

1 1D {5 X censidenng the layered-structure, ¥, Z: 1gnored X considered, ¥, Z: ignored Considered
2 1D {5 T taking the average propetty, X Z: ignored ¥ considered, X, 2 ignored Considered
3 1D (&) Z taking the average propetty, X ¥ ignored Z:considered; X, ¥ ignored Considered
4 DX T Kand ¥: considening the layered-structure; Z: 1gnored X 7 considered, 2 1gnored Considered
bl DX E) Kand Z: considering the layered-structure; ¥ ignored X 7 considered, ¥ ignored Considered
6 2D (Y, 2) Tand Z: taking the average property; X 1gnored 7, 2 considered, X 1gnored Considered
7 DT D Considering the layered-structure Tgnored Considered
8 XY D Considering the layered-structure Transferred to boundary conditions Considered
9 DAY Considering the layered-structure Considered Tanored

10 DT D Taking the average property Considered Considered

11 METD Considering the layered-structure Considered Considered

Mumber 1115 a detaled thermal model, which s taken as a reference for the simulation.

The accuracy for each thermal model is evaluated quantitatively by four
representative indexes:

e Absolute deviation of maximum temperature (important for secure

design)

e The minimum temperature (easy to measure from surface);

e The average temperature (indicates the total heat left in the system);

e Standard deviation of temperature distribution at the end of discharge

(degree of consistency of the temperature profile).

Then compact indexes, shown in Figure 2.34, have been computed.

Time Index (Less Is Better)
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Figure 2.34. Deviation index and time index of simplified thermal models developed in [10], under

forced convection (h = 100W/m? K?).
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According to the results, it is found that, for the system considered in the
study, a 1D model is insufficient to represent the thermal behavior, especially
for the battery under forced convection. 2D models provide better accuracy but
consume more time than 1D models. 3D thermal models provide the best
accuracy, although the calculation time is expanded to 3000-11,000 times that
of the one-dimensional models. The only exception is model number 10 (3D
model that considers average properties instead of a layered structure), which is
the optimum simplification proposed in this work (660 times faster than the
detailed model).

It is important to notice also that the resistance in the x-direction is significantly
larger than in y and z directions, which means that conduction in x-direction is
the less important.

The temperature on the surface is lower than at the centerline, but the excellent
thermal conductivity of the case offers a shortcut for heat to flow from the high
temperature region to the low temperature region, so that small temperature
gradients are maintained on the surface. By contrast, the high thermal resistance
in the x-direction of the core region decreases the heat flow, whereby a steep
temperature gradient is formed inside the battery.

Therefore, according to this model, the temperature in the central region of the
surface X=0 is lower than the surrounding temperature.
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Figure 2.35. Temperature distribution on the surface X = 0 at the end of 3C discharge procedure,
[10].

The data discussed above clearly indicates that both the contact layer and the
case strongly affect the temperature distribution in a Li-lon battery, and that the
temperature distribution inside the battery may be different from that on the
surface.
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Forced convection is employed whenever possible since it generally offers much
better heat transfer than natural convection. Obviously, enhancing the forced
convection greatly depresses both the maximum temperature and the minimum
temperature in the system, as shown in Figure 2.36
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Figure 2.36. Temperature variation and standard deviation of temperature under different
convection conditions at 3C discharge rate, [10].

However note that there exists an optimum condition for forced convection to
control effectively the system in a suitable temperature range without waste of
energy.
Temperature uniformity, which is a very important issue, can be evaluated
quantitatively by examining the standard deviation of the temperature
distribution.
Figure 2.36 shows that the standard deviation increases with enhancing the
extent of convection under low to moderate convection. On the other hand
increasing the forced convection does not induce further increase in the standard
deviation under strong forced convection.
According to the authors this study revealed that the battery case and the contact
layer (a barrier to the heat conduction but an extra capacity that mitigates the
temperature rise) are important components, and the complicated core region
can be further simplified by adopting the average properties.
The simulation results from the detailed thermal model show that the
temperature distribution inside the battery is asymmetric. Analyzing the
temperature distribution it comes out that the heat transfer is greater in y and z
directions, and the metal case effectively spreads heat on the surface.
Furthermore, radiation is found to be an important process for heat dissipation,
especially in situations under natural convection and high temperatures.

In summary, the research papers surveyed evidence that the temperature
distribution in a Li-lon battery module strongly depends on the cooling
conditions adopted.
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A thermal management system becomes critical to properly operate a battery
module or pack to avoid premature aging or decreased performance.

2.3.3 Thermal management systems

The heat generated within a battery must be dissipated to improve
reliability and prevent failure. A thermal management system is the framework
of processes and procedures used to control and regulate the battery operating
parameters that influence the battery temperature.

To optimize the performance of a battery pack, the thermal management system
should deliver:

e Optimum operating temperature range for all battery modules;
e Small temperature variations within a module;
e Small temperature variations among various modules.

Uneven temperature distribution in a pack could lead to electrically unbalanced
modules and thus to lower performance for the pack and vehicle.

If temperature uniformity can be obtained within and between modules, then,
the pack can operate closer to its desired optimum operating temperature range,
thus improving his performance.

Battery pack thermal management and control could be achieved by air or liquid
systems, insulation, thermal storage (phase-change material), active or passive
approaches, or a combination of the above techniques.

According to [7], the location of each module in a battery pack, the external
conditions and the type of heating and cooling could create uneven temperature
distributions.

To quantify the impact of the temperature on the performance of a battery,
temperature-dependent battery performance models are needed (see previous
section).

In order to evaluate the thermal performance of battery models and packs and to
improve designs, NREL has been using computer aided engineering tools. The
author have used finite element analysis software for performing two and three-
dimensional thermal analysis. ANSYS, a widely accepted commercial software
package, was used.

The model treats the battery core and battery case as two separate isothermal
nodes. All the components inside the case, such as active material, cathode and
anode, current collectors, separator, etc. are assumed to be a single homogenous
material with averaged properties. Thus, the core can be approximated as a
homogeneous material with different thermal conductivities in different
directions. Since its thermal mass is quite small the temperature of the case is
very close to the core one.
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Currently the ADVISOR™ battery model, developed at NREL, uses the parallel
airflow approach which is also used in the Toyota Prius. In this approach, the
cooling air is distributed (usually) under the pack and flows up along each
module, then is collected in a space above the pack and exhausted. This has the
potential advantage of allowing every module to experience the same amount of
air and inlet air temperature, leading to a more uniform pack temperature.
Consequently, from a modeling standpoint, it means that the pack thermal
behavior can be reasonably represented by modeling a single module.

Series cooling case

Air 1 Aig out
at 25“2 at .!S”C

A —_

Max Temp = 58°C  Min Temp = 40°C

Parallel cooling case

e

Air out
at 38°C
\

[ [U/ma{aR(al] |
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Max Temp = 54°C  Min Temp = 46°C
Figure 2.37. 2D analysis of a 30-module battery pack with two types of air cooling, [7].

Heat is generated in the core region due to electrochemical reactions and Joule

effect and then conducted through the case and finally convected to the
surrounding. In the paper, the rate of heat rejection is defined as:

9 ADVISOR is an advanced vehicle simulator, implemented in MATLAB/SIMULINK
environment at NREL.
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0= (2.40)

natia
where the heat transfer coefficient h is estimated from correlation taken from
heat transfer textbooks and they include a minimum value to account for natural
convection.
The temperature rise in the battery is calculated based on the energy balance
between battery heat generation, amount of heat lost from the battery, thermal
mass of the battery and duration of battery use:

TS — ft Qgen _Q

0 mpge Cp,batt

dt (2.41)

Different thermal modeling approaches are then proposed in [7] to predict
thermal performances. The lumped capacitance thermal model is integrated with
ADVISOR battery performance models thus allowing one to predict the
temperature changes in a vehicle’s battery according to the drive cycle, air
cooling flow rate and battery type.

Since the battery performance model is temperature dependent, the impact of
varying temperature on battery performance automatically affects the vehicle
performance.

In 2009, Kuper el al. proposed an extensive analysis of thermal
management for hybrid vehicle battery systems, [41]. The thermal management
system is used to optimize the performance of the battery pack during vehicle
operations.

During the operation of the vehicle the battery system is subjected to a wide
range of thermal and electrical load conditions. Since batteries are electro-
chemical systems, lower temperatures lead to decreasing power capability and
elevated temperatures can lead to premature aging of the device [1].

Moreover, in [41], the temperature influence on the aging of the battery is
studied. It is shown that an Arrhenius type law of this kind:

_Eqt

Koging =€ RT (2.42)
is suitable to account for the temperature effects on the aging of the battery. The
higher the temperature, the higher value of K (note that K ranges between 0, at
T=0K, and 1, as T>x).

A battery cooling system is needed to avoid reaching temperature that would
lead to premature aging of the battery.

Depending on the operational profile, the size of the battery system and the
vehicle environment, a suitable cooling system can be chosen from the available
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alternatives. The authors identified essentially three types of cooling system,
distinguished by the cooling medium:

o Air;
e Water/glycol mixtures;

e Refrigerant.

The essential idea of an air cooled battery system is to utilize the conditioned air
from the passenger compartment to maintain the battery in desired temperature
range in warm ambient temperatures.

As stated earlier, the cooling system must be able to keep the cell temperatures
as uniform as possible. Air flow simulations are executed in the course of the
battery development to ensure this goal will be met. Simulations as well as
measurements on real battery systems show that up to four cells in series can be
cooled sufficiently in most applications.

Figure 2.38. CFD simulation of the air flow and cell temperature uniformity for a 44 cell stack of
cross flow type, [41].

Figure 2.39. CFD simulation of the air flow for a 96 cell stack of axial cooling type, [41].

Figure 2.40 shows a scheme of the climatic system of a vehicle with refrigerant
cooled battery parallel to the AC loop for passengers’ cabin cooling.
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Figure 2.40. Schematic of the climatic system of a vehicle with refrigerant cooled battery parallel to
the AC loop for passenger cabin cooling, [41].

As regard liquid cooling systems, Figure 2.41 shows a typical heat transfer
system of a liquid cooled battery.
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Figure 2.41. Schematic of the heat transfer system of a liquid cooled battery, [41].

The choice of battery cooling system depends on the constraints and
requirements of the vehicle application. The total cost impact to the vehicle must
also be considered. Heat exchanger possibilities, available space for fans and air
ducts, as well as safety constraints must be taken into account.

Where the operating environment is particular harsh or the duty cycle is
extreme, closed loop systems like water/glycol or refrigerant may provide better
cooling efficiency.

Since active cooling requires energy — to operate fans or coolant pumps, to
control valves or to put additional load onto the drive train for more AC power —
the cooling intensity should be controlled to maintain the temperature level of
the battery cells but also minimize the total energy usage of the system.
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This can be achieved by design, including the right choice and size of the battery
cooling system, and by implementation of appropriate thermal and electrical
management strategies.

An active thermal management strategy keeps the cell temperatures in the
appropriate range, to provide sufficient power capability as well as to avoid
aging rates higher than anticipated.

2.3 Summary

In this chapter an extensive literature review on the modeling of both
electrical and thermal aspects of a Li-lon battery cell has been presented.

The electrical characterization has been proposed from both, fundamental and
phenomenological points of view. In particular, control-oriented models of Li-
lon batteries for automotive application have been presented and discussed in
detail.

The review of the thermal characterization of Li-lon battery have been divided
in two parts, namely single cell thermal models and pack thermal models. At the
end a review of the state of art of thermal management system of Li-lon battery
has been presented.

Analyzing the state of the art, it can be concluded that a more detailed
thermal model, able to capture the temperature dynamic of a Li-lon battery cell,
is needed to improve the accuracy of models developed for control and
optimization.

In Chapter 3 the modeling approach to implement a model of the thermal
dynamics of a Li-lon battery cell will be presented
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3. Modeling the thermal dynamics of Li-lon
batteries

As stated in Chapter 1, Li-lon batteries are becoming the dominant
battery technology, in particular for high power systems. Their greater specific
power and energy content allow overcoming limitations in meeting the power
demands of HEVs and PHEVs typical of Ni-MH batteries. Moreover they are
able to withstand a wider range of temperatures.

However, Li-lon batteries must be controlled during their operation, in order to
prevent accelerated aging, decreasing of performance or damages.

Models based on first principles (referred to as fundamental models) are often
very accurate, but they are generally not suitable for real-time implementation,
due to their inherent complexity in describing the chemical behavior of the
battery (i.e. [36]). The type of model that is often used as a compromise between
accuracy and complexity is the equivalent circuit model. This class of models is
inherently phenomenological and is intended to approximate the dynamic
behavior of the battery.

Equivalent circuit models for batteries are generally of low order and are
relatively simple to work with, in the context of on-board implementation and
real-time algorithms. The terminology “control-oriented” means that the model
must be simple in structure and yet still able to provide enough accurate results
to suit the application.

Most of the works on control-oriented modeling and identification
available in the open literature focus on isothermal (constant temperature)
models, which are electro-thermal models whose parameters are scheduled
assuming isothermal condition within a battery cell.

Notwithstanding, it is well known ([8]) that the dynamic behavior of batteries
depends on temperature as well as on SoC. The isothermal assumption thus
inevitably leads to errors and hence more accurate models are needed.

One way of compensating for SoC and temperature influence is to incorporate
their dependency into the equivalent circuit model parameters (see i.e. [34] and
[42]). Following this approach, however, requires high laboratory capability and
a considerable amount of time. Many experiments have to be carried out at
various temperatures and moreover the results are applicable only for the
particular battery cell tested.

Besides, due to limitations in the experimental capabilities, the model the
parameters are identified based on the surface temperature of the cell, since
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these tests are performed imposing a constant wall temperature (see Figure 4.21
for a typical experimental setup).

This assumption is evidently in contrast with the experimental and numerical
results published to date, which state that inside a cell, the thermal conductivity
and the heat generated by electro-chemical reactions and irreversibilities, lead to
a three-dimensional temperature distribution. This causes the temperature inside
a cell to be considerably different respect to the surface temperature.

Hence, accounting for the temperature distribution becomes necessary in order
to properly model the battery behavior. A detailed thermal model would allow
accounting for the spatial distribution of the temperature within a battery cell.
Developing a modeling approach able to characterize the spatial temperature
distribution within a Li-lon battery cells is the main objective of this thesis.

3.1 Thermal modeling approach and mathematical formulation

In order to design a thermal model of a prismatic Li-lon battery cell two
different heat transfer problems have to be solved. First of all a conduction
problem within the battery cell must be formulated as an unsteady problem with
non-homogeneous boundary conditions varying with respect to both time and
space. Then an energy conservation problem at the boundaries needs to be
introduced to describe the behavior of the medium used to cool the battery. In
this section, a review of the basic concept of heat transfer problems will be
presented, in relation to the specific problem here considered.

3.1.1 Basic equation for energy conservation

The problem of heat transfer can be approached in several ways. Many
textbooks (for instance [43] or [44]) tend to introduce the basic equation for heat
transfer starting from the fundamental laws of thermodynamics.

The subjects of thermodynamics and heat transfer are highly complementary. In
some aspects, because it treats the rate at which the heat is transferred, heat
transfer theory may be viewed as an extension of thermodynamics.

The first law of thermodynamics, according to [43], may be expressed as
follows: The net change (increase or decrease) in the total energy of the system
during a process is equal to the difference between the total energy entering and
the total energy leaving the system during that process.

Energy can be transferred to or from a system by heat or work, and it can enter
or leave the system by exchanging mass flows directly through the boundaries.
The total energy of a simple compressible system consists of internal, Kinetic,
and potential energies.

Normally, in heat transfer analysis, the only form of energy of interest is the one
that can be transferred as a result of a temperature difference, that is, heat or
thermal energy. Therefore it is possible to write a heat balance equation:
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Qin - Qout + Egen = dEthermal system [W] (31)

In a closed system, where there are no mass flows, and when system involves
heat transfer only and no work interactions across its boundary, the power
balance relation further reduces to:

Q = mc,AT [W] (3.2)

3.1.2 Basic equation for fluid flow

In systems where fluid flows are present, the energy exchanged through
the boundaries associated to transfer of mass, has to be considered, other that the
energy fluxes. These problems can be modeled following the control volumes
approach.

According to [44], the inflow and outflow terms are surface phenomena. That is,
they are associated exclusively with processes occurring at the control surface
and are generally proportional to the surface area. This flow terms include heat
transfer (which can be by conduction, convection or radiation) and work
interaction occurring at the system boundaries as well as energy advected by
mass entering and leaving the control volume.

The flow of a fluid through a pipe or duct can normally be approximated to be
one-dimensional. As a result, all properties are assumed to be uniform at any
cross section normal to the flow direction, and the properties are assumed to
have bulk average values over the entire cross section.

Under the one-dimensional flow approximation, the mass flow rate of a fluid
flowing in a pipe or duct is defined as:

m = pvA [kTg] (3.3)

where v is the mean velocity and A the cross-section area.
The general energy conservation law, written in its differential form, can be cast
as follow:

dE dr

ar _ 4 1,2 — 1,2 ) — T
dt—mcvdt—m(h+2v +gz) m(h+2v +gz)0ut+Q W (3.4)

in
where W represents the work term (not including the flow work) and h** is the

enthalpy per unit mass, in [k]—g]

" h=u+pv where u is the specific internal energy and the term pv represents the flow
work per unit mass.
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Figure 3.1 gives a representation of an energy balance for an open system.
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Figure 3.1. Open system energy balance representation.

For a steady-flow system with one inlet and one outlet, the rate of mass flow
into the control volume must be equal to the rate of mass flow out of it. That is,
my, = m,,; = m. When the changes in Kinetic and potential energies are
negligible, which is usually the case, and there is no work interaction, the energy
balance for such a steady-flow system reduces to:

mc, AT = Q — Ah = Q — thc, AT (3.5)

By solving this balance it is possible to find how the mean temperature varies in
the system considered.

Fluid flow is streamlined and thus laminar at low velocities, but turns
turbulent as the velocity is increased beyond a critical value. Transition from
laminar to turbulent flow does not occur suddenly; rather, it occurs over some
range of velocity where the flow fluctuates between laminar and turbulent flows
before it becomes fully turbulent.

The Reynolds number is a dimensionless parameter that accounts for fluid
properties and flow condition and allow one to discriminate between the two
kinds of flow [44].

L
Re = 2om=e (3.6)
u
Re < 2300 Laminar flow
2300 < Re < 10,000 Transitional flow
Re > 10,000 Turbulent flow

Flowing through a tube, the fluid particles in the layer in contact with the
surface of the tube will come to a complete stop. This layer will also cause the
fluid particles in the adjacent layers to slow down gradually as a result of
friction.
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To make up for this velocity reduction, the velocity of the fluid at the midsection
of the tube will have to increase to keep the mass flow rate through the tube
constant. As a result, a velocity boundary layer develops along the tube.

The thickness of this boundary layer increases in the flow direction until the
boundary layer reaches the tube center and thus fills the entire tube, as shown in
Figure 3.2.
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Figure 3.2. The development of the velocity boundary layer in a tube, [43].

Similarly, along the fluid flow direction, a thermal boundary layer develops as
shown in Figure 3.3.

The region in which the flow is both hydro-dynamically and thermally
developed and thus both the velocity and dimensionless temperature profiles
remain unchanged is called fully developed region.
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Figure 3.3. The development of the thermal boundary layer in a tube, [43].
(in this case the fluid is being cooled).

Fluid flow problems are normally solved using experimental correlations that
are available for both laminar and turbulent flows and for entry region as well as
for fully developed region.
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Since an in depth discussion on this topic is out of the scope of this work, more
references can be found in [44], [45] or [46].

Nonetheless, a quantity of great interest in the analysis of tube flow is
the pressure drop AP since this value is directly related to the power
requirements of the fan or pump to maintain the flow. It is convenient to express
this quantity as:

L pv,zn
where L is the tube length, D the diameter, v, the mean velocity, p the density
and f the friction factor, which is a function of the Reynolds number.
The friction factor and the heat transfer coefficient are highest at the tube inlet
where the thickness of the boundary layers is zero, and decrease gradually to the
fully developed values, as shown in Figure 3.4.
Therefore, the pressure drop and heat flux are higher in the entrance regions of a
tube. The effect of the entrance region is always to enhance the average friction
and heat transfer coefficients for the entire tube. This enhancement can be
significant for short tubes but negligible for long ones.
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Figure 3.4. Variation of the friction factor and of the convection heat transfer coefficient in the flow
direction for flow in a tube (Pr>1), [43].

Typically, engineering problems involve a consideration of both the heat
transfer rates between the fluids and the mechanical pumping power expended
to overcome the friction and move the fluids. The so called friction-power
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expenditure, as the ratio between the power needed to move the fluid and the
heat exchanged is defined in [45], is a parameter of great importance in the
development of heat exchangers or in the analysis of fluid flow that involve heat
transfer.

The friction between the fluid layers in a tube may cause a slight rise in fluid
temperature as a result of mechanical energy being converted to thermal energy.
However, this frictional heating is too small to warrant any consideration in
calculations, and thus is generally disregarded.

Remember that, although the theory of fluid flow is reasonably well understood,
theoretical solutions are obtained only for a few simple cases such as the fully
developed laminar flow in a circular pipe. Therefore, one must rely on the
experimental results and the empirical relations obtained for most fluid flow
problems rather than closed form analytical solutions. Errors of approximately
10-15 % are considered normal in this kind of applications.

3.1.3 Basic equations for heat transfer

A major objective in a heat transfer analysis is to determine the
temperature field in a medium resulting from conditions imposed on its
boundaries.

Heat is a form of energy in transit due to a temperature difference. There are
three ways this transfer can occur:

e Conduction of heat throughout a medium due to transfer of energy from
the more energetic particles of a substance to the adjacent less energetic
ones, as a result of interactions between the particles;

e Convection, which is defined as heat transfer between a surface and a
moving fluid;

e Radiation of energy emitted by matter in the form of electromagnetic
waves (or photons) as a result of the changes in the electronic
configurations of the atoms or molecules.

Unlike conduction and convection, the transfer of energy by radiation does not
require the presence of an intervening medium.

This form of transfer relies on the Stefan-Boltzmann law, which for a grey
surface is written as:

. 4 4 w

Qraa = ga(Tsquace - Tsurroundings) [Q] (38)
where ¢ is the Stefan-Boltzmann constant = 5.67 * 10~° m‘z/t& and ¢ is the
surface emissivity.
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According to [44], radiation is usually significant relative to conduction or
natural convection, but negligible relative to forced convection. Thus radiation
in forced convection applications, when temperatures are below large values (on
the order of 10% degree Celsius), is disregarded. Sometimes this way of heat
transfer is accounted for in the computation of the convective heat transfer
coefficient obtaining thus an overall coefficient for both way of heat diffusion.
In this work radiation will always be neglected.

The convection heat transfer mode is comprised of two mechanisms:
energy transfer due to random molecular motion (diffusion) and macroscopic
motion of the fluid (advection).

Regardless of the particular nature of the convection heat transfer process the
appropriate rate equation is given by the Newton s law of cooling:

Qeony = h (TSUTfaCQ °°) [%] (3.9)

where h is the convective heat transfer coefficient [W/m?K] and T, is the
average bulk temperature of the fluid. Any study of convection ultimately
reduces to a study of means by which h may be determined.

The convection heat transfer coefficient is not a property of the fluid. It is an
experimentally determined parameter whose value depends on all the variables
influencing convection such as the surface geometry, the nature of fluid motion,
the properties of the fluid, and the bulk fluid velocity.

Convection is called forced convection if the fluid is forced to flow over the
surface by external agents such as a fan, pump, or the wind. In contrast,
convection is called natural (or free) if the fluid motion is caused by buoyancy
forces that are induced by density differences due to the variation of temperature
in the fluid. Plenty of empirical correlations have been derived for external
flows, internal flows, natural convection and boiling or condensation
phenomena.

For most conduction problems the first law of thermodynamic, the
energy conservation law, represents the essential tool that provides the solution
to the problem. To determine the temperature distribution in a body, a precise
methodology has to be followed and thus it is necessary to, respectively, define
a differential control volume, identify the relevant energy transfer processes and
introduce appropriate rate equations.

The conduction heat transfer fundamentally relies on the heat diffusion
equation which provides the basic tool for heat conduction analysis. Its general
form in Cartesian coordinates is:

(i)t 5) t o (k5) +a=pe 5 (3.10)
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where k; (i=x,y,z), is the thermal conductivity in different spatial directions
[W/mK], p the density [kg/m3], ¢, thermal capacity [J/kgK] and g the heat
generation rate per unit volume, [W/m?3].

In the case of isotropic material, which is a common assumption in heat transfer
problems, the thermal conductivity does not vary with respect to the direction
chosen and so the equation above can be written as:

92T  9%T . 9%T g(xt) 10T
) 41D 2D 3.11
(6){2 + dy? + 622) + k o dat (3.11)
H ducted k. e . . [m?
where ¢ = —2toonducted _ & s the thermal diffusivity [m—] and represents
Heat stored pPCp s

how fast heat diffuses through a material.
In the technical literature, i.e. [43] or [44], many simplified problems are
considered and solved. Particularly relevant to this study is the solution of

Equation (3.11) for one-dimensional case, specifically when Z_; = Z—Z 2 (, the
heat diffusion equation reduces to:
a°T . q(xt 10T
20 18 (3.12)

0x2 k a ot

First of all the body will be considered to be in a steady-state situation
which means that the temperature does not vary with respect the time but only
along the spatial direction. In absence of internal heat generation the problem
can be stated with the well known Laplace equation:

-0 (3.13)

Solution of Equation (3.13) leads one to find that the temperature distribution
varies linearly with respect to the space coordinate x and performing a double
integration the analytical solution obtained is: T(x) = C;x + C, where the two
variables are obtained imposing the boundary conditions.

Considering now the case with presence of heat generation at a rate g, the
problem becomes:

=+ I=0 (3.14)

And the corresponding analytical solution is: T(x) = — % Cix + C,
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Just as an example, the cartesian solution of a steady-state conduction problem
within a plane wall of thickness L in presence of heat generation and with
symmetrical convective boundary conditions results to be:

qlL

=5 L2 2
T(x) = Tsyrface + qz_k (1 - x—) where Toypace = Too + =

7 (3.15)
The transient cases are more complex, since now the temperature varies

with respect to both space and time. A fairly representative problem of one-

dimensional transient heat conduction, without heat generation, has the form:

8%T _ 19T
ﬁ = g; (316)
These kinds of problems can be solved by the separation of variables method or
applying advanced mathematical or numerical methods. However they are often
treated using the lumped parameters method.

This simplified approach assumes that the temperature of a solid varies with
time but remains uniform throughout the system at any time. As suggested in
[43], this assumption provides great simplification in certain classes of heat
transfer problems without much sacrifice in terms of accuracy.

The temperature distribution with respect to the time can be find performing an
energy balance of the solid for the time interval dt. Consider a body of arbitrary
shape of mass m, volume V, surface area A, density p, and specific heat cp
initially at a uniform temperature T;. At time t = 0, the body is placed into a
medium at temperature T, and heat transfer takes place between the body and
the medium with a heat transfer coefficient h, as shown in Figure 3.5.

/*
n
SOLID BODY T,
A1 = mass
V = volume
p = density

T; = initial temperature

I T=T0)

Q= hA|T.-T()]

Figure 3.5. Geometry and parameters involved in the lumped parameters analysis, from [43].
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The heat transfered to the body during dt equals the increasing in the energy of
the body during the same time step.

hA(T, — T)dt = mc,dT (3.17)

Considering dT=d(T-T,,) since T,, = constant, Equation (3.17) can be expressed
as:

d(T-T,) _ _ hA
T = T ve; dt (3.18)

Equation (3.18) can be easily integrated to obtain the solution to the problem:

T(£)—Te —bt hA
— = where b =
T(t=0)—Ty pVcy

(3.19)

The lumped system analysis certainly provides great convenience in heat
transfer analysis, but one must wonder when it is appropriate to use it.

The criterion used to establish whether the lumped parameters approach is
applicable or not consists on the relative comparison of the conduction
resistance within the body and the convection resistance at the surface of the
body.

. ) o L¢
. Conduction resistance within the bod / hL
Bi = Y = kRl (3.20)

Convection resistance at the surface 1/h

The dimensionless Biot number is the ratio of the internal resistance of a body
to heat conduction to its external resistance to heat convection [44].

Therefore, a small Biot number represents small resistance to heat conduction,
and thus small temperature gradients within the body.

Lumped system analysis assumes a uniform temperature distribution throughout
the body, which will be the case only when the thermal resistance of the body to
heat conduction is zero. Thus, lumped system analysis would be exact in the
limit case of Bi = 0 and approximate or fairly inaccurate when Bi > 0.

It is generally accepted that lumped system analysis is applicable when Bi < 0.1
[44].

In a typical case of a Li-lon battery, nevertheless, the Biot number results to be
much larger than 0.1 (typical values are between 0.2 and 1.0) and thus the
lumped parameters approach is definitely inaccurate.

To complete the review of the basic equations, the heat transfer from
extended surfaces has to be analyzed. Consider the case of a solid that
experiences energy transfer by conduction within its boundaries, as well as
convection (or radiation) between its boundaries and the surroundings.
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The convective removal of heat from a surface can be substantially improved
putting some extensions on that surface, in order to increase its area. Such an
extended surface is termed a fin.

These extensions can take a variety of forms and configurations, as shown in
Figure 3.6 and Figure 3.7.

(d)

Figure 3.6. Fin configurations. (a) Straight fin of uniform cross section. (b) Straight fin of non-
uniform cross section. (¢) Annular fin. (d) Pin fin, [44].

A straight fin is any extended surface that is attached to a plane wall. It may be
of uniform sectional area or its cross-sectional area may vary with the distance x
from the wall. An annular fin is circumferentially attached to a cylinder, and its
cross section varies with radius from the centerline of the cylinder.

6)
g T

i, am; e ANl
WWﬁW Q’my f % f',‘"’mle,-h
(// ™ 1 y d

Uik

T

7z,
e
Figure 3.7. Examples of externally finned tubing, [47]: 1) and 2) are typical commercial circular fins
of constant thickness; 3) and 4) serrated circular fins and dimpled spirally-wound circular fins, both
intended to improve convection; 5) spirally-wound copper coils outside and inside; 6) and 8) bristle
fins, spirally-wound and machined from base metal; 7) a spirally indented tube to improve
convection and increase surface area
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In the analysis of fins, steady-state operation with no heat generation in the fin is
considered, and the thermal conductivity k of the material is assumed to remain
constant. The convection heat transfer coefficient h is also considered to be
constant and uniform over the entire surface of the fin for convenience in the
analysis.

Considering a volume element of a fin, at location x, having a length of AXx,
cross-sectional area of A, and perimeter p, as shown in Figure 3.8, it is possible
to write an energy balance:

Qcond x = Qcond X +Ax + Qconv [W] (321)

where Qeony = h(p Ax)(T —T.,) [W] (3.22)

Volume
element

Figure 3.8. Volume element of a fin, [43].

Substituting Equation (3.22) into (3.21), dividing by x and taking the limit as
Ax—0:

Wend 4 pgA(T ~T,,) = 0 (3.23)

Fourier’s law of heat conduction states that:

: dr
Qconda = —kA, T (324)
It is possible to express the differential equation governing heat transfer in fins
as:
d’T | (1 dA 1 hdA, _
m_*_(A_c dx)_(A_CE dx)(T_Too)_O (3.25)
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In the case of constant cross-sectional area, constant thermal conductivity and
defining the excess temperature 6 to be: 6(x) = T(x) — T, the solution of
Equation (3.25) is:

L9 _m29=0 where m?=-2 (3.26)

dx? kA,

Equation (3.26) is a linear, homogeneous, second-order differential equation
with constant coefficients. The fundamental theory of differential equations
states that such an equation has two linearly independent solution functions, and
its general solution is the linear combination of those two solution functions.

0(x) = Cie™ + Cre™™ (3.27)

where C;and C, are arbitrary constants whose values are to be determined from
the boundary conditions at the base and at the tip of the fin.

The temperature of the plate to which the fins are attached is normally known in
advance and considered to be kept constant. Therefore, at the fin base a
specified temperature boundary condition is considered, expressed as:

9(0) = 91, = Tb _Too
As regard the fin tip various boundary conditions are possible, including

specified temperature, negligible heat loss (idealized as an insulated tip),
convection, and combined convection and radiation, as shown in Table 3.1.

Table 3.1. Summary of temperature distribution and heat loss for fins of uniform cross section, [44].

Tip Condition Temperature Fin Heat
Case x=L) Distribution 6/6, Transfer Rate g,
B S;’;‘:fe;?i"“ heat coshm(L = x) + (himk) sinh m(L ~ x) sinhmL + (himk) cosh mL
hO(L) = —kdbld,., cosh mL + (h/mk) sinh mL " cosh mL + (h/mk) sinh mL
B Adiabatic coshm(L — x)
dbldxl,_, = 0 ey M tanh mL
C Prescribed temperature:
(L) =6, (8,/8,) sinh mx + sinh m(L — x) (coshmL — 6,/6,)
sinh mL sinh mL
D Infinite fin (L — ):
6(L)y=0 e ™ M
6=T-T, m?® = hP/KA,

0,=00)=T,—T. M=\hPkAS,

Although the heat diffusion problem (Equation (3.12)) can be solved in a
large number of practical cases by means of suitable approximation, a general
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solution for the transient one-dimensional boundary-value problem of heat
conduction in a finite region with heat generation within the solid and with non-
homogeneous boundary conditions is hard to obtain.

For this kind of problem, it is not possible to find a simple solution and so a
more complex mathematical analysis has to be performed.

To solve non-homogeneous boundaries problems it is common to use a Laplace
transform to remove time variable from the partial differential equation.
However, in many problems it is more convenient to apply an integral
transformation that removes the space variable from the partial differential
equation.

According to [11], the integral transform technique is especially attractive for
transient and steady-state heat conduction problems in which it treats all space
variables in the same manner and has no inversion difficulties as in the case of
Laplace transformation. This is due to the fact that both the integral transform
and the inversion formula are defined at the onset of the problem.

For a given problem, however, the type of integral transform and the
corresponding inversion formula depend on the range of the space variables
(finite, semi-infinite or infinite extend) and on the type of the boundary
conditions.

The integral transform technique is used in this work to solve the conduction
problem. The complete solution will be shown in a few pages when the
development of the detailed thermal model will be presented (Section 4.2.1).

3.2 Assumptions for battery thermal modeling

In this section, the mathematical assumptions and simplification adopted to
write the equations of the battery cell models developed in Chapter 4 will be
discussed, starting from the basic, general, equations presented above.

First of all, as in major heat transfer problem, common assumptions about the
different materials that compose the battery are made:

e The cell materials are considered to be homogeneous and without bulk
motion;

e The cells are considered to be isotropic, so that all the properties don’t
depend on the direction;

e The thermal conductivity, k, and the other thermo-physical properties are
assumed to be constant.

Moreover some simplifying assumptions are used when approaching the heat
transfer problem:

67



Chapter 3

e The radiation heat transfer is neglected, since the temperatures and their
differences are not in this kind of heat transmission interest;

e Perfect contact at the interface of two surface and thus no concentrated
temperature drop (negligible contact resistance);

e The heat generated within the battery to be homogeneously distributed
within the cell volume;

e All the flows are considered to present uniform velocity distribution;

e The pressure drop across the channels is negligible.

3.2.1 Mathematical formulation of the simplified system

From a mathematical standpoint, the problem can be cast into a non-
homogeneous boundary-value problem (BVP). For the case of one-dimensional,
unsteady heat conduction it is represented by the heat diffusion equation
mentioned above (Equation (3.12)):

(’)2T+ g(xt 10T
0x? k  adt

To solve this equation two boundary conditions and one initial condition must
be chosen. In general, there are three kinds of different boundary conditions:

e Specified temperature of an exposed surface (e.g. T(x=xo, t)=const);

e Specified heat flux from or to an exposed surface (e.g.
. 0T (x=x¢,t)
q = —k———— = const).

Note that insulation and symmetry are particular cases of this kind of

boundary condition (g = —k@ = 0);
. A oT (x=xq,t)
e Convection or radiation (e.g. —k — = heony (T(x = xg,t) — Tw)
o —k TR = g0 (T4 (x = x0,8) = T ).

The initial condition is relative to the temperature at which the medium is at a
specific instant of time, t=0 when the analysis of the problem starts.
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3.3 Summary

In this chapter the approach to model the thermal dynamics of a Li-lon battery
has been presented and an overview of the basic physical principles needed to
implement such a model has been given.

The basic principles and physical laws of the energy conservation analysis, fluid
flows and heat transfer have been discussed in detail. The principles described
here will be instrumental to solve the problem under study. For any further
detail, it is possible to consult the wide literature available for such topics (for
example [43]-[48]).

In Chapter 4 this approach will be used to implement a Li-lon thermal modeling
methodology.
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CHAPTER 4

4. Development of the thermal modeling
approach

In this chapter, the development of a general modeling methodology to
characterize the thermal behavior of a Li-lon battery cell will be described. The
purpose of this work is to obtain a family of models that can predict the
temperature distribution within a battery cell under varying operating
conditions.

The models must be sufficiently simple to be implemented nearly in real-time,
yet accurate enough to provide a reasonable estimate of the dynamic of the
temperature distribution inside the cell. Possible applications can be in the
design and simulation of thermal management systems for battery packs.

In the previous chapter, a review of the mathematical equations on which the
solution relies has been presented, and then assumptions made to simplify the
mathematical formulation have been shown.

This chapter presents the approach followed to implement a general thermal
model, together with a detailed description of the model assumptions and the
mathematical framework. Then different models will be developed to represent
different cooling systems, in particular first an air cooled battery cell will be
described and then a cooling bar system will be modeled.

4..1 Introduction and scope of the work

The purpose of this work is to implement a family of simplified thermal
models of a prismatic Li-lon battery cell that approximate the temperature
distribution in presence of uniform internal heat generation and under different
boundary and initial conditions.

These models predict the temperature distribution inside the battery cell with
respect to both time and space, thus providing a real-time thermal
characterization of a Li-lon cell.

The intent of these models is to serve applications in the areas of performance
and thermal management studies for battery pack cooling systems.

Due to their high specific energy and power, Li-lon batteries have recently been
considered the technology of choice for application in the automotive field, such
as energy storage system for BEV/PHEV/HEV.
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In particular, prismatic Li-lon batteries with a pouch-style shape are today
largely used due to advantages in packaging and cooling. Figure 4.1 shows an
example of prismatic pouch-style battery cell.

< ///

Figure 4.1. Examples of pouch-style battery cells available on the market.

Figure 4.2 shows the reference geometry for a typical pouch-style prismatic
battery cell. Note that, for this system, the dimensions in the length and width
directions (y and z) are much larger than in the thickness direction (x).

x Battery
cell

&

Figure 4.2. Pouch-style battery cell sketch and coordinate system.

For the system shown in Figure 4.2, the heat diffusion equation can be applied
in Cartesian coordinates:

(D) 2 (D) 2 (D) + g =p T (@)
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Such three dimensional equation is generally complex to solve, unless numerical
approximations are introduced. In case of pouch-style cell, such as the system
shown in Figure 4.2, it is possible to operate a simplification of Equation (4.4.1)
into a 1-D problem. This assumption can be verified by a simple order of
magnitude analysis. As suggested in [46], Equation (4.4.1) can be non-
dimensionalized by defining the following variables:

*_x. *_y. *_Z
YT YT L
(4.2)
T e
tTr U T, o,

Equation (4.4.1) becomes then:

ai* (kx Z:) + ai* (ky Z;) + ai* (kZ Z:) +q=pG 607: (4.3)

For a pouch-style battery cell, the order of magnitude of the length in x
direction is typically 10" mm. Instead, the dimensions in y and z directions are
two orders of magnitude larger than that (as in Figure 4.2).

XKy and x* KL z" (4.4)

On the other hand, Li-lon battery cells present anisotropic thermal conductivity.
It can be inferred from literature data (see i.e. [39] or [49]) that ky = k, ~ 100 k.

Therefore, the second and third term of Equation (4.3) are of the same order of
magnitude but the temperature gradient with respect to x-direction results to be
larger, considering that X~ appears in the denominator elevated to the second

power.
3] oT* 5] oT* 3] oT* 3] oT*
ﬁ(kx ax*) > ay* (ky ay*) and dx* (kx E)x*) > az* (kZ E)Z*) (45)

Hence, for a pouch-style Li-lon battery cell, the heat diffusion can be
approximated as a one-dimensional problem in the x-direction, and the heat flux
along y and z can be neglected for engineering purpose.

By consequence, a 1D approach has been chosen in this work to solve the heat
transfer problem and determine the dynamic temperature distribution inside a
Li-lon battery cell.

In order to characterize the effects of different cooling systems on the
temperature distribution within the cell, the one-dimensional solution is then
extended to a 1+1D model that accounts for the variability of the boundary
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conditions. This allows one to characterize the temperature dynamics when the
cell is cooled by an external source, as explained in Section 4.2.3.

4..2 Development of thermal model structure

Starting from the basic principles outlined in Section 3.1, a modeling
approach to characterize the temperature dynamics of a prismatic Li-lon battery
cell is here developed.

First a general one-dimensional model is presented to predict the temperature
field in a prismatic medium in presence of uniform internal heat generation and
under different conditions (various initial and boundary conditions).

Then, a model with convective boundary conditions will be presented. This 1D
model is able to characterize the temperature distribution in the x direction,
assuming uniform coolant temperature. However, as the air flows in the channel,
its temperature increases, hence decreasing its ability to extract heat from the
cell.

The one-dimensional model is then extended to a 1+1D model that accounts for
the variability of the boundary conditions in the air flow direction (y).

Finally, a model with imposed temperature boundary conditions will be
presented and then extended to a 1+1D model to simulate the behavior of a
battery pack including cooling bars.

The extension to the 1+1D approach allows for comparing the effects of
different cooling systems. The simple structure and the computational efficiency
make the model an ideal candidate for design of thermal management systems
and real-time simulations.

4.2.1 General mathematical formulation of 1-D temperature distribution in
a prismatic finite medium

This sub-section describes the development of a general modeling
approach that, relying on the transformation method, predicts the temperature
distribution within a battery cell under different conditions.

As stated above, the starting point is the unsteady heat diffusion equation for 1D
conduction problem in x direction:

O g _ 1o
6x2+ k  aadt (4.6)

Figure 4.3 shows a sketch of a prismatic battery cell in presence of internal heat
generation and subjected to general boundary conditions.
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daT

k. 2
' dx

+h, =0 T(l.f)

Battery Cell

Xv —kzcil—lﬁth2 =0

Figure 4.3. Sketch of a battery cell subjected to general boundary conditions,[50].

To solve the problem two boundary conditions and an initial condition have to
be imposed.

T =T, at0<x<2Lt=0
oT
—kx£+h2=0 atx =2L,t >0 4.7)

(—kxg—:+h1=0 atx =0,t >0

Although analytical solutions have been developed for particularly simple cases
(see 3.1.3), to solve the most general case (transient boundary-value problem in
a finite region in presence of heat generation and with non-homogeneous
boundary conditions), numerical techniques are normally used.

However, it is possible to find an analytical solution for the general problem that
does not require iterations/discretizations by applying the integral
transformation method, as proposed i.e. in [11] or [51].

The integral transforms for use in the Cartesian coordinate system are usually
called Fourier transforms because they are derived from Fourier series
expansion of an arbitrary function in a given interval. This solution method was
largely used in the 60’s -70’s when the numerical methods and the
computational power were not as developed as nowadays.

The method is essentially a projection technique where the problem is solved
using a functional space. In this auxiliary space, the space variable is removed
from the partial differential equation (PDE). To understand the concept beyond
this method, one should think about the Laplace transform.

The Laplace transform is commonly used in engineering for solving differential
and integral equations. Many examples of application can be found, for example
solution of electrical circuits or mechanical systems. In these analyses, the
Laplace transform is often interpreted as a transformation from the time-domain,
in which inputs and outputs are functions of time, to the frequency-domain,
where the same inputs and outputs are functions of complex angular frequency,
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in radians per unit time. Given a simple mathematical or functional description
of an input or output to a system, the Laplace transform provides an alternative
functional description that often simplifies the process of analyzing the behavior
of the system.

In solving the transient heat-conduction problem, it is common to use a Laplace
transform to remove time variable from the partial differential equation, as show
for example in [52] or [53].

However, in some heat transfer problems, it is more convenient to apply an
integral transformation that removes the space variable from the equation. Using
such methodology it is possible to avoid the inversion difficulties that the
Laplace transform presents in cases where complex geometries or boundary
conditions are present.

The Fourier integral transform method allows solving the PDE applying the
following procedure:

« Transform the problem, projecting it to the functional space;
» Solve the equation in the functional space;

* Inverse-transform to obtain the dimensional solution to the problem.

The general formulation of the Fourier transform, and the corresponding
inversion formula, for a function F(x) in the finite interval 0 < x < 2L look
like:

(Integral transform): F(B,,) = f;:LO K(Bp, %) - F(x)dx (4.8)

(Inversion formula):F(x) = Yo _1 K(Bm,x) - F(B) (4.9)

where the transform operator K depends on the boundary conditions.

With reference to the heat transfer problem shown in Figure 4.3, the terms that
must be transformed are the initial temperature Ty and the heat generation rate
per unit volume gq:

F(B) =To(Bu) = [K(BrX)-To(x)dX’ (4.10)

G=f._ KBn,x) g0, dx (4.11)
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The terms K that compare in the transform functions are called Kernel and are
the transformation operators that allow for passing from the dimensional space
into the functional space.

The inversion formulas are obtained from the expansion of the homogeneous
associated system in an infinite series of the normalized eigenfunctions of the
eigenvalue problem:

CX L BX =0 in0<x <2L
Im‘Fﬁ = muo=sx =

& -0 atx =20 (4.12)
kX=0 at X = 2L

As mentioned above, these terms depend on the boundary conditions other than
on the range of the space variables. In the Table 4.1, it is possible to find
analytical expressions of the Kernel for different boundary conditions in the case
of a finite solid, [11].

In this formulation the boundary conditions are expressed by the term H =

heony. , Where Hj refers to the boundary condition at x=0 and H to the one at the

cond

other surface of the solid.

Table 4.1. Kernel for different boundary conditions, [11].

Boundary Boundary

condition at x=0 condition at x=2L KERNEL(fn.x)

\/E .[))m COS(.Bmx) + HISin(.Bmx)

3" kind 3" kind o iy
H; = finite H, = finite [ 2 4 H2 (ZL +—2 4+ H )]
(Bm 1) .8131 + le 1
1
3" kind 2" kind B2 + H? /2
H, = finite H,=0 (h,=0) V2 [ZL(B,{; HD) + Hl] cos(By, (2L — x))
3" kind 1% kind B2 + H? /2
= finite Ho= o= (l=0) V2 [ZL(ﬂfnm+ H?) + Hl] sin(fn (2L = 5)
2™ kind 39 kind g2 +HZ 172
Hy = 0 (h,=0) H, = finite V2 TR B
2" kind 2" kind 2
H: = 0 (h,=0) H, =0 (h,=0) 7 €05 (Bmx)
2" kind 1* kind 2
Hy =0 (h,=0) H, = o (k,=0) 7 €05 (Bmx)
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1% kind

Hl =0 (kl =0)
1° kind

Hl =0 (kl =0)

1% kind
Hl =0 (k1 :O)

3" kind
H, = finite
2" kind
Hz =0 (hz =0)

1% kind
H; = oo (k;=0)

gh+hz 1"
2L(F% + H2) + HZ] sin(fn )

2
/zsm(ﬁmx)
’2 .
ism(ﬁmx)

A

The terms f are the positive roots of a transcendental function that varies for
different boundary conditions, as shown in Table 4.2:

Table 4.2. Transcendental functions for the terms g, [11].

Boundary
condition at x=0

Boundary

condition at x=2L

Eigenvalues f, (positive roots of):

3" kind
H; = finite
3" kind
H, = finite
3" kind
H; = finite
2" kind
H; =0 (h;=0)
2" kind
Hl =0 (h1=0)
2" kind
H; =0 (h;=0)
1% kind
Hl =0 (k1 =0)
1% kind
Hl =No'e] (kl :0)
1% kind
Hl =0 (k1 =0)

3" kind
H, = finite
2" kind
H, = 0 (h,=0)
1% kind
H2 = (k2 :0)
3" kind
H, = finite
2" kind
H2 =0 (h2 :0)
1% kind
H2 =0 (kz :0)
3" kind
H, = finite
2" kind
H, = 0 (h,=0)
1% kind
H2 =0 (k2 :0)

B(Hy + Hy)

tan(B2L) = 57— H.1,

B tan(B 2L) = H,

B cot(B 2L) = —H;

B tan(B 2L) = H,
sin(B 2L) = 0
cos(B 2L) = 0

B cot(B 2L) = —H,
cos(B 2L) = 0

sin(B 2L) =0
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Applying the transform method, Equation (4.4.8) and Equation (4.4.9), to the
heat diffusion equation (Equation (4.6)), the analytical solution results:

[0e]

T(x,t) = Z e‘“ﬁztl((ﬁm,x)-

m=1

e P’ A(B,, ,t)dtl

(4.13)

t
t=0

me+f

KBy, x =0 K(Bypyx =L
1m0+ a (L= 0+ = o)

&R

A(Bp 1) =

where F(f3,,) is the transformed initial condition, §(,,, x) the transformed heat
generation rate and f; and f, represent the boundary condition of the problem:

fi®) = ki S+ W T = Wi T, (4.14)

f2(t) = —kp 5+ hyT = hyT,, (4.15)
Due to the symmetry of the problem considered:
ko1
Hy=H, =" [;] (4.16)
Equation (4.4.13) can be expanded and divided into two parts:

Part 1: (4.17)

[00]

T8 = ) e K (B, OF ()

m=1
Part 2: (4.18)
N —apf?t ‘ ap?t (<
T(x,t) =mzzle s [Loe ¢ <Eq(/>’m,X)
N “(K(ﬁm’/j = O)f1 N K(ﬂm,lzc = L)f2>dt>l

The total solution will result by summing the two parts.
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It is possible to note the presence of exponential terms whose argument
depending on t and A* in both Equation (4.4.17) and Equation (4.4.18).
Depending on the algorithm used for solving such equations, the above terms
might lead to indetermination.

For part 1, it is clear that, being K and F bounded, lim,_,., T (x,t) converges. As

for part 2, it can be noticed the presence of the term: Z;‘;’lzle‘“ﬁzf f:zoe“ﬁzt

which leads to indetermination for large values of t, and thus there is the need to
further elaborate as follows. Noting that at any instant t;:

t
e—aB%t (f eaB?t F(t)dt> =
0

e’ (i et F(tydt) + =P (fff_l et F(t)dt) (4.19)
Considering the trapezoidal rule to approximate the integral calculation:
[} F@®)dt =2 [F(a) + F(b)] (4.20)

It is possible to write the second term of the right-hand side of Equation (4.4.19)
as:

ti
e—aﬁzt <f
t

i—-1

At
eh’t F(t)dt> = 7e—“ﬁ2fi [e®B*ti1F(t;_y) + e®P*tiF (t)]

= % [e*F*MF(t;_q) + F(t)] (4.21)

This procedure allows one to avoid the indetermination issue and, ultimately,
any computational problem. The model can be then implemented as a Matlab®
function, whose input/output block diagram is shown in Figure 4.4.

glnxl]——|  Cell Thermal

Discretization [m] —— Model

f

Geometry, thermal parameters
(k, p, c,), boundary and initial
conditions.
Figure 4.4. General thermal model input / output diagram.

— > T [nxm]
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The output of the model, T, is the temperature distribution in the space (x-
direction) and time (a matrix which dimensions are the length of the heat
generation profile and the discretization grid in which the x direction has been
divided). The thermal parameters needed to solve the problem are the overall
thermal conductivity k of the cell, the average cell heat capacity c,, and the
average cell density p. In case of convective boundary conditions the value of
the convective heat transfer coefficient h must be provided as input to the
model.

The model parameters can be determined from experimental studies or
from results published in the open literature (i.e.,[8], [10] and [39]). Table 4.3
reports the values initially adopted for this study.

Table 4.3. Typical values of thermal parameters for Li-lon batteries.

Thermal parameter Typical Range Value
k [W/mK] 0.40 - 0.85 0.66
Co J/kgK] 650 - 950 795
p [kg/m3] 1700 - 2500 2100

4.2.2 Formulation of model with convective boundary conditions

Since most battery modules are cooled by forced convection, it is useful
to apply the modeling methodology developed to characterize this problem.
The geometry shown in Figure 4.5 is representative of a portion of a battery
module. Such system will be described in detail in Section 5.1.1. The air flow is
supposed to approach the battery cell at ambient temperature (25°C) and cool it
with a certain heat transfer coefficient h.

] ] F"

Bat:tery
= cell T.

<

Figure 4.5. Simplified sketch of a battery cell cooled by a forced air flow.
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The convective heat transfer coefficient can be computed from empirical
correlations available in the open literature (i.e. [43],[44] or more specifically
for laminar flows [54]). In general, the convection coefficient is expressed as a
function of the Nusselt number, which represents the dimensionless temperature
gradient at the surface:

hzﬂ%&i (4.22)

From experimental and numerical studies on convective heat transfer, it is
possible to assume a standard representation for the Nusselt number, in the form
of a power law:

Nu = C Re™Pr™ (4.23)

Mathematically, for this model the boundary and initial conditions are:

—ka—T=h(T—Too) forx=0,t>0

(
| x
4—kg—z=h(T—Too) forx=2L,t>0 (4.24)
|

\7 =T, for0<x <2L,t=0

In this case, boundary conditions of the 3" kind are applied to both the two
boundaries.
As regard the air flows, analyzing the study reported in [7], it is possible to
consider the two flow rates cooling the surfaces of the cell to be equivalent,
using a parallel cooling case system, as shown in Figure 2.37 (see Section
2.3.3). This means that the air has the same velocity profile in the two channels.
In such a case the problem becomes symmetrical and the mathematical
formulation can be simplified. Since h is a function of the velocity of the air
flows, the two H terms can be considered to have the same value.

The transcendental function that have to be solved to compute the terms

S can be found in Table 4.2:
_ B(H1+H)
tan(2pL) = Bt (4.25)

Equation (4.4.25) is plotted in Figure 4.6. It is interesting to notice that this

w+2km

transcendental function has a periodicity of , Where 2L is the battery cell

thickness. This is true in the entire real positive axis except for one additional
asymptote due to the rational term. Thereby there is a root of the equation that is
between zero and the second root that does not present the same periodicity.

It is important to remind this, when implementing the code, in order to correctly
account for all of the function zeros.
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Trascendent function
ok

1 1 1 Il 1
0 500 1000 1500 2000 2500 3000

Beta

Figure 4.6. Calculation of the terms g for convective boundary condition assuming L=0.0036 m,
k=0.66 W/mK and h=20 W/m°K.

The transcendent function written above (Equation (4.4.25)) depends on H and
hence on the thermal parameters of the problem, namely the conductivity of the
cell and the convective heat transfer coefficient.

As regard the convective heat transfer coefficient, it has been here supposed to
be h= 20 [W/m?K] which is a reasonable value for forced laminar convection,
e.g. [44], [45] or [54].

In Table 4.4 the value of the terms f for this case are shown.

Table 4.4. Numerical values of the eigenvalues g for convective boundary conditions, assuming
L=0.0036 m, k=0.66 W/mK and h=20 W/m?K.

Terms 1St 2I’]d 3rd 4th 5th 6th 7th 8th 9th 10th

Beta 0 93 456 883 1315 1750 2185 2621 3057 3493

The Kernel function, as stated in Table 4.1, is:

K = /7 —Fm 08 Gmx)+H sin i@ x) (4.26)

[(ﬁ,%1 +H%)(2L+%%%+H1)]1/2

There are an infinite numbers of kernel terms and therefore the accuracy of the
solution increases if more terms are considered. However it is possible to notice
that the terms after the fifth do not improve the accuracy for this specific
problem, and thus they are negligible. Figure 4.7 shows the first relevant Kernel
terms.
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Figure 4.7. Kernel function for convective boundary conditions, computed assuming L=0.0036 m,
k=0.66 W/mK and h=20 W/m?K.

As stated above, and depicted by the diagram in Figure 4.4, the thermal
model requires a heat generation rate as an input. The heat generation rate can
be computed starting from the electrical data (current, voltage and open circuit
voltage) of a typical discharge cycle for electro-thermal characterization (see i.e.
[16]). The internal heat generation is computed as:

0=1(E-v-2T) W] (4.27)

where, in case of Li-lon batteries, the latter term can be neglected. This is due to
the fact that the open circuit voltage, which is measured in a non-operating
condition, depends only on the ions concentration. This quantity does not
depend on the temperature, unless considering very high or low values that are
not in the normal operating temperature range [21].

The heat generation rate used as input to the model is shown in Figure 4.8, it has
been taken from a 3000 s discharge cycle used for identification of electro-
thermal models (see [16]). It consists of a series of steps and short pulses that
simulate the conditions to which a battery is subjected during a common driving
cycle.
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Figure 4.8. Heat generation rate profile.

In Figure 4.9 the temperature distribution inside a battery cell under
these conditions is shown:

Temperature distribution within a cell

45 .
40
40 -
o
o 36
535
©
g 34
[o
5
~ 30 2
30
25,
0 28
0.25
0.5
0.75 _ 26
Normalized length 1 g 500 1000 1500 2000 2500 0
Time [s]
Figure 4.9. Temperature distribution within a battery cell assuming L=0.0036 m, k=0.66 W/mK and
h=20 W/m’K.

Figure 4.10 presents the specific heat generation rate per unit volume and the
comparison of the temperature at the surfaces and at the center of the cell.
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Figure 4.10. Center and surface temperature trends, assuming L=0.0036 m,
k=0.66 W/mK and h=20 W/m’K.

From Figure 4.10 it is possible to note that the temperature distribution is pretty
flat across the cell thickness (x-direction) and there are no appreciable
differences between the center and the surfaces temperature. This is due to the
geometry of the cell, the low heat conductivity and the low heat removal
capability at the boundaries.

The previous results considered h to be 20 [W/m?K]. In the case of a typical
turbulent flow, the heat transfer coefficient results to be significantly increased:
h= 150 [W/m?K]

Temperature distribution within a cell
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Figure 4.11. Temperature distribution within a battery cell assuming L=0.0036 m,
k=0.66 W/mK and h=150 W/m?K.
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Although the terms 8 and the Kernels present slight variation, the temperature
profile results completely changed respect to the previous, laminar case.

As expected, increasing the heat removal capability, the temperature reaches
much lower values (almost 10°C less than the previous case), but the curvature
of the temperature distribution results greatly increased (see Figure 4.11). The
difference between the center and the surface temperature is more than three
times respect to the previous case, as results comparing Figure 4.12 with Figure
4.10.

x 10

“o 500 1000 1500 2000 2500 3000
Time [s]
45 —— Surface Temperature
40 — Center Temperature
Average temperature

Temperature [°C] Heat Rate per Unit Volume [W/m 3:
N

w
o
%>

A A A
AN J\ VAV VAN

0 500 1000 150({) | 2000 2500 3000
Time [s
Figure 4.12. Center and surface temperature trends, assuming L=0.0036 m,
k=0.66 W/mK and h=150 W/m’K.

Other than geometry, thermal parameters and boundary conditions, the model
needs as input the initial temperature distribution.

In order to evaluate the sensitivity of the model to the initial condition, Figure
4.13 shows the result for a battery cell initially at 5°C. The ambient air
temperature is still 25 °C and the cell is subjected to the heat generation rate
showed in Figure 4.8.

Analyzing Figure 4.13, compared to Figure 4.9, it is possible to notice that the
difference in the initial value of the cell temperature does not influence the final
temperature distribution. The only difference is in the first part of the
simulation, where the air warm up the battery due the temperature difference
between the two media even if there is no heat generation in that time period.
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Figure 4.13. Temperature distribution within a battery cell, assuming L=0.0036 m, k=0.66 W/mK,
h=20 W/m?K, considering an initial temperature of 5 °C.

With its characteristics, the model allows for a complete prediction of
the 1D internal temperature distribution of a prismatic Li-lon battery cell cooled
by an air flow, under all the possible practical condition that the device could
face during its operations.

4.2.3 Formulation of 1+1D pack model with air cooling

The 1D model developed in Section 4.2.2 is able to characterize the
temperature distribution within a battery cell in the x direction, assuming
uniform coolant temperature. However, as the cooling air flows through a
battery pack, its temperature start rising, due to the convective heat flux from the
cell walls. In order to characterize the air temperature variation along the air
flow direction (here denoted with y), the 1D model has been extended to 1+1D
model, where the cell is discretized into a finite number N of lumps along the y-
direction, as shown in Figure 4.14.

Y
—_—
1 i-1 i i+1 N
CELL
v AIR
amb — — 5

Figure 4.14. 1+1D model approach.
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As the air moves along the channel, its temperature increases, hence decreasing
the ability of the air to extract heat from the cell. Each cell lump is cooled by an
air flow at a different temperature, as the air is gradually heated flowing along
the cooling channel.

In each cell lump, the 1D model described before (Section 4.2.1) can be used to
compute the temperature distribution in the x-direction. To model the
temperature distribution in both x and y directions the model needs as input the
air temperature at each lump, namely the boundary condition of each 1D
problem.

As shown in Figure 4.15, the temperature of the air in the lump i-1 (Tair, i-1) IS
used, as boundary condition, in the 1D model of the lump i.

Yy
—

1 i-1 i i+1 N

v 2
T AIR

amb

CELL

Figure 4.15. Marching approach to compute the boundary conditions in the 1+1D model.

Just for clarification, the notation Ty, i refers to the temperature of the air in the
lump i; Twan,; indicates the cell surface temperature of the battery cell at the
position corresponding to the i lump.
The wall temperature of the cell i is then used to solve the energy balance shown
in Equation (4.4.28), allowing to determine the temperature of the air in the
lump i. Thus, marching in the air flow direction, it is possible to capture the 1D
temperature distribution of each battery cell lump. This assumption is justified
by the fact that the air is moving in the positive y direction during the analysis.
Following this approach, the temperature distribution in i battery cell lump
results to be a function only of the air temperature and air properties in the lump
i-1 (Tair, i-1 and Cp air, i—l)-
The resulting model is called 1+1D, since it is able to predict the temperature
distribution in both in x and y directions. The air temperature evolution along the
y direction needs thus to be explicitly computed.

The air is assumed to be at constant temperature within each single lump.
Under this assumption, Figure 4.16 shows an energy balance for the generic i
lump: The energy balance for the air flow is:

dTair,i . .
- = me Tair,i—l - me Tair,i + Ah(Twall,i - Tair,i) (428)

mc, i
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LUMP i-1 LUMP i LUMP i+1

Ah{.‘anv (Twali,r' — T:air,i)

mc, T, | > Tair, i | > e, T,

Figure 4.16. Air energy balance representation.

By solving Equation (4.4.28), the air temperature evolution can be obtained.
Equation (4.4.28) can be re-written as:

me, T4 4 (1, + ATy = C (4.29)

d

where C = mc, Ty ;-1 + AhT,q; ; i a constant. The linear equation can be
solved, with respect to T,;, ;, using the Laplace method. The initial condition is
T - To.

c

L£(4.29) - mc, (5Tyy i (s) — To) + (1c, + AR) Ty i(s) = ; (4.30)
_ £ 1 mcy, Ty
Tair,i (S) T s mceys+me,+Ah - meys+mcey +Ah (4'31)
_cC 1 To
Tair,i(s) - s mc,,s—i—n'lcp—i-Ah + S+mcp+Ah (432)

mcy

Equation (4.4.32) is the sum of two terms. The solution of the problem, due to
the superposition principle, will result in the sum of the solutions of each part
separately. The first term in the right hand side of Equation (4.4.32) can be
written as:

1
C 1 ¢ “/mc
art 1: Ty i(s) = = = - =
p mr'l( ) s mcys+mey+Ah s s+p

(4.33)

mcy+Ah

wherep = . The anti-transform of Equation (4.4.33) is found by

mcy

computing the residuals of the equation, as:

_a, B _Clme
F(S)_s+s+p_s s+p 4.34
a=F(s)-s fors=20 (4.34)

B=F(s)-(s+p) fors=—p
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“/me,

C
where @ = -2 and g =-
s+p 14

Thus, the solution the first part of Equation (4.4.32) is:

1 (Smey _ Shmey 1 Sfmey _ Clme, -
1 [mey  _Imcy - () = e My ,—pt
(e o dme LY g () = Lo - e (4.35)

The anti-transform of the second part of Equation (4.4.32) can be easily
obtained from the Laplace transform table [55], and turns out to be:

T _mcp+Ah
£_1 W - Tair,i (t) = Toe mev (436)

Summing equations (4.4.35) and (4.4.36) the overall solution of Equation
(4.4.32) results to be:

T, (t)—C/’”C” Umes gpt y 7,0t 4.37
air i(t) = —=———"e 0€ (4.37)

_ meTair,i—l + AhTwall i T, — meTair,i—l + AhTwall i e_miz::lht
me, + Ah ° e, + Ah

The explicit solution of the air energy balance, shown in Equation
(4.4.37), allows capturing the temperature distribution of the air along the flow
direction (y direction).

Figure 4.17 shows the air temperature evolution with respect to time for
different lumps of the battery cell. For these simulations the heat generation rate
is imposed as in Figure 4.8.

Air temperature along the flow direction
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Figure 4.17. Air temperature distribution along the flow direction,
assuming k=0.66 W/mK, h=20 W/m?K and v =3 m/s.
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As expected, in the first lump (inlet of the cooling channels) the air is at the
ambient temperature. As moving along the channels (normalized lumps in y
direction), the air is warmed up by the heat received from the battery cell. The
last lump results to be the hottest. Along the time, the air temperature profile
follows the heat generation rate profile used as input to the model, with just a
minor delay respect to the battery cell.

Cell wall temperature along the air flow direction
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Figure 4.18. Battery cell lumps temperature distribution at the surface,
assuming k=0.66 W/mK, h=20 W/m?K and v =3 m/s.

Since the air temperature changes in the y direction, each lump is subjected to a
different boundary condition, and thus the cell temperature evolves in this
direction, other than in x direction.

Figure 4.18 shows the temperature distribution of the battery cell walls. It
changes with respect to time, due to heat generation rate profile, and in the y-
direction (different lumps), due to the change of the boundary conditions. The
temperature distribution in the x-direction has been shown in Figure 4.11, and it
is not depicted here.

It is interesting to analyze the temperature distribution in the first and last lumps.
Figure 4.19 shows the temperature distribution at the inlet of the air channel
(first lump, y=0). In this lump, the air temperature is constant and equal to the
ambient temperature. The cell temperature is the same as the one shown in
Figure 4.10 for the 1D model, since this lump is subjected to the same boundary
conditions.
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Temperature in the first battery lump
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Figure 4.19. Center and surface temperature trend in the first battery lump,
assuming h=20 W/m?K and v =3 m/s.

Temperature in the last battery lump
45

—— Center temperature
— Wall temperature
— Air temperature

o N\
1S it N

0 500 1000 1500 2000 2500 3000
Time [s]

Temperature [°C]

Figure 4.20. Center and surface temperature trend in the last battery lump,
assuming h=20 W/m?K and v =3 my/s.

The last lump presents a different air temperature profile, as shown in Figure
4.20. The air temperature now evolves also with respect to the time, following
the heat generation rate profile. It reaches almost 28 °C during the peaks,
starting from an initial temperature of 25 °C.

In this lump, due to the different boundary conditions, higher temperature are
reached inside the battery cell and the peak temperature results almost 5°C
higher respect to the first lump.

Nonetheless, it should be considered that, in this model, a 1D approach has been
followed, which means neglecting the conduction along the y direction. In
reality, it is expected that some heat is conducted within the battery in the y
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direction, from the last, hotter lump toward the first. This will result in a
temperature profile more flat than the one predicted by this model.

Its intrinsic simplicity and computational efficiency make the 1+1D
model proposed an ideal candidate for design and simulation of thermal
management systems for battery packs.

4.2.4 Formulation of model with imposed temperature boundary conditions

In applications related to control and diagnostics of batteries, the
parameters identification is typically done with experimental data, using a set-up
consisting of a programmable load that imposes a determined current profile to
reproduce various battery usage conditions. Two Peltier junctions maintain the
surfaces temperature of the battery cell at a prescribed value.

Peltier
Junction

Aluminum © §
Shell

Li-Ton Cell

Figure 4. 21 Imposed surface temperature experlmental set up from [50].

This third model considers boundary conditions of the 1% kind, in order to
impose a constant temperature at the surfaces of the cell. This allows obtaining a
1D temperature map of the core region of the battery while performing such
tests. Mathematically the problem is cast in the form:

gt _ 10T

— 438
6x2 + k o dt ( )
Also:
( T(x=0,t>0)=Tamb
T(x =2L,t >0) =T, (4.39)

lT(OSx <2L,t=0)=T,
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Battery

Figure 4.22. Sketch of the imposed surface temperatures model.

Figure 4.22 shows a visual representation of the problem. Imposing these
boundary conditions, the Kernel and the transcendental functions are shown in
Figure 4.23 and Figure 4.24:

sin(B 2L) =0 (4.40)
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Figure 4.23. Calculation of the terms g for imposed boundary conditions, assuming L=0.0036 m.

Table 4.5 shows the numerical values of the first 10 eigenvalues .

Table 4.5. Numerical values of the eigenvalues g for imposed temperature boundary conditions,
assuming L=0.0036 m.

TermS 1St 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Beta 0 436 873 1309 1745 2181 2618 3054 3491 3927

K = J%sin(ﬁmx) (4.41)
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Figure 4.24. Kernel function for imposed temperature boundary conditions, assuming L=0.0036 m.

Using as input to the model the heat generation rate represented in
Figure 4.8, and using the thermal parameters shown in Table 4.3, it is possible to
obtain the temperature distribution for this case study.
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Figure 4.25. Temperature evolution for imposed temperature boundary conditions,
assuming L=0.0036 m, k=0.66 W/mK.
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Temperature distribution within a cell

Temperature [°C]

0.25

; 0.5
Normalized length

3000
0.75 2000 2500

1500

10 500 1000

Time [s]
Figure 4.26. Temperature distribution within a battery cell under imposed temperature boundary
conditions, assuming L=0.0036 m, k=0.66 W/mK

The results using imposed temperature boundary conditions, shown in
the last two figures, have been calculated with the same thermal parameters used
in the Section 4.2.2 for the convective boundary conditions (see Figure 4.9 and
Figure 4.10). It is interesting to notice that, in this case, the cell reaches much
lower values of temperature. However, the temperature profile looks definitely
more curved in the x direction and the difference between the center and surface
temperature is definitely relevant.

This is due to the fact that the boundary conditions of the first kind (imposed
temperature) do not limit in any way the heat removal capability of the system.
The curvature of the profile, now, depends only on the thermal conductivity of
the battery cell itself, and not anymore on the convective heat transfer
coefficient h.

Assuming a higher thermal conductivity for the cell, i.e. k =2 [W/mK], Figure
4.27 and Figure 4.28 show that the temperature reaches lower values and the
profile looks more flat.
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Figure 4.27. Temperature evolution assuming L=0.0036 m, k=2 W/mK.
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Figure 4.28. Temperature distribution within a battery cell under imposed temperature boundary
conditions, assuming L=0.0036 m, k=2 W/mK.

This 1D model allows for a prediction of the temperature distribution
inside a Li-lon battery cell subject to the conditions normally used during
electro-thermal characterization tests of such devices. This tool can be used to
calibrate low-order or reduced models or to better characterize a Li-lon cell
thermal behavior.
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4.2.5 Formulation of 1+1D pack model with cooling bar system

As analogously treated in paragraph 4.2.3 to model an air cooling
system, the 1D model with imposed boundary conditions can be extended to a
1+1D model in order to simulate the behavior of a cooling bar system (see
Figure 4.29).

BATTERY CELL

COOLING

PLATE ALUMINUM FIN

Figure 4.29, General sketch of a cooling bar system.

This system consists of a cooling plate, maintained at a constant imposed
temperature by an external cooling system, to which several aluminum fins are
attached.

The cooling plate presents:

e High thermal mass;
e High thermal conductivity;
e Constant temperature.

Given its characteristics, the cooling plate system can be viewed as an infinite
heat sink.

Each battery cell is positioned in between two fins and the heat generated within
the cell is removed by conduction from the cell to the fins, and ultimately to the
cooling plate. In the automotive field, this system can be interfaced with the pre-
existing cooling system, often in parallel with the air conditioning circuit,
without adding any significant complication to the cooling system.

The idea beyond this approach is to substitute the air channels with a more
effective heat removal system. The limit of the air cooling system is given,
essentially, by the convection resistance; here the cells are directly in contact
with a high conductivity material, such as aluminum, which is able to rapidly
spread the heat. Hence the battery results cooled only by conduction. The
thermal conductivity of the aluminum is two orders of magnitude higher than
the conductivity of the Li-lon cell and thus the heat transfer is limited only by
the contact resistance between the two domains and the conductivity of the Li-
lon cell itself.

With reference to the geometry shown in Figure 4.30, the aluminum fins
are characterized by very small thickness, compared to their length. Combined
with their high thermal conductivity, it can be safely assumed that it is possible
to neglect the temperature distribution along the x direction. Therefore, in order

99



Chapter 4

to model the system, only the heat fluxes in the y direction will be here
considered.

Note that the assumptions introduced are aligned with the results obtained for
fins, [44]. See Section 3.1.3 for a discussion of heat transfer from extended
surfaces.

L,

X

ALUMINUM
FIN
BATTERY
CELL COOLING
PLATE

Figure 4.30. Heat fluxes in a cooling bar system.

In this case, instead of solving an energy balance for an air flow (as proposed in
paragraph 4.2.3), the fin temperature distribution in y direction has to be
calculated.

The cell walls are directly in contact with the fins. Discretizing the system, as
shown in Figure 4.29, it is possible to use the fin temperature in each lump as
imposed boundary condition for the corresponding battery cell lump. In each
cell lump is thus possible to apply the model with imposed temperature
boundary conditions presented in Section 4.2.4.

The 1D model allows for finding the temperature distribution in x direction,
while the variability of the boundary conditions allows for capturing the
temperature distribution in y direction.

LUMP j-1 LUMP i LUMP i+1
ar., BATTERY
R Aeoa CELL

ALUMINUM
FIN

Figure 4.31. Energy balance for a cooling bar system.
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To solve the conduction problem along a fin an Euler energy balance can
be performed, as shown in Figure 4.31. Each fin lump has been assumed to be in
steady-state due to its high conductivity and small thickness:

q(x) = q(x + dx) + Gpaee (4.42)
. dTfin . dTfim d dT fin
where Q(X) = _kAlAF di’ , q(x + dX) = _kAlAF# — kAl E(AF d’; )

Ar is the front sectional area of the fin and ¢, is the heat flux, [W/m?],
conducted from the battery cell to the fin in the x direction.

Due to the energy conservation principle the heat flux at the surface of the
battery cell enters the fin and thus ¢,,;; IS computed as:

. ATy,
dbatt = —Kcett Acond dx”x:O (4-43)

where Acong 1S the area of contact between each cell and fin lump.

Substituting Equation (4.43) into the balance shown in Equation (4.42) it is
possible to find the analytical expression for the fin temperature along its length
(y direction).

dT¢; dT ¢; d dein dT cenr
—kaAp = = kg Ap = — gy o (A =) = ko Acona 4.44
AlF dy Al4IF dy Al dy F dy cell “icond — 4, =0 ( )
AT fin — _ Keen Acond dTcenr (4.45)
dyz kAl AF dx x=0 '

To integrate Equation (4.45), two boundary conditions are needed. In this case
an imposed temperature at the root of the fin (x=0) is chosen while the fin tip
(x=L) is supposed to be insulated.

Trin(y=0) =T,

dT i — o (4.46)
dy x=L B
The solution of Equation (4.4.45) results to be:
1
Trin () = 5Ay? — ALy + T, (4.47)

_ Kcell Acond chell

where L is the fin length and A = . Ar dx o
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Imposing the heat generation rate shown in Figure 4.8 as input to the
system, and using the typical thermal parameters for Li-lon batteries (Table 4.3),
it is possible to solve the 1+1D cooling bar model. Figure 4.32 shows the
temperature along a 0.5 mm thick aluminum fin.

Aluminum fin temperature along the y direction

35—

Temperature [°C]

2000
1500
1000 500

Time [s]
Figure 4.32. Fin temperature distribution along the flow direction,
assuming k=0.66 W/mK, h=20 W/m?K.

0 0 Normalized lumps

Increasing the thickness of the fins results in a decreased thermal resistance,
allowing to reach even lower values of temperature. However, a thickness of 0.5
mm is a reasonable compromise between weight-cost and efficiency for a fin
used to cool a pouch-style Li-lon battery cell. Figure 4.33 shows the Li-lon cell
temperature distribution in the y direction along the centerline of the cell (again,
the temperature distribution in x direction is not shown in this picture).

Cell center temperature along the y direction
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Figure 4.33. Battery cell temperature distribution along the centerline,
assuming k=0.66 W/mK and y=0.5 mm

Figure 4.33 shows that the battery cell cooled with a cooling bar system reaches
much lower temperature (~30°C) than the one cooled by an air flow (~40 °C),
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showed in Figure 4.18. Moreover, it is interesting to notice that the cooling bar
system presents a really fast dynamic behavior.

The heat generation rate profile used as input the models (Figure 4.8) lasts for
1600 s. Using the cooling bar system, after only 400 s from the moment the
current is zero all the effects of the heat generated inside the battery have been
removed by the cooling system and the temperature of the whole system is equal
to the ambient one. To obtain the same result with the air cooling system almost
1000 s more are needed.

Figure 4.34 shows the temperature of the center of the cell and of the aluminum
fin in the first lump. As expected, the fin temperature is constant and equal to
the temperature of the cooling bar to which it is attached, the center of the cell,
instead, reaches temperatures that are at maximum 5°C over this value.

Temperature in the first battery lump
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Figure 4.34. Center and fin temperature trend in the first battery lump,

assuming k=0.66 W/mK and y=0.5 mm.
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Figure 4.35. Center cell and fin temperature trend in the first battery lump,

assuming k=0.66 W/mK and y=0.5 mm.
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In the last lump also the fin presents a time-varying temperature profile. Here
the temperature of the Li-lon cell reaches values a bit higher than in the first
lump, but still very low (~31 °C).

4..3 Summary

In this chapter the development of a general modeling methodology to
characterize the thermal behavior of a Li-lon battery cell has been described.
First, a general 1D model has been developed to predict the temperature
distribution in a Li-lon battery cell under any kind of boundary conditions. Then
the model methodology has been applied to model two particular cases: imposed
temperature boundary conditions and convective boundary conditions.

The 1D models have been extended to 1+1D models in order to simulate
complete cooling systems, namely a air cooling system and a cooling bar
system. Concluding, the models predict that a cooling bar system is able to cool
definitely better a Li-lon battery module respect to a normal air cooling system.
On the other hand, the former system requires much more energy to keep the
cooling plate at the constant temperature of 25 °C and its weight is definitely
higher that the weight of the fans used to cool the battery using an air cooling
system.

The 1+1D modeling approach developed allow for an easy and rapid
comparison of different cooling systems and can be used for simulation of
battery packs and as a tool for design and optimization of different cooling
systems.

In the next chapter the modeling methodology developed will be applied to a
pouch-style Li-lon battery cell and experimental results will be used to calibrate
the model. A 1+1D model of a cooling air system will be then validated though
a comparison with an advanced finite element simulator.
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5. Calibration and validation of the models

The modeling methodology developed in Chapter 4 is absolutely general
and it can be applied to various systems under different conditions. In order to
calibrate and validate the models, although, the 1+1D convection model
described in section 4.2.3 is here applied to characterize the temperature
distribution in a real Li-lon prismatic battery produced by EIG.

First of all, the Li-lon battery cell and module will be described in detail. Then
the thermal parameters used in the model will be computed and the current
profile, and the heat generation rate used to perform the calibration, will be
presented.

The thermal parameters of the cell are then experimentally measured in order to
calibrate the model.

Finally, to provide a validation framework for the 1D and the 1+1D model, a
FEM model was developed in COMSOL® and the results of the simulation are
used to calibrate the modeling technique.

5.1 Technical specification of modeled Li-lon battery cell

The models developed were applied to a rechargeable Li-lon polymer
battery. In particular, a prismatic pouch-style LiFePO, battery, produced by EiG
(model ePLB C020B) is considered in this study.

Figure 5.1, EiG ePLB C020B battery cell.
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The Li-lon cell analyzed has been developed in 2009 for motive power
applications (small electric vehicles, up to hybrid vehicles). Figure 5.2 shows a
sketch of a cell with the coordinate system here adopted.

— 129 mm

Battery
Cell

i

FLOW

7.2mm
Figure 5.2. Battery cell sketch and coordinates system.

The nominal specifications of the battery are listed in Table 5.1:

Table 5.1. Battery cell technical specifications.

ITEMS SPECIFICATIONS
Nominal Capacity 20 Ah
Nominal Voltage 3.65V
Thickness: 7.2 £ 0.2 mm (fully charged)
Cell Dimensions Width: 129 £ 0.5 mm
216 £ 1.0 mm
. Charge: 0 °Cto 40 °C
Operation Temperature Discharge: -30 °C to 55 °C
Weight 425+ 3g.
Energy Density Volume: 360 Wh/l
Mass: 175 Wh/kg

Where unless otherwise specified all tests have been performed at 25 °C.
For any further specification on tests methods used see the attached appendix A

5.1.1 Description of the battery module

The battery cell described above is part of a 20-cell high-power, high-
capacity module. This product has been developed for application such electric
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scooters, golf carts, and wheelchairs as an interest in non-polluting
transportation method increases.
The general specifications of the module are shown in Table 5.2.

Table 5.2. Battery module specifications.

ITEMS SPECIFICATIONS
Length 291.0 £5mm
Width 150.0 £ 5 mm
Height 273.0 £ 5 mm (without terminals)
Weight Approx. 13.6 kg
Nominal Voltage 720V
Nominal Capacity 20.0 Ah

Volume: 120 Wh/I

Energy Density Mass: 105 Wh/kg
Maximum Charge Voltage 83.0V (4.15V per cell)
Recommended Charge Current 10A (05C)
Maximum Charge Current (<1hr by 90 %) 20 A (fast charge)
Recommended Voltage Limit for Discharge 60.0 V

Lower Voltage Limit for Discharge 55.0V
Maximum Discharge Current ( Continuous ) 60.0A (2C)
Maximum Discharge Current ( Peak, < 10 sec ) 100.L0A (5C)

The battery module presents a prismatic shape and it is cooled by a forced air
flow. A conceptual representation of the cross-section of the module, showing
the position of cells and cooling channels, is presented in Figure 5.3.

Li-lon cell

Air channel

77

Figure 5.3, Cross-sectional view of a typical battery module.
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The battery cells are separated by flow channels wherein air is forced through by
a fan. The air is the cooling medium of the battery and removes the heat
generated inside the cells due to irreversibilities and electrochemical reactions.
Each of the 19 cooling channels is 5 mm (a battery cell has a thickness of 7.2
mm) and has the same y and z dimensions of the battery cell (129 x 216 mm).

5.2 Calculation of the battery thermal parameters
As can be noticed from the equations shown in Chapter 3 and 4, the

thermal parameters required for the model are the thermal diffusivity («) of the
cell and, the convective heat transfer coefficient h.

(5.1)

__ ability to conduct thermal energy _ k [mz]
- ability to store thermal energy - pecp s

First of all these three intrinsic parameters of the cell (k, p, c,) will be computed,
and then the convective heat transfer coefficient will be calculated.

5.2.1 Calculation of cell density, thermal capacity and thermal conductivity

The density of the cell can be calculated starting from the data shown in
Table 5.1, resulting 2118 [kg/m3]. However, among the data given by the
manufacturer, the thermal capacity and the thermal conductivity of the cell are
missing.

The latter data has been computed in the open literature (i.e. [8] or [10])
applying the Meredith and Tobias theory to calculate the conductivity of a
system of uniform spheres arranged in a cubic lattice (see Table 4.3 for typical
values).

Here, a simple calculation has been performed to compute the thermal
conductivity of a single cell. Analyzing the literature, e.g. [49], the cell has been
assumed to be a series of elementary cells coupled together. The elementary
cells are often referred as jelly roll and an example is shown in Figure 5.4.
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e+ & =
lithium_—¥ /‘ \ . bipolar
foil : partition
polymer  composite
separator  electrode
Figure 5.4. Schematic diagram of the Lithium negative electrode \ solid polymer separator \ insertion
positive electrode elementary cell, from [8].

The dimensions of the cell layers depicted in Figure 5.4 are shown in Table 5.3.

Table 5.3. Dimensions of the elementary cell layers (jelly roll).

Layers in x-direction Thickness [um]
Graphite (anode) 60
Separator 40
Composite electrode (LIFePO,) 125
Bipolar partition 10
Total elementary cell 235

The thickness of the cell constituents have been taken from digital optical
microscope imaging for Li-lon battery cell available on the market for
automotive applications [49].

Figure 5.5. Electronic micrdscoe imaging of the anode, [49].
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Figure 5.6. Electronic microsc?)pe imaging of the cathode, [49].

A battery cell is then composed by putting together various layers of the jelly
roll, as qualitatively shown in Figure 5.7
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Gel Polymer Electrolyfe + Stacked/Folded Jelly Roll + Al Packaging

Figure 5.7. Example of jelly roll manufacturing process [22].

A battery cell is then composed by putting together various layers of the
jelly roll, as qualitatively shown in Figure 5.7. The anode is considered to be
made of Graphite with 95% of purity. This assumption is necessary since the
conductivity of the graphite (Kgrapnite) Strongly depends on its purity. From the
open literature, various values of the graphite conductivity at different
percentage of purity are available. By performing an analytical interpolation, an
approximate correlation between the graphite purity and its own conductivity
has been obtained, resulting 65.82 [W/m K].

In the x direction, the layers shown in Figure 5.4 are in series. The
overall thermal conductivity in this direction can be computed, using the
electrical analogy (see i.e. [44]), as shown in Figure 5.8.
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Figure 5.8. Series thermal-electric analogy.

kx — Rt_ot — R{+R2+R3+R4 (5.2)
Liot Li+Ly+L3+Ly

where L, is the length of each layer in the x direction and R, is the thermal

resistance on each layer, defined as:

2
R, = ’L‘— " (5.3)
From the open literature (i.e.[8],[10]) and technical datasheets of the
conductivity of pure materials, the overall thermal conductivity of the cell is

calculated, as shown in Table 5.4.

Table 5.4. Elementary cell thermal conductivity in x direction.

x-direction Length k Thermalzresistance
[m] [W/mK] [m® K/W]
Graphite (anode) 6.00E-05 65.82 9.59E-07
Separator 4.00E-05 0.16 2.5E-04
Composite electrode

(LIFePO4) 1.25E-04 1.47 8.5034E-05
Bipolar partition 1.00E-05 6.53 1.53139E-06
Total 2.35E-04 0.6963 3.37525E-04

In the y and z directions, the layers are in parallel and then the overall
thermal conductivity has to be computed according to:

1 1 1
tot tot Ri Rz R3

R
k,, ==~ where

1
y.z + T (5.4)

The parallel resistance analogy is depicted in Figure 5.9.

111



Figure 5.9, Parallel thermal-electric analogy.

Table 5.5. Elementary cell thermal conductivity in y direction.

Chapter 5

direction Length k Thermal resistance
y-directio [m] [W/m K] [m? K/W]
Graphite (anode) 2.16E-01 65.82 3.51E-03
Separator 2.16E-01 0.16 1.35
Composite electrode
(LIFePO4) 2.16E-01 1.47 0.146938776
Bipolar partition 2.16E-01 6.53 3.3078101E-02
Total 2.16E-01 73.980 3.10E-03
Table 5.6. Elementary cell thermal conductivity in z direction.
s-direction Thickness k Thermal resistance
[m] [W/m K] [m” K/W]
Graphite (anode) 1.29E-01 65.82 2.10E-03
Separator 1.29E-01 0.16 0.80625
Composite electrode
(LIFePO4) 1.29E-01 1.47 8.7755102E-02
Bipolar partition 1.29E-01 6.53 1.9754977E-02
Total 1.29E-01 73.980 1.85E-03

As expected, the thermal resistance varies in y and z directions due to different
geometry. However, the conductivity, which is an intrinsic property of the
materials, does not change in these two directions.
The overall cell conductivity results 0.696 [W/mK] along the thickness
direction and 73.980 [W/mK] along the other two directions. The values found
are consistent with the range that can be found in the open literature,

summarized in Table 4.3.

As regard the thermal capacity, determining its numerical value is a
complex task, due to the need of dedicated experimental equipment to measure
the thermal diffusivity (such as Flash Diffusivity Systems or Differential

Scanner Calorimeters).
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For this reason, in this study, values proposed in the literature, [10], will be used
(in particular ¢, = 795 [J/kgK]).

5.2.2 Convective heat transfer coefficient

It is well known that the convective heat transfer solutions rely on
empirical correlations that are based on the use of dimensionless numbers. In
this work a forced flow in a rectangular duct has to be analyzed.

The Reynolds number for internal flows in non-circular tubes can be expressed
as:

Re = —”“’ZD" (5.5)

where un is the mean velocity of the fluid, which has been here chosen to be
equal to 3 m/s, and Dy, is the hydraulic diameter:

Dy = =% (5.6)

where p is the wet perimeter of the channel and A is the flow cross-sectional
area. For the battery channels described in 5.1.1 the hydraulic diameter results to
be equal to 9.6 mm.

The Reynolds number results to be 1854, indicating laminar flow conditions.
Table 5.7, taken from [44], shows the values of the Nusselt number and friction

factor for fully developed laminar flow in rectangular ducts.
Table 5.7. Nusselt numbers and friction factors for fully developed laminar flow in tubes of different
cross section, [44].

)
up = ¥
b - T
Cross Section 2 (Uniform g,) {Uniform T,) f Rep,

O — 436 3.66 64

,,D 1.0 361 2.98 57
b

< 1.43 373 3.08 59
b

a E::I 2.0 4.12 3,39 62
b

o 3.0 4.79 3.96 69
b

o [T 4.0 533 4.44 73
b

=== =] 8.0 6.49 5.60 82
b

L o6 8.23 7.54 96

Heated
T » 539 486 96
Insuw';alea
A — all 2.49 53
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According to the nomenclature used in Table 5.7, the aspect ratio S= % =

43.2,— oo and thus the suitable Nusselt number for this problem results to be
8.23.

The heat flux rate is assumed to be uniform along the section, while the
temperature should vary.

Obtained the Nu number from the literature, it is simple to compute the
convective heat transfer coefficient:

Nu kgir
p= ko (5.7)

which, for fully developed flow, is constant along the flow direction.

For the EiG module modeled in this work the fully developed convective heat
transfer coefficient h results to be equal to 22.27 [W/m?K].

However, the hydrodynamic entry length, for laminar flows [44], is an
expression of the form:

("gﬂ) ~ 0.05 Re (5.8)

h

For the EiG battery module analyzed, the entry region length results to
be 0.89 m and thus appropriate correlations must be considered. A complete
treatment of forced laminar flow in ducts can be found in [54]. Note that here

the aspect ratio is considered as: % = % = 0.023.

Table 5.8. Nusselt number for rectangular ducts as function of normalized position x™ and aspect
ratio a, considering Pr=0.72, [54].

1 Num,T

* o

X Aspect Ratio, a

1.0 0.5 1/3 0.25 1/6

10 375 420 4067 Sell Se72
20 4639 479 Se¢17 556 613
30 488 5623 5660 S5e93 6047
40 S5¢27 Seb1 S5e96 627 678
S0 563 Se95 6628 6661 707
60 595 627 660 690 7 « 35
80 6057 688 LEC T 9L T4 7 790
100 710 7Tet2 770 798 838
120 7061 791 818 8648 885
140 8006 837 8e66 8693 9e28
160 8e¢50 880 Se10 9636 972
180 86091 Se20 950 Qe77 1012
200 930 Se60 Se91 1018 10651
220 Se70 1000 1030 1058 1090
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Figure 5.10. Nusselt number for laminar flow in a rectangular duct as function of Pr and normalized
position x” for a = 0.5. [54].

As can be noticed in Figure 5.10, the heat transfer coefficient tends to really
high values near the entry edge and then it settles to a value similar to the one
obtained for the fully developed region.

The large value of the heat transfer coefficient in the entry region leads to a
great heat removal capability. This condition is obtained with a laminar flow in
small hydraulic diameter passage and allow for a compact design of the battery
module [56]. This confirms that laminar flow is the preferred choice for this
kind of systems and the channels dimensions are appropriate to the purpose of
optimizing the cooling system.

Since a closed correlation to calculate the heat transfer coefficient with
respect to the position along the duct is not available it has been decided to run
the model with a constant h, assuming fully developed conditions.

Then, in 5.4.3, the model will be compared with a FEM 3D simulation and the
heat transfer coefficient will be calibrated in order to account for the developing
region.

As a final remark, it is possible to verify the modeling assumptions proposed in
3.2. Using the values calculated for the considered battery module the Biot
number results to be 0.23, indicating that a lumped analysis would be a fairly
inaccurate solution method for this problem.
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5.3 Definition of the model inputs: current profile and heat
generation rate

Since the transient temperature rise of the Li-lon battery originates in its
internal heat generation during its operation, a precise estimation of the heat
generation rate is indispensable to calculate the temperature distribution with
high accuracy. This term depends on the current, voltage and open-circuit
voltage of the battery cell, as stated in 4.2.1.

For this kind of model, combinations of pulses and steps, shown in Figure 5.11
and Figure 5.12, can provide the necessary excitation for the dynamics modeled.
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Figure 5.11. Asymmetric step current profile, Figure 5.12. Pulse current profile, [34].
[34].

The step profile provides more of a PHEV type current request where the C-rate
is moderate but the duration of power request is longer. The pulse profile
provides more of a HEV type power request.

The values of the current and voltage used in this section were taken from a
24000 seconds cycle implemented ad hoc for electrical characterization of Li-
lon battery. This cycle, shown in Figure 5.13, alternating symmetric steps and
impulses, allows for a complete mapping of the possible operating conditions.
The open-circuit voltage, Eo has been obtained performing an electrical
characterization of the battery [42].
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Figure 5.13. Current, voltage and heat generation rate profile.

For the purpose of showing model results ,the 800 s cycle between t = 200 s and
t= 1000 s, shown in Figure 5.14 has been chosen.
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Figure 5.14. Current voltage and heat generation rate profile used to perform the simulations.

Figure 5.15 shows the heat generation rate per unit volume generated within
each Li-lon battery cell.
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Figure 5.15. Heat generation rate per unit volume used to perform the simulations.

5.4 Model calibration and validation

In order to calibrate and validate the modeling approach described in the
previous chapter, an experimental set-up has been developed and a comparison
with advanced finite element simulation software (FEM) has been performed.

5.4.1 Experimental set-up

At CAR™, extensive research and experimental studies are conducted to
test various kinds of batteries.
Electrical characterizations are performed to compute the open circuit voltage
and electrical parameters of battery cells and modules. Current profiles have
been generated ad hoc for various applications and studies about battery aging
are performed.
These laboratories contains multiple stations capable of running tests of
arbitrary lengths and can accommodate 24/7 unattended operation if needed.
Each station testing a single cell or module consists of:

e Power supply;

e Programmable electronic load,;

e Data acquisition and control computer;

e Peltier junctions (and/or environmental chamber) and associated
controllers;

e Electrochemical impedance spectroscopy equipment EIS (mounted
externally).

12 Center for Automotive Research, The Ohio State University, Columbus (OH), U.S.A.
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Figuré 5.16. Battery test bench.

Each experimental station shown in Figure 5.16, consists of an 800W
programmable electronic load and a 1.2 KW programmable power supply.

The testing stations are calibrated on a regular basis to ensure the best possible
sensor measurements. Three measurements are collected during each test:
current (inductive), voltage, and temperature. All measurements are sampled at
10 Hz.

The instrumentation allows for running test for temperatures ranging between -
25°C to +60 °C. For large battery packs, environmental chambers are used to
keep the temperature constant, while for smaller cells the use of the Peltier
junction is preferable.

Environmental chambers are devices that are used to simulate an
environment of a different temperature humidity or climate, etc. They are also
used to simulate and test for various effects, such as altitude, radiation, wind,
bacteria, dust, chemical exposure and vacuums. These chambers are used in
many different industries and especially useful for the testing of electronic and
telecommunication components to see how they perform in various types of
conditions. The chambers are ideal for performing quality control tests along
with other types of experiments.
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Battery aging tests are actually conducted at different temperatures to test the
influence of the temperature on the battery parameters. The environmental
chamber, controlling temperature and humidity, is used to simulate the climate
that is desired for the aging process.

Figure 5.17. Environmental chamber.

Small battery cells are kept at constant imposed temperature using a
Peltier junction. This device is based on the thermo-electric effect known as the
Peltier effect: when a voltage is applied across a semiconductor thermocouple,
any surplus charge carriers present in the semiconductor will be attracted
towards the terminal with the opposite polarity, as shown in Figure 5.18. Thus
electrons in the N type material migrate towards the positive terminal causing a
surplus to accumulate in the region of the semiconductor next to the terminal
leaving a deficit at the negative side of the device. Similarly holes in the P type
material migrate towards the negative terminal. In other words the charge
carriers are swept through the material accelerating as they do so, due to the
electric field created by the voltage between the terminals of the device, and
their increased kinetic energy is manifest as heat.

The temperature within the device depends on the number and the Kinetic
energy of the charge carriers. The temperature will therefore be higher in the
region where the charge carriers are concentrated and lower in the region they
have just vacated where charge density is consequently lower. Thus a
temperature gradient, proportional to the magnitude of the applied current,
builds up across the device. This temperature gradient can only be maintained,
however, if heat can be removed from the hot junction. Otherwise the
temperature will tend to equalize across the device and continued current flow
will cause the device to overheat. This results in a cooling effect on the colder
side of the junction itself (thermo-electric cooling).

The heat absorbed or created at the junctions is proportional to the electrical
current flow and the proportionality constant is known as the Peltier coefficient.
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Contrary to Joule heating (I°R), the Peltier effect is reversible depending on the
direction of the current

Heat Absorbed

Cooled Surface
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Semiconductor Thermocouple
Peltier Effect
Figure 5.18. Operation scheme of a Peltier junction, [57].

To ensure tight tolerance on the battery temperature under any current profile,
each test specimen is fixtured in a specially machined aluminum or stainless

steel plate with a large thermal mass.
Figure 5.19 shows one machined stainless steel plate with channels for the

thermocouples wires and fixing holes.

Figure 5.19. Machined stainless steel plate with inserted thermocouples.
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The thermal acquisition system consists of a National Instrument signal
conditioning with 32 thermocouples channels, as shown in Figure 5.20. Each
input channel includes an instrumentation amplifier, a cold-junction
compensation and a 2 Hz low-pass filter.

Figure 5.20. Thermal signal conditioning system.

Thermal imaging cameras are also available in the laboratory. Figure 5.21 shows
a thermal image of a battery during a characterization test.

Figure 5.21. Thermal image of a Li-lon battery cell.

5.4.2 Thermal conductivity experiment

An experimental set-up has been developed to measure the thermal
conductivity in the direction of the thickness of the EiG Li-lon battery cell
analyzed in this thesis. The conductivity can be calculated by applying its
definition:
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— 4x w
Kpare, x = i) [R] (5.9)

To estimate this parameter, two quantities are needed:

e The heat flux in x direction, q,;

e The temperature drop across the battery cell in the same direction, %.
Stainless steel plates Thermocouples

Battery cell

Temperature prdfile

-
- -

“

Peltier junction Lss

Y Peltier junction

Lbatt

v
plane 1 plane 2 plane 3 plane 4
Figure 5.22. Experimental set-up for thermal conductivity measurement.

Figure 5.22 shows a schematic of the experimental set-up developed ad hoc to
calculate the thermal conductivity of the battery cell.

The system built in the laboratory is composed, in the x direction, of a series of
five elements:

Peltier junction;
Stainless steel plate;
Battery cell,
Stainless steel plate;
Peltier junction.

a e e

Figure 5.23, taken during the implementation of the experiment, shows half of
the system described above.
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Battery cell

Stainless
steel plate

Peltier
junction

Figure 5.23. Peltier junction - stainless steel plate - battery cell sandwich
for the thermal conductivity experiment.

Nine T-type thermocouples have been positioned in an equally spaced
grid to completely cover the heat transfer surface of each of the four planes
shown in Figure 5.22. This allows one to obtain a complete map of the
temperature of the system.

The two Peltier junctions impose two different temperatures at the extremes of
the system so that a heat flux is established in the x direction. The battery cell
has been positioned in between of two plates of known material (stainless steel
304). The three components in series (plate-battery cell-plate) experience the
same heat flux. Measuring the temperature drop across each stainless steel plate,

of known thermal conductivity (k,;), the heat flux can be computed as:

) ATy
qx = — kssE (5-10)

where AT, is an average of the temperature drops across the two plates.

As far as the temperature drop across the battery cell is concerned,
ATy 1S directly measured. The temperature at each plane is an average of the
nine measurements. In order to reach a steady-state condition, the experiment
has run for a few hours. Figure 5.24 shows the temperatures at the four planes
defined in Figure 5.22. The values shown result from an average of the last 200
s of the experiment.
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Figure 5.24. Temperature profile along the system considered in the thermal conductivity
experiment.

Experimental results are shown Table 5.9.

Table 5.9. Thermal conductivity experiment result.

Dimension Value
Lss [mm] 254
Kss [WImK] 16.2
Average AT [°C] 3.8
Lbar [mm] 7.2
Average AT,  [°C] 26.0

Substituting Equation (5.10) into Equation (5.9), the battery cell conductivity is
thus obtained as:.

AT gs

SS LSS
kparr = — (5.11)

AT part
Lpate

The thermal conductivity of the battery cell in the x direction turns out to be:
Koattx = 0.67 W/mK, which is consistent with the range that can be found in the
open literature (Table 4.3) and really close to the value calculated in Section
5.2.1 (k =0.696 W/mK), confirming the reliability of the assumptions made in
this thesis.

125



Chapter 5

5.4.3 FEM comparison

In order to provide a validation framework for the 1D and the 1+1D
model in the absence of experimental data, a FEM model was developed in
COMSOL® (an advanced FEM simulator), with reference to the system
geometry shown in Table 5.1 and Figure 5.3. Due to the nature of the system
considered in this study, a 2D heat transfer problem is formulated in the x and y
dimensions, assuming uniformity of the velocity and temperature fields along
the z direction. This assumption allows for a partial simplification of the
problem, without any relevant implication on the accuracy of the solution. The
software solves simultaneously the coupled heat transfer equation and the
incompressible Navier-Stokes equations in the air flow domains. In the battery
cell domain, the 2D heat diffusion equation is solved, considering anisotropic
thermal properties for the cell materials [10].

In order to solve the problem, boundary and initial conditions are needed. In this
case, the air is assumed to enter the cooling channels at 3 m/s and at the initial
instant the whole system presents a uniform temperature of 25 °C.

The FEM model uses as input the same heat generation rate adopted for the
1+1D model and shown in Figure 5.14.

Air channel Max T=333°C
Battery I
Cell ___ .
. y=0mm y=216mm
Air channel
Mn.T=250°C
Figure 5.25. FEM prediction of the temperature distribution within a battery cell and two cooling
channels.

Figure 5.25 shows the temperature field predicted by the FEM simulation at the
time t=327 s, where temperatures of the battery cell reaches one of the peaks.
Only the first 40 mm and the last 40 mm regions of the cell are shown in the
figure, to give better temperature field resolutions. It is possible to observe that
the thermal boundary layer in the air gradually develop along the flow direction.

A preliminary comparison of the 1+1D** model prediction was done
against the FEM simulation results. Figures 5.27-29 show the temperature
dynamics at the center of the cell (x=L), as well as the cooling air temperature at
three locations within the domain, namely the inlet of the cooling channel (y=0

3 The simulations where performed discretizing the battery cell into 200 lumps.
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mm), at the outlet (y=216 mm) and at an intermediate location (y=54 mm), as
shown in Figure 5.26.

__y:O
--y =54 mm
-y =216 mm

Figure 5.26. Locations at which the comparisons between 1+1D and FEM have been performed.

Due to the increasing of the air temperature along the flows, each lumps of the
battery cell are subjected to slightly different boundary conditions which results
in the temperature differences shown in figures :

Temperature comparion at the inlet (w=0) @1Q
35 T T T T T

— FEM Simulation
——-1+1D Model

B4 e e ................ ........

Temperature (°C)

24
8}

i i i i i i i
100 200 300 400 500 600 700 800
Time {s)

Figure 5.27. 1+1D and FEM temperature profiles at y=0 mm.
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Temperature comparison at y=54 mm @ 1Q
35 T T T T T

— FEM Simulation
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Figure 5.28. 1+1D and FEM temperature profiles at y=54 mm.
Temperature comparison at the outlet (v = 216 mm) @ 1Q
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Figure 5.29. 1+1D and FEM temperature profiles at y=216 mm.

Analyzing the previous figures, it can be observed that the 1+1D model tends to
overestimate the battery temperatures predicted by the FEM model, especially at
the entrance of the cooling channel.

The reason for this behavior stems from the effects of the entry region, which
have been neglected from the calculation of the convective heat transfer
coefficient used in the 1+1D model. A fully developed laminar flow was
assumed in the channel, hence leading to constant Nusselt number and constant
heat transfer coefficient. In reality, the heat exchange between the battery
surface and the coolant should be significantly higher at the entrance, and
progressively decreasing along the flow direction.
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Consequently, the heat transfer coefficient h is expected to present higher values
in the entry region.

In order to calibrate the 1+1D model, the convective heat transfer
coefficient was adjusted to characterize the effects of the entry region in the
computation of the temperatures.

In order to calibrate h, the heat flux flowing from the cell to the cooling air
calculated with COMSOL and the 1+1D model has been compared.

Heat flux difference between FEM and 1+1D considering h=const.
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Figure 5.30. Comparison of the heat flux predicted by the FEM and 1+1D model.

From Figure 5.30, a noticeable heat flux difference between the FEM simulation
and the 1+1D model prediction can be observed.

It is possible to directly calculate h using the numerical data available from the
FEM simulation, considering the fact that the heat flux from the battery cell wall
is: Q = Ah(T,, — T,,).

As a first-order approximation, h has been averaged along the time at each y
position. This implies that the heat transfer coefficient is a function only with
respect to space (y). Non-dimensionalizing the result with respect to the
hydraulic diameter, the calibrated heat transfer coefficient results to be:

h=h(y") = 70yﬂ +13.068 (5.12)

where y* = =
h
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Convective heat ransfer coefficient comparison
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Figure 5.31. Trend of the calibrated heat transfer coefficient.

Comparing again the heat flux computed by the FEM simulator and the flux
predicted by the calibrated 1+1D model, it can be noticed that the gap between
the two simulations has been significantly reduced.

Heat flux difference between FEM and 1+1D with calibrated h
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Figure 5.32. Comparison of the heat flux predicted by the FEM and calibrated 1+1D model.

The next three figures show the comparison between the FEM results and the
calibrated 1+1D model predictions.
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Figure 5.33, Calibrated 1+1D and FEM temperature profiles at y=0 mm.
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Figure 5.34, Calibrated 1+1D and FEM

temperature profiles at y=54 mm.
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5.5 Summary

In this chapter, the model methodology developed has been applied to a
pouch-style Li-lon battery module cooled by an air flow produced by EiG.
First the thermal parameters of the battery cell have been calculated and the heat
transfer coefficient has been computed. Then an experimental setup to calibrate
and validate thermal models of Li-lon battery cells has been developed. Starting
from this setup, the thermal conductivity of the battery cell has been
experimentally measured. The model results have then been compared with a
2D FEM simulation, in order to validate the model.

Although some minor errors between the 1+1D model results and the 2D
FEM simulation are present, the developed model results reasonably accurate to
predict the temperature distribution within a Li-lon battery cell.
The 1+1D model here developed is computationally more efficient than the
FEM software. As a proof, Table 5.10 compares the computation time and
memory requirements of the 1+1D model developed in 4.2.3, with reference to
the simulation results shown in the above figures.

Table 5.10, Comparison of computational efficiency of different models.

Model Cog::;ta{u:]ion Mem;)“r;lyb;Jsage
1D 1.5 290
1+1D 58 300
FEM 2100 341

The 1+1D model present a simple structure and the approach used has a genral
applicability. Its accuracy and computational efficiency make the 1+1D model
an ideal candidate to serve application in the area of simulation of battery packs,
design of cooling systems and optimization of thermal management systems
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6. Conclusions

Li-lon batteries are today considered the prime solution as energy
storage system for EV/PHEV/HEV, due to their high specific energy and power.
Since their performance, life and reliability are quite dependent on the operating
temperature, great interest has been devoted to study solutions for cooling and
control algorithms for battery thermal management.

This thesis has presented a computationally efficient, low-order modeling
methodology to predict the dynamic temperature distribution in a prismatic Li-
lon battery cell. The modeling approach developed is general, in a sense that it
can predict the temperature distribution within a cell under different conditions.
Unlike most control-oriented models based on system identification techniques,
the proposed approach relies only on physical principles. These models can find
applications in the area of simulation and optimization of battery cooling
systems.

In Chapter 4, a general one-dimensional thermal model has been developed to
predict the temperature distribution inside a prismatic Li-lon battery cell under
different boundary and initial conditions. A one-dimensional boundary-value
problem for heat diffusion in unsteady conditions has been defined and
analytically solved, applying the integral transformation method.

To characterize the effects of the cooling system on the temperature distribution
within the cell, the one-dimensional solution has been then extended to a 1+1D
approach that accounts for the variability of the boundary conditions.

The modeling approach developed is characterized by a general
structure, which allows one to easily select cooling parameters, such as cooling
air velocity, air temperature, air duct geometry, etc., and compare the effects of
different cooling systems. The approach adopted ensures consistency with the
physical behavior of the system and relies on a limited set of physical
parameters that can be obtained from the open literature, or calibrated if
experiments or FEM simulation results are available.

In particular, a 1+1D model, with convective boundary conditions, was
developed. An ad hoc experimental set-up has been developed to calibrate the
thermal parameters of the model and a comparison with a FEM simulator was
used to validate the results, as discussed in Chapter 5.

The consistency with the FEM solution, the simple structure, and the
computational efficiency make the model an ideal candidate for simulation of
battery packs, design of cooling systems or thermal management systems.
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The models developed can serve application in the area simulation of battery
packs performance, design of cooling systems and optimization of thermal
management systems or as a tool to support the calibration of reduced-order
electro-thermal battery dynamic models for on-board implementation.

6.1 Future work

In order to further validate the modeling approach proposed in this work,
an experimental setup is being planned to measure the surface temperature
distribution on a prismatic Li-lon cell. The experimental setup has already been
developed and the experiments are currently planned.

This would allow comparing the models predictions with experimental data and
thus verifying the accuracy of the modeling approach and the consistency of the
assumptions made.

The same methodology, moreover, can be applied to cylindrical cell, in order to
compare the effect of the geometry on the thermal issues.

The models developed can be used for a comparative analysis of different
cooling technologies or to develop a thermal management system, interfacing
the simulator with a control algorithm.
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1. Scope
Thiz Froduct Specification has been prepared fo specify the rechargeable LIFB
(Lithium Ion Pelymer Battery) to be supplied to the customer by EIG, Lid.

2. Description and Model Name
2-1 Deseription - Rechargeable LIFE (Lithium Ion Folvmer Battery).
2-2 Model : eFLEB CR208.

3. Nominsl Specifications

Item Specification
3-1 INominal Capacity 20 Ah
3-2 IMominal Voltage 386V

CClconstant current) © 10 A and
3-3 Standard Charge Method
CWiconstant voltage) - 4.16 Vio 1 A

CCleonstant current) @ 20 A and
d-4 Rapid Charge Method
CWViconstant voltage) - 4. 16V to 1 A

3-8 Standard Discharge Method CClconstant current) * 10 Ao 3.0V
3-8 DMax Discharge Current
10 A
(continuous)
3-7 Feak Discharge Current
200 A

(peak < 10sec)

Thickness  7.220.2 mm
(Fully charged =state)

J-8 Cell Dimension
Width : 129+0.6 mm

Length : 216+1.0 mm

Charge : 0Otod40TC

3-9 Operation Temperature
Discharge - —30 to 66T

1 year :-80~26%C

3-10 Storage Temperature 3 month - 30457
1 month - -30~66T
5-11 Weight 426+3 g
3
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4. Dimension
See the attachment (Appendiz 1).

5. Appearance

There shall be no such defect as scratch, rush, discoloration and leakage which may

adversely affect commercial value of the cell.

6. Standard Test Conditions
6-1 Environmental Condition

Unless otherwise specified, all tects stated in this specification are conducted at

temperature of 267

6-2 Measuring Equipment,
(1) Ammeter and Voltmeter

The ammeter and voltmeter should have an accuracy of the grade 065 or

higher.
(2) Slide caliper

The slide caliper chould have 005 mm seale.
{3) Impedance meter

The impedance meter with AC 1 kHz should be used.
7. General Characteristies
T-1 Standard Charge

Charging with condition of CC(10 A)NCVI(4.16 V to 1 A) at 26T

T=2 Standard Minimum Discharge Capacity

Capacity measured with CC(10 A) discharge to 5.0 V at 260 within 2.5 hours

after the standard charge.

Standard Minimum Discharge Capacity = 19.8 Ah
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T-3 Initial Internal Impedance
Internal impedance measured with fresh cell at AC 1 kEHz after standard charge.

Initial internal impedance < 3 m

7-4 Charge Rate Capabilities
Capacity measured with condition of CClvarious current below)/CVI(4.16 V to 1 A)

at 260 after the cell is discharged with standard dizcharge method.

n.2c 0.6C 1.0C
Current
(4 A) (10 A (20 &)
Cut—off 0.06C (1 4) N.0EC (1 A) 0.08C (1 A))
Relative Capacity >100% 100% »OE%

T-6 Dizcharge Rate Capabilities
Capacity measured with CClwarious current below) discharge to 5.0 V at 26T

after the cell is charged with standard charge method.

nac 0.6C 1C BC
Current
(B A) (10 A) (20 A} (100 A)
Relative Capacity >100% 100% »BE% »B0%

T-8 Temperature Dependence of Discharge Capacity
Capacity measured with CC(10 A) discharge to 3.0 V at various temperature

below after the cell iz charged with standard charge method.

Discharge Temperature -207T -107T ot 26T 40T 58T
Relative Capacity >45% >0b% »80% 100% »100% »100%
T=T Cycle Life

Capacity retention after 100, 800, 800 and 1000 cycles with the charge/discharge

condition below.
— charge : CC(20 ANCVI(4.16 Vio 1 A or 2.6 hr) at 26T

— discharge : CC20 A) to 3.0V at 26T

Cyele Mo, 1= 1n0™ sO0™ aoo® 1000™
Relative Capacify 100% >96% >90% >B0% =B0%
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B. Eovi

105

8.1 Vibration Test
(1) Tect method
— Frequency: 10 Hz — B8 Hz — 10 H=
- Amplitude: 0.8 mm
- Sweep speed: 1 + (LOGE Hz/min

(2) Criteria

— Mo loss of functionality without apparent damage such as leakage, bulging,

cmoke and flame.

8.2 Thermal Shock
(1) Test method
(i) Charge the cell with standard charge method.
{ii) Store the cell at —40%7 for 2 hours and then
(iii) Store the cell at 80T for 2 hours.
(iv) Repeat the step (i) to (i) 20 times.

(2} Criteria

— Mo loss of functionality without apparent damage such as leakage, bulging,

zmoke and flame.
— Change of cell thickness < 6%.
— Recovered capacity (standard discharge capacity) > 80%.

146




- . Rev. Page
E i 5 | PRODUCT SPECIFICATION | g5 /10
ePLE C020B (Lithium Ion Polymer Battery) Date 2009.04.02

8.3 Humidity

(1) Test methed
(i) Charge the cell with standard charge method.
(i) Store the cell at 50T and 95%EH condition for 10 days.

{2) Criteria

— Mo loss of functionality without apparent damage such ag leskage bulging,

cmoke and flame.
— Change of cell thickness < 6%.
- Recovered capacity (standard discharge capacity) » 80%.

8.4 High Temperature Swelling
(1) Test method:
(i) Charge the cell with standard charge method.
(ii) Store the cell at 80T for 24 hours.

{2) Criteria

— Mo loss of functionality without apparent damage such as leakage, bulging,

cmoke and flame.
— Change of cell thickness < 6%.
- Recovered capacity (standard dizcharge capacity) > B0,

8. Safety Characteristies

8.1 Overcharge Test
(1) Test methed
(i) Charge the cell with standard charge method.

(ii) Charge the cell with condition of CC{20 ANCVIG V for 2.6hr).

{2) Criteria

— Mo fire and no explosion.
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8.2 Bxternal Short Circuit Test
(1) Test method
(i) Charge the cell with standard charge method.
(ii) Connect the pogitive and negative terminal with a wire less than 100 m2 for
2.5 hra.
(2) Criteria
- Mo fire and no explosion.

9.3 Overdischarge Test
{1} Test method
{i) Charge the cell with standard charge method.
(ii) Discharge the cell with condition of CC(20 A) for 1.Ghrs or achieved voltage
reversal for 15 minutes.
{2) Criteria
- IIo fire and no explosion

9.4 MNail Penetration Test
{1} Test method
{i) Charge the cell with standard charge method.
(ii) Penetrate the center of the cell vertically with a metallic nail of 5 mm
diameter at a rate of 40mm/zec.
{2) Criteria
- IIo fire and no explosion.

9.6 Hot Booxt Test
{1} Test method
(i) Charge the cell with standard charge method.
(ii) Heat the cell up to 160 at a rate of 5'C/minute.
(ii) Eeep the cell at 1607 for 10 minutes.
{2) Criteria

— Lo fire and no explosion.
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9.8 Crush Test
(1) Test methed
(i) Charge the cell with standard charge method.
(i) Crush the cell with 13 kI force against the longitudinal and lateral axis of
the cell.
(2) Criteria
- Mo fire and no explosion.

9.7 Impact Test
(1) Test method
{i) Charge the cell with standard charge method.
(ii) Flace a bar of &8 mm diameter across the longitudinal and lateral axis of
the sample cell.
(iii) Drop 9.1 kg weight onto the bar from 81 em height.
(2) Criteria

— Mo fire and no explosion.

10. Warranty
EIG, Litd. will be responsible for any defect for 8§ months from the date of

manufacturing, as long as the cell is freated in accordance with the Product
Specification and Handling Caufion. Any other problem caused by malfunction of the
equipment or unsuitsble use of the cell is not under this warranty.

11. Others

11.1 Storage for a long time
When the cell iz kept for a long time {3 months or more), it iz recommended to

be preserved at dry and low temperature condition.

11.2 Other
Any matter that was not described in thiz Specification should be conferred

with EIG, Lid.
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B DCrawing of eFLE C020B
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INominal Capacity

20 Ah

HMominal Voltape

.88 W

Weight

426

Enmrgy Volume

860 WhL

Densitgr

Weight

176 Whleg

AC Impedance (1 kHz)

<8 mf
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Appendix B: A reduced order model for the
thermal dynamics of Li-lon battery cells

COMNFIDENTIAL. Limited circulation. For review only.

A Reduced-Order Model for the Thermal
Dynamics of Li-Ion Battery Cells

Matteo Muratori®
Marcello Canova, Yann Guesennec, Giorgio Rizsoni **:!

* Dipartimento di Energic - Politecnico di Midano,
Via Lambruaching §, 80156 Milano - Italy.
* Center for Automotine Reasarek - The Ohic State [niversity,
230 Kinnear Rd, Columbus OF, {3218, [F5A_

Abstract: The electro-thermal dynamics of Li-Ion batteries for EVe and PHEVY: applications
s a topic of critical importance today. For applications related to control and diagnostics, the
behovior of a battery pack is typically modeled using an equivalent circuit analogy approach.
The mode]l parameters, such as the open-circuit voltage and the battery imtermal resistance,
are generally scheduled with respect to the temperature, which is often s static
imput to the model However, due to the internal heat generation and the conductivity of
the mmterials, battery cells are charscterized by a time-varying internal temperature that moay
be considerably different from the measured surface temperature. The phenomenon, often
overlooked in these simplified models, must be properly accounted for in control-oriented
applications, such as battery pack p-er[unname analysis, cell balwncing, disgnostics and residoaml
life emtimation. This work proposes a control -or energy management- orfented model of the
thermal dynamics of a prismatic Li-Ton cell, which predicts the internal temperators. Unlike
mast control-oriented models hased on system identiication techmiques, the proposed approsch
defines a one-dimensional boundary-value problam for heat difusion in umsteady conditions,
which is solved by applying the Laplace transform and further reduced to a low-order linear
model u=ing the =i tion methoed. The model prediction is validated by comparison
with the analytical solution of the boundary-valoe problem, for different charging /discharging
profiles, and uses data acquired from experimental studies for additional validstion.

Kepworda: Comtrol Oriented Models, Model Order Reduction, Thermal Systems, Lithinm-Ton
Batteries, Auatomotive

1. INTRODTUCTION

The sdvancements in battery technology has been the
diriving force behind the recent dewvelo im Plug-in
Hytrid Electric Vehicles [PHEWVs) and Battery Electric
Vehicles (BEV). In particular, Lithinm ion (Li-Ton) batter-
ie=m provide high energy and power density energy storage
to allow for extended all-electric driving.

For efficient and relinble utilization on the wvehicle, the
battery management systems (BMS) muast contimeoosly
momnitor the battery pack performance in order to pro-
tect the battery from premature i amd performance
degradation (Chatzakis et al. (2003)). Model based hattery
momnitoring algorithms, of particular importance in high
power applications, use current and voltage messurernents
to estimate state of charpe (SoC), available power, state
of haalth (SoH) and tempersture with interscting comtrol
systoms hased upon these estimates (Verbrugpe and Koch
[ 2ONG] ).

The characterization and modeling of the electro-thermal
dynamics of Li-lon batteries is o topic of critical impor-
tance. In particolasr, control-oriented models that are eo-
pabile of predicting the thermal dynamices of the system can
! Corresponding Auwthar (M. Canovn). Email: canove. 1 @osn adn.

be a powerful tool to evaluate the impact of temperatare
on the batvery life, as well a5 to improve the performanes
of 2 BMS and guarantes relishle operations of such enerpy
StOTAES SYSLeIns.

However, the design of low-order electro-thermal models of
battery eells is challenging. Models based on first principles
[referred to & electrochemical models) are penerally Dot
suitable for control and estimation applications due to
their inherent complexity in describing the chemical be-
hawior of the cell (for excample, as in Newman et al. (2003)).
For this remson, phenomenclogical models based on the
equivalent circwit analopy are often used as a compromise
betwoen accurscy and complexity (for example, see Huo
et al. (2000)].

Equivalent cirenit models contain several parameters, sueh
as the opan-circuit voltage, battery internal resistance and
the dominant time comstants, which are generally schesd-
ubsd with respect to the battery SoC and temperature. In
particular, the latter s often regarded os a static inpuot
t the model. The parameters dentifieation is typdcally
done with experimental data, using a set-up consisting of
a programmable load that imposes a determined current
profile to reproduce various battery usage conditions. A
Peltier junction maintains the surface temperature of the

Preprint submitted to Gth IFAC Symposium Advances in Automotive Control.
Received Decembar 10, 20089 _
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hattery cell at a prescribed value. Thus, for model ealibra-
tion, it is commonly assumed that the battery temperature
is uniform and constant during the test.

However, experimental amd CFD studies have demon-
strated that, due to the internal heat peneration and
the conductivity of the materials, battery cells are char-
acterized by a specific internal tempersture distribution
that may significantly differ from the mexsured surface
temperature (for instance, sse Chen et al. (2005) or Pe-
saran (2002)). Forthermore, the battery temperature is a
dynamic state that may vary significantly during a test,
with respect to the curment input.

Souch phenomena, which are often overlooked in these
simplified models, should be accounted for to ensure safe
operations, for diagnostics and residual life estimation. For
instance, large temperature variations within the cell may
lead to premature aging of the hattery, henee the impor-
tance of including the prediction of the internal battery
thermal behavior in system integration and control

In this seenario, this paper proposss a control-or energy
menagement-oriented model of the thermal dynamics of
a prismatic Li-lon cell, which predicts the internal tem-
perature. Unlike phenomenological models, based on sys-
tem identification methods, the proposed model relies
on a physically-based approach based on the fundamen-
tals of conduction heat transfer. Starting from the one-
dimensional boundary-value problem of heat diffusion in
unsteady conditions, a controloriented model is found by
applying a model order reduction method in the frequency
domain.

2. STATEMENT OF THE FROBLEM

The ohjective is to desipn a low-order dynamic model that
predicts the core temperature of a Li-Ion battery cell given
the current demand and the cutput voltage. The system
considered in the study, shown in figure 1, epresonts an
experimental set-up typically utilized to generate calibra-
tion data for electro-thermal battery model identification.
The set-up consists of a prismatic LiFePO, coll insertad
in an aluminum casing. The temperature of the casing is
controlled to a constant value by a Peltier junction. Due

Pelticr

Turwlian

Alwm e
Hhell

Lo-lonell

Fig. 1. A Peltier junction for prismatic cell testing.
to the high thermal conductivity of the alumimum and the

higher mass of the casing compared to the battery, it is rea-
sonahle to assume negligible temperature gradients within
the casing. Hence, the external surface of the hattery can
be considered an input to the model Further, due to the
Joule effect and irmeversibilities, heat is penerated inside
the battery at a rate depending on the current profile.
It i= also rexsonahble to xssume that the generation term
is uniformly distributed within the cell and only time
dependent.

From 2 system dynamics standpoint, the battery cell can
be considered as a MISO system, where the inputs are the
heat peneration rate and the external temperature, and
the output is the internal temperature. In particnlar, the
madel will he solved for the temperature at the center of
the cell, which is the peak value of the distribution since

all the heat penerated internally is removed only at the
external surface.

3. MODEL DEVELOPMENT

In order to define the heat transfer problem and design the
madel, the battery cell is represented as a homogeneous
slab of thickness 21.. Mote that, although the mathematical
formulation of the problem is developed for a prismatic ge-
ometry, the proposed approach could be easily generalized
to cylindrical cells.

Let = be the coondinate across the wall, T the wall
temperature (st by the Peltier junction), and § the mate
of heat penerated inside the battery. The heat generation
rate, 25 well a5 the material properties, are considered
homogeneous and sotropic. Figure 2 shows the scheme
adopted by the model.

T i Dinsc e

Brdues g L2l

Fig. 2. Schematic of the cell geometry for the thermal
madel.

Assuming T = T'(z,t) the temperature at position T and
time ¢, the heat transfer problem can be cast in the form
of 3 Boundary-Value Problem (BVP) for a case of one-
dimensional, unsteady heat conduction (Incropera et al.
(1996); Arpaci [1966)):

B""T[::,:}_l_l_'::}_lﬂl"(z,c] )

a7 R T a me

whare & = k[pc],}'], heing &k the spatially-averaged
thermal conductivity of the cell, p the average density and
¢ the specific heat. The above parameters were calculatad
from experimental data and numerical studies published
in the open literature (Magpure et al. (2009); Pals and
Newman (1995)), and are summarized in tahle 1.

Preprint submitted io Gth IFAC Symposium Advances in Automotive Conirol.
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Table 1. List of model parxmeters

Paramatar  Valuo Units
o L] ™
k 0666  W{mk)~"
» 2118 kgim7)
cp TaL T(egk )"
] 1087 mis—!

The rate of heat per unit volome § () generated inside the
cell is computed s in Bernardi et al. (1985):
. I dE,
t)=— | Eg— E-T— 2
i) = (& =) @
where I is the current, V., the cell volume, E, the open
circuit woltage and F the voltage of the cell. For the
LiFeP{y cell considered in this study, the last term in
equation (2) can be neglected (Hu et al. (2009)), allowing
for a partial simplification of problam.
The BVF described by equation (1) i subject to boundary
conditions of the first kind (imposed surface temperature).
Since both walls are mssumed at the same temperature,
the coll temperature distribution is symmetric, hence the
houmdary conditions can be written as:
Tz=0t)=T(x=2L, 1) =Tw(t)
8T [z, t) —0
Bx ==L B
The BVF above could be solved numerically, for instance
using the finite difference method. Instead, noting that
the problem is described by a linear PDE, an analytical
solution is found by applying the Laplace transform to the
differential equation and boumdary conditions. This way,
a PDE problem in time domain is cast into an eqoivalant
ODE problem in the complex domain (Doebelin {15%80)).
Assuming zero initial condition for equation (1), the trans-
formed BVP is obtaimed:

(2

arr 1
) i Tra=—QE ()
T(z=0,5)=T. (s) (4b)
dr (z, &) -0 (4c)

dr ==L
where a® = sa—! and @ (&) is the transform of §(t).

Regarding & as a fived parameter, (4a) is a linear ordinary
differential equation, whosa peneral solution can be written
in the form:

1
T (z,8) = gz (s}+4 (&) cosh (az) + B () sink (ax) (3)

where the values of 4 (&) and B () are found by evaliating
the boundary conditions (4b)-[(4c).

This allows one to determine the general solution of the
problem, henee the temperature dynamics at any spatial
coordinate r. In particular, the temperature at the cell
core is found by evaluating the solution at r = L:

a cosh (LyZ) -1
Te(e)=T(L,8 = EWQ(*] + ©

1
+ —————==T. (2]
oot (L/Z)

Equation (6) can be interpreted s the output of 3 con-
tinuous time dynamic system with u(t) = [§(t),Tw {t}l]'r
and y(t) = Ti(t). In this sense, the solution of the BVP
is equivalent to the impulse response of the system:-

Ti () =G (8] Qa) + Gz (2)Tw (2) (7]
where the transfer fnctions 1 and 2 are transcendental:

cout [z,,/_} 1
cca [L,/;]

1

Analytieal expressions for the inverse transforms for &4 (#)
and 75 (8] do not exist. However, it is possible to study the
behavior of the above transfer functions in the frequency
domain. Figure (3) represents the frequency response of
the two transfer functions, where the magnitude is shown
in the frequency range of nterest.

1 (5) = % (8a)

Gafz)= (8b)

(L]

N
T
H
[
"
a
N
T
H
[
3
a
- i’ 12" 1 12 o’
Fra: e ny failead
Fig. 1. Frequency response (magnitude) of the transcen-

dental transfer functions &) and &3, The truncated
transfer functions 7] and &5 (i = 8), ealeulated with
(12}-(14), are also plotted for comparison.
Binee (71 (2) and 3 {#) are trmnscendental, they are char-
acterized by an infinite number of poles and meros that, for
this case, can be determined analytically. In particular, the
two transfer functions have a common set of pobes:

e 14?2

while 7} (2) has zeros at:
2 —1 T
z_=—%n(nT) B n=12. ..
and the static gains are:

(1)
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L2
1 {UJ=§ (113
Gy (0 =1

Bince all the poles of &) (#) and &y (e) are real and
negative, the system is stable and the transfer functions are
hounded. Moreover, the frequency response plots shown in
figure (3) denote that the system behaves as low pass filter.

In particular, |y (jw)| — 0 at a fxter rate than |G (jw)],
due to the absence of meros in g (2). Due to its faster
comvergence, |7y (jw)| s almost wero in the high frequency
region, hence the transient response of the system is larpely
dominated by &7y (2).

Based on the above considerations, the frequency behay-
ior of 71 can be approximated by a truncated transfer
function of the form:

; (8—21)(s—2)...(8—21)

& (&) = K,

! Cla—p) e —pa) o (2— )
where i iz a finite number and the gain K i chosen to
equalize the static gains of G and &y

Mpz-- -
Hy=G1(0) —————
' ol ]zlz'z---zi—L
Similarly, for the transfer function G,

) 1
G':.*[a]'=Ki{a—m]{#—ﬁ}'"'{’_ﬁ}

(12)

(13}

(14}

where
Ky =Gz (0)mpz---p (15)

The truneated transfer functions &3 and G (i = 8) are
compared with &) and &2 in figure (3). It is posible to
ohserve that the tramscendental transfer fonctions, which
represent the exact analytical sohition of the BVP, are
well approximated by the truncated models in the low

The order of truncation can be chosen in relation with
the frequency content of the mput signals and the desired
bandwidth. In a typical experimental setup for hattery
characterization, the sipnals are typically acquired up to a
frequency of 10H z. For applications related to the slectro-
thermeal characterization of EV and PHEV batteries, this
can he also considered the maximum frequency of interest.

In principle, the above consideration would allow one to
simply trmmeate the models up to the desired frequency
content. However, since the comtribution of the higher
order poles and weros is neglected in the truncated system,
the resulting model will have limited sccursey.

Figure 3 shows that, for the case considered, a trunca-
tion to the 8" order ensures accurate response up to
only lradfz. In other words, it would be necessary to
further increase the order of the model by adding high
frequency terms until acceptable accuracy is obtained n
the frequency range considersd.

For this reason, 3 model order reduction method could be
adopted to generate a model that achieves the accuracy
required by the application with minimal complexity. The
literature presents many model reduction alporithms for a
variety of problems (see Ersal et al. (2008) for a review of
proper modeling technigques).

The choice of a reduction alporithm is based on the specific
system. In this ease, it can be observed that the poles and
zeros of 71 and (2 increase nearly proportionally to n®.
Consequently, the difference betwesn the large and small
time constants in the system increases or, in other words,
the system tends to become nmumerically stiff.

For stiff systems where the poles and zeros are known, the
singular perturbation method can be adopted to approxi-
mate the effects of the higher frequency components on a
low order model (Khalil (1996)). In particular, a sohition
developed by Bhikkaji and Soderstrom (2001) for similar
heat transfer problems is here adopted.

The reduction algorithm = based on a partial fractions
decompaosition of the functions &) and GY, truncated at a
sufficiently high mumber of terms:

; Ay Az A
G1(8) = K1 [a—p:+a—pz+"'+ a_p._] .
y Hy Ha B;
ﬂ'a{ﬂ}=ﬁ-z[ﬁ+ﬁ+-"+a P]
—M - — P

where the coefficients A; and H; can be analytically
caleulated (Oppenheim and Schafer (1975)).

Focusing on &% (2], it & now possible to operate a separa-
tion of the transfer function into its low and high frequency
mdes:

G} (5) = G (=) + Hy (8) (17)

whare k < 4 and
G?{a}:f('][ A1 +i+...+ Ak ]
E—M &—Pa & — Pi (18)
44£+l A ]
Hy(g) =Ky | ————+---+
1(#) E[S_ML P

In ascordance to the singular perturbation method, the
reduced order model is obtained by truncating &4 (5] to
&% (8], and then approximating the high frequency modes
[hers represented by H, (2)) by introducing a cormection
Factor.
The simplest correction s to assume that the effect of the
high frequency component Hy (2) is equal to its static gain
H, (0], henoca:

G, (8) = Gf (=) + Hy (D) (19
The same holds for the other transfer function:

Gr2(8) = G () + H2 (0) (20)

The described algorithm was applied to generate the re-
duced models G, and 7,5, starting from % (s) and &% ()
truncated to the 15%* order. This order of truncation en-
sures that accuracy is achieved up to the target frequency
of 10rad/s. The resulting reduced model results into a 3™
order system.

The frequency response of the reduced order model is
shown in figure 4 in terms of magnitude. The response is
compared to the analytical solution of the BYP (equation
(3)) and to the trumecated models & (2) and &Y (a8), where
i= 8

As expected, the reduced order models approximate the
exact solution for a larger frequency range than the ap-
proximate solutions. On the other hand, &r and Gra
do not converge to ®ero as # — oo, This stems from
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Fig. 4. Frequency response {magmitude) of the transcen-
dental transfer functions &) and 3, compared to
the truneated model (G, &5) and the reduweed order
meodel l:Gr]: Gr!}'

the sssumption earlier introduced of approcdmating the
high frequency components by their static gains. This
simplification procedure is commonly adopted when soby-
ing dynamic systems hased on fiuid dynamics and heat
transfer problems. The impact of this approximation on
the model is expliined by inverse-transforming the re-
dueed order model to time domain and noting that the
high-frequency modes have besn approximated by impulse
function (Bhikkaji and Soderstrom (3001 ).

4. RESULTS

The reduced order modal was applied to the simunlation
of the thermal response of a Li-lon cell during charging-
discharging cycles. The experimental data were collectad
by imstrumenting a prismatic LiFePOy call (204k, 4.1V
nominal) with the Peltier junction described in section 2.
The tests were performed by imposing a pulse current
profile and measuring the cutput voltage. The eycle shown
in figure & i=s extracted from a 24-hour test performed
for the identification of low-order electro-thermal hattery
madels. During the test, the cell surface temperature was
controlled to a constant vahie of 25°C. The mbe of heat
peneration wixs computed using equation (2).

In order to provide a meaningful comparison in the absance
of direct mexsurements of the cell internal temperature,
the response of the reduced order model was compared to
the prediction of a one-dimensional heat transfer model.
The 11 model was developed by solving the BVP prohlem
deseribed by equation (1) with the boundary conditions
(3), for a uniform grid along the direction r ([Ozisik
(2002)).

The temperature distribution predicted by the 1D model is
shown in figure § s a function of the direction T and time.
It is worth observing that, although the temperature at the
external surface of the hattery is set to 25°C by the Peltier

m 1 -n 41 Bl F1 Bl =0
T "ol

{n} Call carrent profile

(b} Call voltngs:

e r r
'.:‘.-'II - ; - I . -
': g ™ T ST -

{c} Hant genarntion rate, enleulstod with (2}

Fig. 5. Results from experimental testing of a LiFePO,
cell for electro-thermal model identification.

LR
I-i:l

HOpH A e U7

Fig. 6. Temperature distribution calcolated by the 1D
madal along the direction » and time during the test
shown in figure 5.

junction during the entire test, the internal temperature
may resch considerably higher valies due to the internal
heat generation and the low thermal conductivity.

Figure 7 compares the temperature at the center of the call
[z = 3.6mm) predicted by the tmmeated model and by the
reduced order model, with the cormesponding solution of
the 10} model. As mentioned above, the truneated model
i (2) is an §* order transfer function, while the reduced
model is 2 3™ order systom.
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Fig. 7. Comparison of the temperature predictions.

Both model follow the temperature dynamics during the
test quite closely. Focusing on a portion of the test, shown
in figure 8, it is possible to visualize the improved accuracy
of the reduced order model compared to the truncated
madel. In particular, the latter tends to flter out and delay
the output. This behavior can be explained by the lower
bandwidth where the frequency response of the model well
matches the exact salution, a5 shown in the upper plot of

figure 4.

o

EREEI S TR |
o=

u

i

Fig. . Comparison of the tempersture prediction of dif-
ferent models during a portion of the battery test.

Note that the reduced order model achieves accurate re-
sponse without the need of performing any calibration, as
a result of the fundamental analytical procedure adopted.
However, due to the simplifications made to the heat diffu-
sion equation and the thermal properties of the materials,
it is likely that errors will be present when comparing
the models to experimental data or results from electro-
thermal CFD simulations. In such case, the thermal prop-
erties (such as the conductivity and the specific heat) can
be considered as parameters to calibrate for improving the
model sccuracy.

L. CONCLUSION

This work describes a reduced order model of the thermal
dynamics of a Li-ion cell, which predicts the imbternal
temperature. Unlike control-oriented models, hased on
phenomenclogical approaches and system identification
methods, the proposed model was developed adopting a
fully analytical procedurs.

A one-dimensional boundary-value problem for unsteady
heat diffusion in & prismatic geometry was defined and
solved analytically by applying the Laplwee transform

method. The transcendental transfer function obtained
was then approximated to a truneated linear transfer
function. Finally, the singular perturbation method was
applied for model order reduction. The approach adopted
ensures consistency with the physical behavior of the sys-
tem and relies on a limited set of physical parameters that
can be obtained from the open literature, or calibrated if
experiments or CFD simmlation results are mailable.

The resulting model was validated by comparison with
a one-dimensional thermal model, for different charp-
ing/discharging current profiles obhtained from experimen-
tal tests. The consistency with the 1D solution and the
simphe structure make the model an ideal candidate for
model-based control and diagnostic alporithms, for the
integration into battery management systems, or as a
tool to support the ealibration of electro-thermal battery
dynamic models.
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A MODEL ORDER REDUCTION METHOD FOR THE TEMPERATURE ESTIMATION
IN A CYLINDRICAL LIHION BATTERY CELL
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Politecnico di Milano
Milan, Italy

ABSTRACT

The thermal characerizarion af Li-fon bageries for EVs,
HEVs and PHEVs is a topic of grear relevance, especially for
the evaluarion af the battery pack siare of healh (SoH) during
vehicle aperanions and for barrery Iife estimarion.

Thix work proposes a reduced-order model thar esimares
the thermal dynamics of a cylindrical Li-Ton basrery cell respea
12 the variarions in currers demands.  Unlike mos “badk-box ™
dynamic models, based on sygem ideruificarion rechnigues, the
proposed approach relies on the definirion of a boundary-value
protiem for wns eady hear difision, in the form of a linear par-
rial differensial equarion. The problem is then comverred imo a
linear ODE problem by applying the Laplace mansform mechod.
Further, a madel-order reducrion method is applied ro approxi-
mare the solaion of the problem inco a low-order linear model
thar estimares the temperarire dynamics a the cener and ar the
emernal surface.

In this paper, the model is applied (o the temperarure exi-
marion during a bagery discharging rransiens. The model uses
elecrrical dara acquired from experi [ resis and is validared
by comparizon with a 31} FEM thermal simularion.

INTRODUCTION

The advancements in Lithium ion (Li-lony battery technol-
ogy has been the driving force behind the recent developments
in Plug-in Hybrid Electric Vehicles (PFHEVS) and Battery Elec-
tric Vehicles (BEY ). For efficient and reliable wtilization of the
battery pack, it is critical monitoring its conditions in order to
protect the cells from premature aging and avoid performance
degradation (1). Model based battery monitoring algorithms, of
particular importance in high power applications, use curment,

Ning Ma, Marcello Canova, Yann Guezennec
Canter for Autometive Research
The Chio Stafe University
Columbus, Chio, 43212
Email: canova.1@osu.edu

voltage measurements and some cell surface lemperatures to es-
timate siate of charge (SoC), available power, state of health
(SoH) and temperature with interacting control systems based
upon these estimates (2).

In this scenario, the electro-thermal characterization of Li-
Ion battenies is a topic of critical imporiance (3). In particu-
lar, control-oriented models that ame capable of predicting the
response of the system in real-time can be a powerful tool to
monitor the battery during wehicle operations and, ultimately,
to improve the performance of a Batery Management System
and guaraniee relishle operations of such energy storage systems
(4, 3

The design of low-onder electro-thermal models of battery
cells is challenging. Models based on first principles (refermed
to a5 electrochemical models) are generally not suitable for con-
trol and estimation applications due to their inherent complexity
in describing the chemical behavior of the cell (for example, as
in (5)). For this reason, phenomenclogical models based on the
equivalent circuit analogy are ofien wsed as a compromise be-
tween accuracy and complexity (for example, =e (6; 3)).

Equivalent circoit models contain several parameters, such
a5 the open-circuit voltage, battery internal mesistance and the
domimant electrical time constants, which ame generally sched-
uled with mespeact to the battery SoC and temperature. In partic-
ular, the latier is often regarded as a static input to the modeal,
hence assuming that the battery iemperature has no space distri-
bution during the test and that a single, lumped temperature is
either constant or externally prescribed in time. However. due
to the heat generated by the electrochemical reactions and the
conductivity of the materials, battery cells are characterized by
awell defined iniemal temperature profile that may significanthy
differ from the \empe rature at the external surface (among oth-
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ers, see (7) or (8)). Furthermore, the batery temperature is a
dynamic varisble, which strongly depends on the batiery inputs
{current and voltage), and on the cooling system adopted (such
as convective cooling, or in presence of insulation or conductive
maternals).

The characterization of battery thermal dynamics, oftem
overlooked in simplified electro-thermal models, becomes par-
ticularly melevant at low temperature conditions (cold-start) or
at high discharge rates. In any case, it is necessary to properly
account for battery temperature for in control-ormented applica-
tions, such as battery pack performance analy sis, cell balancing,
diagnostics and e sidusl life estimation. For instance, large tem-
perature variations within the cell may lead to premature aging
of the batiery, hence the importance of including the prediction
of the intermal battery thermal behavior in system integration and
control.

This work proposes a reduced-order model that estimates
the dynamics of the core temperature and surface temperature of
a cylindrical Li-lon battery cell in presence of natural convective
cooding. Unlike most phenomenclogical models, based on sys-
tem identification ("black-box™) techniques, the proposed model
melies on a physically-based approach based on the fundamen-
tals of heat transfer theory. First, a one-dimensional boundary-
value problem for unsieady heat diffusion is defined, assuming
uniform internal heat generation and convective boundary con-
ditions. From this formulation, a eal-time model in the form
of a linear system is obtained by comverting the PDE problem
into a linear ODE problem and applying a model order reduoc-
tion method in the frequency domain. The paper describes the
development of the model and a comparison of its results with a
detailed 30 FEM thermal simulation is presented.

PROBLEM DESCRIPTION AND MODELING ASSUMP-
TIONS

The obiective of this study is to design a low-order model
that predicts the emperature dynamics of a Li-lon batiery cell,
given the curmrent and voltage profiles. The system considerad
in the stody is a Al23 ANR26650 cylindrical LiFeP(, cell,
with nominal capacity of 2.3Ak and nominal voliage of 3.3V .
The cell, whose main geometric data are summarized in Figure
1, is commonly used for high-power applications, ranging from
power tools to automotive.

For specific applications, such as racing electric motorcy-
cles, the cylindrical cells are assembled into a compact pack that
is located under the seat and is geperally cooled by air con-
vection. With this in mind, a simple experimental setup was
armanged considering one cylindrical cell conpected to a pro-
grammable load. The cell is positioned in ambient air at constant
temperature, to represent a critical operating condition whene the
battery is cooled only by natural convection. This epresents a
worst-case scenario, Rpresentative of a case where the batiery is
left in absence of forced cooling.

The curment input and the baitery woltage output were

[EYERATEIN R ]

Figure 1. Geaometric dala of ANR28ESD call.

recorded from a test, a5 shown in Figure 2. The tests mproduces
a hard acceleration for an electric motorcycle and is rather ag-
gressive on the battery. In detail, the battery is subject very high
current values in about %5, with peak curent that comesponds
to discharge rate of about 15C.

Cell Cums

Cel Woaage

o e ?I:III
Time []

Fgus 2. Exparimental msulls for rapid dischanging brensiand.

Dme to the high curment values and the very short duration
of the test, significant heat generation takes place inside the bat-
tery, due to intemal resistances and imeversible heat generation.
Al the same time, convection heat transfier takes place at the ex-
ternal surface, partially removing the heat generated The two
phenomena lead to the creation of an intermal temperature distri-
bution that varies dynamically in relation with the current, voli-
age and the thermal parameters. For this eason, a mode] that
estimates the iniemal temperature of the batiery cell in real-time
could be a useful tool for providing feedback during testing, or
in the definition of a management system.

For modeling purposes, the battery cell can be considered as
a MIMO system, where the inputs are the heat generation rate,
the the rmal parameiers and the environment temperature, and the
outputs are the intemal emperatue and the surface i mperature.
The model will be solved, in particular, for the temperatare at
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the center of the cell, which is assumed as the peak value of
the distribution since all the heat generatied intemally is removed
only at the exiernal surface. It is also easonable to assume that
the generation term is uniformly distributed within the cell and
only time dependant.

DESCRIPTION OF BATTERY THERMAL MODEL

In the mode ], the battery cell is assumed as a homoge neous
cylinder of radins £ Mote that, slthough the matemathical for-
mulation of the problem is developed for a specific shape, the
proposed approach could be easily genemlred to other geome-
tries and different boundary conditions. Let r be the radial coor-
dinate of the gystem, Ty the temperature of the ambient, and §
the raie of heat gene rated inside the battery. Figure 3 shows the
scheme adopied by the model.

Aaairienl T |:-']

Figura 3. Schamatic of he call gaomealry for the tharmal modal.

As a first approximation of the real system, it is here as-
sumed that the heat generation rate is uniformly distribuied and
the material properties are homogeneous and isotropic. Farther,
no heat is mmoved by conduction through the terminals. Such
assumptions allow for reducing the characterization of the bat-
tery temperature distribution to a one-dime nsional problem. This
mrepresents a easonable approximation of the real be havior of the
sysiem, with the exception of the regions near the current collec-
tors. Here, doe to the anisotropy of the materials and the high
curment densities, high temperatures and temperature gradients
are usually present, forcing one to rely only on 30 FEM analy-
=i5 tools to obtain a elisble prediction of the local empe ratore
distribwtion.

The heat transfer problem can be cast in the form of a
Boundary-Yalue Problem (BY'P) for a case of one-dime nsional,
unsieady heat conduction for a cylindrical system {(%; 10)k

AT (r1)
arl T ar

1aT(rz) 1 _ 1drrn
-I-FH-"]—E a n

where @ = k{pr,]'1, being & the average thermal conductivity
of the cell, p the average density and cp the average specific heat.

The above parameters were determined starting from published
data {(11; 12)), and are summarized in table 1.

Tabie 1. List of mooal paEmeaBes
Parameter  Valoe Units

k 04388 Wimk)~!
P 1824 kg(m)—?
cp 825 J(kek)!
o IMe™™ mi!

The rate of heat per unit volume 4 (1) (Wm—3) generated in-
side the cell is computed as im {13):

I dE,
“’1'=E(&'E‘Td_;) )

wheme [ is the curment, V. the cell volume, E;, the open circoit
voltage and E the voltage of the cell

Moie that, substituting Equation (2) into (1), 2 nonlinear heat
conduction problem is obtained, leading to a considerably com-
plex problem that might not be solved with analytical methods.
However, for the LiFeP(}y cells, it is often possible to neglect
the last term in equation {2) in a emperaiore mnge above 25°C,
allowing for a partial simplification of problem (3).

To sohve the BVP described by equation (1) two boundary
conditions and one initial conditions are needed. Due to the pres-
ence of comvective cooling at the exiemal surface, a boundary
condition of the third kind can be formulated there. Another con-
dition is given by the circular symmetry of the system, hence:

df (ra) _ A
ar l'——E{T{RJ]l—Tur[I]']

ar(rr)
ar

3)
=0
ren

whem the convection coefficient h is a mode] parameter that can
be initially estimated from the empirical comelations for natural
comvection heat transfer (9).

The above BYP could be solved numerically, for instamce
using the finite difference method on a defined grid (10). Moting
that the system is described by a linear PDE, it is also possible
to solve the problem applying the Laplace transform (14; 15)
'With this approach, the boundary-value problem in time domain
is transfommed into an equivalent ODE problem in the complex
domain, which can be solved anabytically.
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Assuming zero initial condition for equation (1), the trans-
formed BYP is obtaimed:

dzzr[;J]l _I_rl'ﬂ-_j:’l} —a'T (1) = —%ﬂ':*’] (4a)
drir)| _ h

& |~ g TR -Tar(e)) {4b)
arrs)|

2 “

where a* = so! and {(5) is the transform of §(r).
Regarding x as a fixed parameter, equation (4) has the fol-
lowing solution:

T(rs= %Q[s] +C () Jolar)+ Ca(m Yalar) (5)

where Ji and ¥ denote the #® order Bessel function of the first
kind and second kind, respectively (14).

The integration constants C; (5) and C; (5) can be found by
evaluating the boundary conditions (4b)-{4c). This allows one to
determine the general solution of the problem, hence the Eemper-
ature dynamics at any coordinate r. In particular, the empera-
ture at the center of the cell is found by evaluating the solution at
r=1

h 1
1 E (Tw'[-"]' —Eﬂ'ff}lj
T(0,5) == 01s)+ i6)

o (ak) —ak (aR)

while the surface emperatur is obtained by imposing r = R

h 1
! E(ﬁr (5] — EQ{:}]
T{R.5) = Q5]+ p Jo{aR) (7D
E—’u[ﬂ'ﬂ] —afy (aR)

Equations (6) and (7) can be interpreted as the outputs of
 continuous time dynamic system where wl(t)=[qir) Tar (1))
and ¥i1) = [T (0) T (Rs)]" . In this snse, the solution of the
BV P is equivalent to the impulse response of the system:

[T{ﬂ,s]] _ [Gui:] Gum] [ a0) ®
T(R,3)| ™ |Gn (5] G (o) |Tew (1)

where the mairix (7(5) is formed by the transcendental transfer

functions:
h 5 5 5 h
PR VR BV E
Gu(s) = (9a)
LE I 5 ¥
NN NG
h
_ 3
Gyzis) = : = = = (9}
E’“(‘@ -1/;"( a
I I
—i/ = | By =
G (5) = — - ° %)
ks gy 5 ‘/? T
) 5 ()
k 5
o (m/%)
Gz (5) = (9d)

In principle, one could imverse transform the above trans-
fer functions and obtain an analytical solotion in time domain
How ever, a moe comvenient approach to obtain a system maodel
that is amenable to control applications can be found by studying
the frequency behavior of the system and defining a st of ratio-
nal transfer functions that reasonably approximate its e sponse in
the desired frequency range.

To this end, Figure (4) mpresents the frequency espons of
the four transfer functions. From these diagrams. it is possible to
formmulate the following considerations:

1. In general, the four transfer functions have a esponse simi-
lar to a low-pass filier;

2. The frequency response of the transfer functions &7y (5) and
{51 (5), characterizing the sysiem response to the internal
heat gemeration rate, suggests that their behavior could be
reasonably approximated by a low-order sysem with real
poles;

3. The transfer function (2 (5), describing the influence of the
air temperature on the empemiure at the center of the cell
has a very rapid rate of decay. This implies that the external
temperature has a limited influence on the cell intemal Eem-
pe rature, and its effects are visible only after a conside rable
time;

4. Om the other hand, the behavior of the transfer function
2 () suggests that the surface emperature T (R, s) re-
sponds faster to a change in the air emperature , as expected.

Further information on the sysiem esponse can be obtained
by studying the poles and zeroes. Since the four transfer func-
tions of equation {9) are transcendental, they are characte rized by
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Figure 4. Fequancy fesponss [magnibwie) of the four ranscandantal
transkr funclions, compared 1o the approximatad respansa of the come-
Spondng iuncatad Mo

an infinite number of poles p and zeros ; that can be deie mined
numerically by setting each numerator and denominator to zero.
D to the properties of the Bessel functions, it is possible to ob-
sarve that all the poles and zermes ae real and negative. Thuos
the system can be considered stable and all the tramsfier functions
boundied.

In particular, |y, (jw}| — O at a faster rate than the other
functions, due to the absence of zeroes in (5 (5). Due to its
faster comvergence, |(7y; (jw)| is almost zero in the high fre-
gquency region, hence the transient response of the system is
largely dominated by Gy, (#). Gy (5) and G (5).

Bamd on the above considerations, the behavior of each
transfer function Gy (5) can be approximated by a truncated ra-
tional transfer function of the form:

(F—n){F—za)---(5—z0_1)

) =K o = ) =)

1oy

whem n is a finite number and the gain K, is chosen to equalire
the static gains of (7 and Gy

PiP2.--Pa

.K”=G”{5—‘i U] (11}
Eo B e

Figure (4) compares the truncated transfer functions &Y,,
G, @, and G, (n = 2) am compared with the cormespond-
ing transcendental transfer function, which epresent the exact
analytical solution of the BV P described by Equation (10 It is
evident that Gh; and G are well approximated by low-order
models in their entie frequency range. Om the other hand, the
functions (72 and (7zz, ae reasonably approximated by the tun-
cated models only in the low fequency mgions, while, as ex-
pected, the accuracy deteriorales as the frequency increases.

The order of tuncation can be chosen in melation with the
frequency content of the imput signals and the desired bandwidih.
In a typical experimental setup for battery electro-thermal char-
acterization, the signals ae typically acquired up to a frequency
of 10Hz, which is commensurate with the frequency content of
the current and power demand experienced in vehicles There-
fore, this effective bandwidth can be confidently considered as
the maximum frequency of interest

In principle, the above consideration would allow one to
simply truncate the models up to the desired frequency content
However, since the contribution of the higher order poles and ze-
ros is neglected in the tuncated system, the resulting maodel will
have limited accuracy.

Figure 4 shows that, for the functions (7,5 and (755, a trunca-
tiom to the 10°% order ensures accurate esponse up o only 1Hz
In otherwords, it would be necessary to dramatically incease the
order of the model by adding high frequency terms until accept-
able accuracy is obtained in the frequency interval considered.

For this reason, a model order reduction method could be
adopted to generate a model that achieves the accuracy required
by the application with minimal complexity. Several mode] re-
duction algorithms have been presented for a variety of systems
(= (16) for a review of proper modeling techniques). In this
case, it cam be shown that the poles of Gz and (Gz: increase
nearly proportionally to n°. Consequently, the difference he-
tween the large and small time constants in the sysiem increases,
or, in other words, the system ends to become numernically stiff.
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For stiff systems with known poles and reroes, the singu-
lar perturbation method can be adopted to approximate the ef-
fects of the higher frequency components on a low order model
{17). This model reduction procedure is commonly adopted
when solving dynamic systems that are based on fluid dynam-
ics and heat transfer problems. In particular, the method shown
in (18) is here adapted to this more complex case. The redoc-
tion algorithm is based on defining the functions 7, and G5, up
to a sufficiently high order of truncation and decomposing them
into partial fractions. For simplicity, only (7, is considered to
describe the following model edoction methodology:

Az

A A
5?1{5}=K11[ S +--4—= 12y
f—p I—p2 T— Pn

where the coefficients A; and B, can be analytically calculated
{(19)). With the abowve form, it is possible to operate a separation
of the transfer function into its low and high frequency modes:

Gl (s) = Gha (s) +Huz (3) (13)

where k< n and

G*.zts}=x:[ h A A

—p 5P -n
Ay Axn
Hpl5) =K, [—s—;;: -+ T ]
+ "

In accordance to the singular perturbation method, a reduced
order model can be obtaied by trancating G, (5) to G’:z (5) and
then approximating the high fequency modes (here represented
by Hy (5)) by introducing a cormection factor The simplest cor-
rection is to assume that the effect of the high fequency compo-
nent H, (5) is equal to its static gain H, (0, hence:

Giaz () = Gy (5) +Hy (0) (15)

The described algorithm is applied to generate the reduced
misdels (3 and Gy 5. starting from the transfer function G, (5]
and G, (5} truncaied to the 20% order. This onder of tnmeation
ensumes that accuracy is achieved up to the target frequency of
I0H:. The resulting reduced model results into a ¥ onder sys-
lem.

The frequency esponse of the reduced order model is shown
in figure 5 in terms of magnitude. The response is compared
to the analytical solution of the BYP (equation (9)) and to the
truncaied models & (5} and G (5). where i = B.

As expected, the reduced order models can well approxi-
mate the exact solution in a relatively larger frequency range than
the truncated solutions. On the other hand, it is possible to ob-
serve that (#r1z and (rx2 do not converge to zero as 5 — o= This

Augrtzs 43|

e 5]

o

repes 1

{b) Transfier Function Gy, { jis)

Figure E.  Fequency msponses (magnitude) of fe transcendantal Fans-
BT inctions (7 Bnd (Fy,, COMpAred to the tuncaied model (7, (73,
(n = 1jand the mduced ordar model (s & = 5), Geaa =41

stems from the assumption earlier introduced of approximating
the high frequency components by their static gains. Im (18) it
is shown that the impact of this approx imation on the mode] can
be explained by inverse-transforming the mduced order model
to time domain and noting that the high-frequency modes have
been approximated by impulse function.

1 ANALYSIS OF MODEL RESULTS

The reduced order model was applied to simuolaie the ther-
mal msponse of the cylindrical Li-Ion cell during the aggressive
discharge transient shown in Figure 2. The rate of inemal heat
generation (input to the model) was compuied from the current
and voltage profiles using equation (2), while the ambient em-
perature was considered constant and equal to 23°C. The battery,
initially at ambéent conditions, is heated by applying current for
about 90s. Then, curent is removed and the battery is cooled
down by natural comection in the ambéent.

In order to provide a meaningful validation in the absence
of direct temperature me asurements, the response of the model
was compared to the prediction of a detailed 3D FEM thermal
simulator that uses the geometry of the A 123 ANR26650 cylin-
drical LiFePily cell shown in Figure 1. The model solves the
3D unsie ady heat diffusion equation within the cell domain, con-
sidering uniform iniemal heat generation (imposed &s an imput)
and assuming anisotropic thermal properties for the cell mate-
ridls (7). The FEM model crealed consists of 13,900 meshing
elements, and calcolates the solution using an integration time
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sep of one second. The thermal behavior of the cell during the
rapid discharge and cooling-dow n phases is simulated by assum-
ing comvective boundary condition with a be at trans fer coefficient
b= 10W (m?E.

Figure 6 shows the dynamically varying temperature fields
in the central cross-saction of the cell from the 30 FEM simula-
tion. Temperature fields at four time points, r = 0 (initial condi-
tion}, f = 178z (peak temperature ), and ¢ = 360,990s (cooling-
down phase) are shown,

Tw=alpq Ire= 10siy

e w -
ay L e e : e

RIS R Ll e T
[ I k. I wn e gt

. T : N e
Zal wgh ] - Sulad w ) ERE L] = Cu reRE r

Fgure 8.  Simulaled lempsaratune Tiald in the cantral cross saction of ha
call at tour ime points: § =0, f = 1T8g, ¢ =360s, andr = 990a.

The reduced order model was calibraied by varying the con-
vection coefficient & to match the emperature predicted by the
FEM simulator at the external surface of the batery. Validation
was performed by comparing the temperature at the center of the
call

Figure 7 compares the two emperares predicted by the
model to the ealts of the the FEM simulator, It can be noticad
that the model follows the temperature dynamics during the test
quite closely. It is worth ob=erving that the mode] achieve s a ea-
somably accurale response with very limited calibration. as a re-
sult of the fundamental analytical procedure adopted. However,
due to the simplifications made to the heat diffusion equation and
the thermal properties of the materials, it is likely that errors will
be present when comparing the reduced order batery model to
experimental data In such case, the thermal properties (such as
the conductivity and the specific heat) can be considered as pa-
mmeiers o calibrate for improving the mode] accuracy.

2 CONCLUSION
This work presents the development of a control-oriented
model o characterize the thermal dynamics of cylindrical a Li-

I mat Ge. Rane |%]

Tima 'm 7

() Battery heat generation rae

: 10, Medel
U o mmme= Tin,zh. "EM
: 114.1), W adal

1

Taraeral ana [*

I 5 11 15 o | H
Tima m =

(b} Bariery internal temperatume and sorface femperstore

Figura 7. Comperison of the thermal moosl pradichiors with FEM ra-
Eulia.

ion batlery cell, predicting the intemal termperature and surface
temperature in relation with the battery current and voltage in-
puts. and assuming comective cooling conditions. Insead of ap-
plying phenomenclogical approaches and sysiem identification
mithods, the proposed model was developed adopting a fully an-
alytical procedure.

A ope-dimensional boundary-value problem for unsteady
heat diffusion in a cylindrical geometry was defined and solved
analytically by applying the Laplace transform method. The
transcendental transfer function obtained was then approximated
to 8 truncated linear transfer function. Finally, a model order
reduction method was applied to increase the model in the fre-
quency range of inerest while limiting the model complexity.
The proposed approach ensures consistency with the physical
behavior of the system and elies on a limited =t of physical
pearnme ters that can be obtained from the open literature, or cali-
brated if experiments or simulation results ae availablk.

The mode] described in the paper was validated by compar-
igon with a detailed 300 FEM thermal simulation model, con-
sidering a rapid discharging transient that is representative of an
acceleration i st fior a high performance electric vehicke. The val-
idation shows that the model is consistent with the FEM solution
found for this problem. with very limited calibration e ffort

A get of laboratory tests is currently being performed to pro-
vide experimenial data for improving the validity of the modal.
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The data, including temperature measurements at various loca-
tions on the extemal surface of the battery as well as thermal
imaging through an infrared camera, will allow for characteriz-
ing the Eempe rature distribution at the extemnal surface. This will
allew for evaluating the accuracy of the assumptions made, and
to improve the model calibration. As a future work, the modal
developed will be integrated into an electro-thermal battery dy-
namic model to improve the accuracy of the voltage and 5ol
predictions under various cooling conditions.
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A 1+1D THERMAL DYNAMIC MODEL OF A LIHON BATTERY CELL
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taly
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ABSTRACT

Li-lon batteries are today considered the prime solufion
as @nergy storage fyshem for EV/PHEVHEF, due to ther high
Egrear interest has been devoted to study solufions jfor cooling
and control algorithms for thermal managemant.

In this context, this paper presénts @ computationally
gfficient model that characierizes the imdernal lemperaiure
distribution af a batsery cell, concenved to semve as a tool for
the development gf thermal mangrement sysioms  for
auromorive barrery packs. The model = based on the unsteady
heat dyfision equation, for which an analytical selution i
obtomed through the miegral rangfrm method Fist, a
peneral one-dimensional thermal model iz developed fo predict
the temparatoe distribution mside a priomaftic Li-fon battery
cell under different boundary conditions. Then, a ;pecific case
with comectne boundary condiions @5 studied with the
objective of characterizing a cell cooled by a forced air flow. To
characterize the gffects of the cooling system om the
temperature distribuiion within the cell, the ome-dimensional
solufion is then exdended to a 1+1D model that accounis for the

The calibration and validation of the model will be
presented, adopiing a detailed 1D FEM rimulator az a
Bbamchmark.

NOMENCLATURE

A Area [mr]
Specific heat at constant presse [[/kg K]
Specific hest at constant volume [J/kg K]
Convective hest transfer coafficient [W,'m” K]
Thermal conductivity [Wm K]

FEE R
&

Mass flow rate [kg/s]

Ning Ma, Marcello Canova, Yann Guezennec
Center for Automotive Research
The Ohio State University
Caolumbus, OH, 43212

Heat generstion rate [W/m?]
Temperature [°C]

Free stream temperature [*C]
Velocity [m/g]

Voltage [F]

Open circuit Voltage [F]
Thermal diffusivity [m?® /=]
Density [kg/m®]

h-1 9
Bt e

INTRODUCTION

Cme w their high specific energy and power, Li-lon
‘batteries have recently generated considerable research imberest
for their application to the swomotive fSeld soch as emergy
storape system for BEV/HEV/PHEV. To this end great effort is
being devoted to address the safery, performence and aging
issmes of Li-Tom batteries [1], [2] In particulsr, several smdies
have demonstrated strong comelations between performance
B1H15]

For this reason, detsiled smdies of the temperature field
conditions have been proposed by several authors (see [8], [7],
[B]or [8]). Most of these smdies are conducted utilizing FEM
thermal sinmlators, often coupled with detiled models that
oy Such simmlstors are extremely useful o Zain
understanding on how the temperamre dismibution affects the
performance of the cell and to provide important information
for cell design, for instance the identification of hot spots. On
the other hamds, such teels are too complex to be applied to
smidies oriemted o the characterization of the electro-thermal
performance of modules and packs, or for the desipns of banmery
cooling systems and control algorithms. Here, computationally
efficient models that can provide a reasonsble estimate of the
cell thermal field with limited calibration effort can be usefnl
tools for batiery pack designers and inteprators, sllowing them
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to study desigm and control solufions o a3 simulation
EnVITOnmEnt.

To this extent, this paper proposes a general methodology
to desipn maoedels characterizing the thermal behavior of Li-Ion
battery cells, with the infent o serve applications in the areas of
performance and thermsl manapement stodies for battery pack
cooling systems. To meet this objective, the model mmst be
sufficiently simple to be expcuted near to real-time, yet acourate
enough to provide a reasonably accorate estimate of thermal
dynamics inside the cell.

The methodology is here applied to desien a simplified
thermal madel of a prismatic (pouch-style) Li-Ton battery cell
that approximates the dynamic temperatore disimibution in
presence of intermal heat generation and comrective boundary
conditions. The paper describes in detsil the model assumptions
and the mathematical framework A comparative shady is then
conducted to benchmark the model predictions with resulis
from a detziled FEM sinmlator.

PROBLEM OVERVIEW AND MODELING AFFROACH
Although the modeling methodolory presemted in this
smdy is penerally applicable to amy battery cell a 204k
prismatic (pouch-style) cell for aotomotive spplications is
considered as the reference gecmsiry.

L T |

L Jom Fofvmrer M‘H‘?

FI RE1 PRISMATICLIIOM ATTER CELL

Figure 1 shows the system considered, while Tshle 1
reports the essential battery cell data

TA LE1, DATAOF T ELI1ON CELL.

Parameters Values
Length 2Iémm
Widih 129mm
Thickness 7.2mm
Capacity 20 4k
Nominal Foliage 165 F

Mathematical Formulation of the Thermal Model

The starting point for the model development is the
unsteady non-homogeneous heat diffusion equation, which
describes the temperaure distribution in 3 given region over
time [10] [11]:

6D ET kD) raznt o

However, due to the specific zeometry of the cell, the thickness
results one order of magpitude smaller than the other two
and peglecting edge effects and the tabs, it is possible to
simplify the problem to a one-dimensiomal unsteady heat
conduction along the thickness direction x:

3T ) _ 18T

== @
where a=kipc,) represents the thermal diffosivity of the
material [m?/5]. The sbove assumptions can also be explained
by performing a simple order of magnitude analysis ([12] or
[13]). Figmre 2 shows a oross-section of the battery cell
identifying the domain where Equation 2 is applied

Txt)

[ — = — == e —e—

gli)

FI RE2 ATTER CELLS ETC .

Te solve Eguaton 2, one initsl condition and two
conditions sre needed In particular, the boundary
conditions can be of three different kinds:

=  Specified temperature of an exposed surface;

=  Specified heat flux from or to an exposed swiace
(insulation and symmetry are parficular cases of this
kind of boundary condition);

= Comvection or radistion heat transfer on an exposed
surface.

The combination of Equation (2) with amy two of the above
boundary conditions results info 8 non-homogeneons, transient,
boundary-value problem (BVF), for which several solution
methods hawe been developed [14] In particular, analytical
methods have the advantage of not requiring a discretization of
the domain or an iterative solution algorithm hence allowing
for a more computstionally efficient model However, such
solution is possible only if the BVP allows for a closed-form
solution If the partial differential equation is non-homogeneous
(which ic the case in presence of internal hest Feneration), the
imtegral transformation method can be applied to obtain an
anslytical solation [15].

The integral transformation method is a projection method
where 3 boundary value problem is solved using a fonctional
space o remove the dependence of the partial differential
adopted depends om the imtepration domamin of the partal
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differential equation and on the boundsry conditions of the
problem:

Integral Trangform: FlBy) = [14 Kifp, %) - F(#)d% (3)

Fversion Formude:  Flx) = E%_, K(f..x)-F(E.)

The Kemek K iz the mansformstion operstor that
transitions the BVP from a dimensional space into 8 fime domal
space, where it is possible to determine 3 solution thar describes
the time evolution of the system. Then, by applying the ioverse
transform operator, the complete solrbdon (inclhiding the spatial
characterization) is obtained.

The eizenwalues §, and the inversion formmla are obtained
from the expansion of an infinite series of eigenfunctons that
solve the following eigenvalue problem:

LLipr=0 mbsx=saL

i _ —

I_I:I atx=0 ()]
¥=0 atx=1IL

The eigenwvahlies §, and the Eemel functons are tabulated in
relation on the ranze of the space variables (finite, semi-infinite
or infinite extend) and o the type of the boundary conditions
[13]-

By applving the integral wansform method m Equation 2,
the following sohition is obtained:

T(n ) = T e KB, x) - [P + [ e
whera:

AlE, .r]dt] ()

lm.,t}-;q{p_rz}_'_n(ﬂﬁ-.:-ﬂ}ﬁ+Kf,e.,:-1}ﬁ}
boundary conditions:

flth=— —+i':.1'1" T M
fe) = —irz;+ haT = haT,, (E)

Note that, by properly simplifyine Equation 7 and 8, it is
possible to obtain various boundary condidons (moposed
temperature, imposed heat fle, convection).

Following the procedure outlined abowe, it is possible o
obtzin the analytical solution of 2 1D temperature distribution
with respect to time and the x-direction, with vmiform internal
heat gpeneration and subject to various boumdary conditions. In
the following sections, the solution wall be applied to a case of
comvective boundary condidon, which is representative of
sutomotive battery cooled by a forced air flowr
10 Thermal Model with Convection

With reference to the disgram shown mm Figure 3, a
prismatic battery call subject to forced comvective cooling is

here considered. The cooling is realized by forcing a steady-
state air flow through channels located on both sides of the call.

AlR L
FLLWA FLOW

FI RE3.5 ETC OFT EMODEL IT COM ECTI E
O MNDAR CONDITIOMS.

The zir approaches the cooling channels at a prescribed
temperatare and removes beat from the cell A beat tansfer
coefficent & can be computed from empircal correlations
avzilsble in the open hterature, ie. [12] or [16]. As a first
approxmation, folly developed laminar flow is asswmed in the
channel, hence allowing for moposing 8 constant heat transfer
coefficient.

With this assumption, the boundary value problem for the
1D meoddel can be cast in the following form:

T )
k n:h
—kZ=R(T-T,) forx=0,t>0

—kZ=nT-T,) forz=2L,t>0 (9
T=Ty forD=x =2L,t=0

Assuming that the battery cells are arranged in @ parallel
cooling case system (for example, as shown in [4]), the two air
flows are considered to be equivalent, namely at the same bulk
velocity and temperaiure. Based on [15], the eizenwalues §,
associzted to the BVE described in Equation & are the sohatdon
of the following transcendental equation:

tan(28, L) = St (10

B =HiRy

where H = ::: _The associsted Eernel function is:

E =7 x5 | oy £ )4 6 & an
s st tipon)]

Figure 4 chows the Kernel fimetion caloulated nsing the
thermal parameters summarized in Table 2.
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FI RE , ERNELF NCTION FOR CON ECTI E

O MDAR COMDITIONS.

Thers are an infinite munbers of kemel terms and therefores
the accuracy of the solnfion increases if more terms are
considered. However we noticed that the terms after the fifth do
not improve the acouracy for this specific problem, and thms
they are negligible.

TA LE2, PARAMETERSOFT ET ERMALMODEL OR

Parameters Valmes
& [W mK] 0,504
P [leg/m?] 218
¢, [I/kg K] M
h [W/mK) 2%

The 1D model is defined by applying Equation § with the
Eemel function defined in Equation 11. The heat generation
rate is determined according to [17]):

@=1(Ve—v-2=T) W] 1z
and it is assumed to be spatially umiform within the cell (hence
neglecting the effects of tabs, hot spots, eic.. ). Furthermore,
the dependence of the open cironit voltage from the temperanire
has been neglected, as a first approximation ([18] - [197).

Extension to 1+1D Thermal Model

The 10} model developed above is able to characterize the
temperature distribution and heat fher slong the direction x,
assuming uniform air temperature. However, as the oir flows m
the chanmel it is graduslly hested due to the comvection,
ulimmately decreasing its sbility to extract heat from the cell.

In order fo characterize the air femperature varation along
the air flow direction (here denofed with 3), the 1D model
described above has been extended to 1+1D modal, where the
system (battery cell with cooling channels) is discretized o a
finite mumber N of lumps alng the y-direction. Assuming a3
constant air flow rate in the y direction, the forward Eunler
discrefization method is adopted o defermine the air
temperaiure in each lump, in the direction of the flow.

Considering the i lump, the enerzy equation can be
applied to determine the gir tempersture, assuming wmiform
distribution in the conrol volume (well-mixed assumption):
me, TTE = s, Ty oy = 16, Ty ¢+ AR(T, = T 1) (13)

¥

-
.

i [E3] N

CELL

I AR

(i >

FI RES S0L TIONSC EMEFORT E1 1D MODEL.

Figure 5 shows a concepmal scheme of the model. The

methodology adopted to solve the 1+1D model is summarnzed
as follows:

# The 1D model is applied to compute the battery
temperamre disribution in the  lmp, slong the x-
direction. To this end, the temperatare T, ;. relative
to the hunp (3-1), is used to determine the boundary
conditions for the BVE.

# (Omce the cell temperamre profile is caloulated, the
vahue at the wall (x=2L) is applied to Equation (13} to
solve the energy balsmce for the air flow m the
harng.

By applying this scheme, it is possible to approcimate the
variation of the bonndary conditions that are nsed to model the

Temperature variation in the direction of the air flow.

It is possible fo obtain 3 gnd-independent solution by
choosing a pumber of discrefization elements greater than 100
in the y-direction.

RESULTS

This section summarizes the results obtained with the
proposed modeling approach. A bref description of results
obiained with the 1D model on 3 single lump will be presented
and then the results of the 1+1D model will be shown. At this
stage, the calibraton and validation of the modals have been
conducted utilizing the results of a detailed FEM thermal
simulation, performed with COMSOL®.
Temperature Distribotion with 1T Model

In order to calculate the temperstre distibution within the
battery cell, 3 heat mansfer coefficient h=22.3 [W/m*K] was
chosen. Such value is appropriate for forced laminar flow [12],
[16].

The heat peneration profile, calculated with Equation 12, is
based on woltage and cwment dafa obtzined from an
experimental test for the characterization of elecro-thermal
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battery models [18], [20]. The ocmrent, voltage and heat
peneration rate profile are shown in Figure §.

1n —
um! ] 1 3 0 £ ] ] a)
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i
qi 0 0 o L ko o o o
Tima ¥
E i
'l “l—mﬂm—n—u—%j—n—‘ﬂl;h

FI RE .C RRENT, OLTA EAND EAT EMNERATION
RATE PROFILES.

Figure 7 shows the evoluton of the batery cell
temperature as the internal heat generafion rate varies i time
In particular, the temperatre at the center of the cell (x=L) and
at the wall (x=21L) are represented in the same plot.
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FI RE .C ARACTERI ATION OF ATTER CELL
TEMPERAT RES IT 1D MODEL

It is possible to observe that the system respomds with a
mate is zero (g, when oo omrent is applied). This is a
consequence of the very low comvection coefficient, which
limits the ability of the air to extract heat from the system. As a
result, the battery imternal tempersture increases with the
internal heat memeration with a nearly uniform profile along the
x direction.

This behavior is confirmed in Figure 8, where the time
evolution of the complete temperature profile along the cell
thickness is shown. As expected the temperatore distibution is
almost flat, due o the cell conductivity and slow heat removal
from the boundaries.

VWL AN B T 3 ol

Fl RE ,C ARACTERI ATION OF ATTER CELL
TEMPERAT REDISTRI TION IT 1D MODEL.

Temperature Distribution with 1+1D Model and Validation

In order to provide a validation framework for the 1D and
the 1+1D model in the sbsence of experimental data, a FEM
mtﬂmshﬂupedinﬂ%iSDL‘,wiﬂlmmﬂm
system geometry shown im Tsble 1. Due to the nanme of the
system considered in this stdy, a 2D heat transfer problem is
formmulated in the x and y dimensions, assuming wniformity of
the velocity and temperature fields along the r direction. This
assunmption allows for a partial simplification of the problem
‘without amy relevant penalty on the acouracy of the solotion.
The model solves simmltsneously the coupled beat transfer
equation and the incompressible Navier-Stokes equation in the
air flow domains. In the battery cell domain the 2D hest
properties for the cell materials [9]. In particolar, a simulation
consisting of 448 meshing elements has been performed for a
total time of 8040 5 at 1 5 ume step

In order to solve the problem boundary and imitial
conditions are needed: in this case, it is assumed that the sir
enters the channels at 3m/s and that the inifisl temperamre is
‘mniform for the whole system and equal to 25 °C.

Figure 9 shows the temperatore field predicted by the FEM
simulation at the time r=748:, where temperatures of the
battery cell reaches one of the peaks. Only the first 40mome and
the last 40mm regioms of the cell are shown, o give befter
temperature field resolotions. Tt is possible to observe the
mbmnimlﬂuiuﬂrmgmdmﬂrmrdupiﬂga}mg

b T =233 o0

y=0mm = Bmm

M. T- 250

FI RE TEMPERAT REDISTRI TIOMINT E COOLIM
C ANMELPREDICTED T EFEM MODELAT t=748s.
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A preliminary comparison of the 1+1D model predictiom
was done against the FEM simmlation results. Figures 10-12
show the temperamre dynamics at the center of the cell (x=L},
as well as the cooling air temperaiure at three locations within
the domain, namely at the entrance (y=(mm), at the outlet
{y=216mm) and at an intermediate location (y=34mm). Due to
the battery cell are sobjected to slightly different boundary
conditions which results in the temperatore differences shown
in the firures.

Te-zeralue =0

F1  RE 10, COMPARISZON OF CELL AMD AIR
TEMPERAT RED NAMICSATT EWNLET y=0Omm .

Te=zemslae =7

Fl  RE 11, COMPARISOMN OF CELL AND AIR
TEMPERAT RED MAMICSINT EC AMMNEL y=34mm .

wzermlae =0

T

L U Al A A = EL e =l
Tmm [
F1 RE 12, COMPARISON OF CELL AND AIR
TEMPERAT RED MAMICSATT EOQ TLET y=216mm .

It is immediately observed that, with the parameters listed
in Table 2, the 1+1D model tends to overestimate the battery

temperatmes predicted by the FEM model, especially at the
entrance of the ceoling channe]

The reason for this behavior stems Som the fact that the
effects of the entry region have been neglected from the
calcolation of the convective heat transfer rate. In fact, a fully
developed laminar flow was assumed in the channel hence
leading o constamt Musselt mimber and thus constant hest
ransfer coefficient In reality, the heat exchange between the
‘battery surface and the coolant should be sipnificantly higher at
the emirance, smd propressively decreasing along the flow
direction &s the fluid reaches the outlet section. Consequently,
the hesat mansfer coefficient & is expected to present higher
vales in the entry region. This behavior is confinmed by the
fimdamental hest transfer theory for laminar flows, where
empirical comelations have been specifically deweloped to
estimate the average comvection coefficient for a developing
flow in the eniry rerion of a channel [16]

As a resolt, the convective heat transfer coefficient was
calibrated to characterize the effects of the entry region in the
computation of the temperatures. In particular, the parameter b
was non-dimensionalized: y* —-”- whera Dy, is the hydraulic
diameter of the duct Tlecslibratad conwvective heat transfer
coefficient h is expressed as:

h:h(j.r]:%+b (14

where the parameters g and & have been calibrated throuzh a
comparison with the FEM simmlator.

The results of the calibrated 1+1D model are represented

on the same fimmes (9-11), showing bow the variable

convection coefficient allows for improving the model resalts.

Alithough some minor emors between the 1+1D model
results and the 2D FEM sinmlation are present, the developed
model results reasomably scoorate and | computationslly
efficient As a proof, Table 3 compares the computation time
and memory requirements of the models discussed in the paper,
with reference to the simmlation results showm in the sbove
figures.

TA LE 2, COMPARISOM OF COMP  TATIOMAL
RE [IREMENTS OF T EMODELS.

Moded Computation Time [z] | Memery Cange k)
D L3 %0

141D ) m

FEM 2100 41

COMCLUSION AND FUTURE WORK

This paper presents 3 computztionally efficient, low-order
model that predicts the dynamic temperatwre distribution in a
prismatic Li-Ton battery cell The model is general, in 3 sense
that it can predict the temperature distribution within a cell
under different boundary conditions. In partcular, a 1+1D
model was developed to evaliate the thermal dynamics of a
‘battery cell in presence of convective cooling.
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stmuchure, and the computationsl efficiency make the model an
ideal candidate for meal-time model-based confrol and

The model deweloped is characterized by a general
structure, which allows one to easily select cooling parameters,
such as cooling air velocity, air temperatore, air doct geometry,
etc, and compare the effects of different cooling systems. As
part of the fure developments of the ooment work, a
comparative analysis of the performance of cooling bar system
and comventional forced cooling air flow will be performed.

Further, to provide additional validation resolts for the 1D
and the 1+1D model, an experimentsl setop is cmmently being
plamned to measure the swiace tempersure distribution on a
prismatic Li-Tom cell.
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