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Abstract

In this work, the structure of a modular, acausal aThe need to accurately, rapidly and robustly model

reconfigurable electro-thermal battery model is dgle perf?rmancg of.gells aﬂ.d l”‘?'f e{fects on tm;" b
scribed. The dynamic model structure adopted 11&” system and wider venicie 1S of paramount 1m-
the battery cell is based on an equivalent Circ&?rtance to vehicle QEMS' Wh'.l.e multiple mode_lllng
whose parameters are generated using real cycﬁrﬁ’ r_oaghtes aredavallable fc(j)rll_tlﬁon ﬁe”S{ha bﬂaéapc_l_t
data through an optimisation routine written in t gduired to produce a model than has the exybili
Modelica language. A linearised one-dimension map Fhe microscopic scale effects of interndll ce
thermal mathematical model with lumped paramet&%‘?hlanésms tp the nlgcrolscopéc sc;aleﬁoft'pack and
is used to simulate temperature profiles for thié cg/€hicle dynamics in a imely and cost effective man

The cell and scaled-up pack model is parameterigbed'
for a number of commercially available cells rampi
a number of cell formats, sizes and chemistri
These Dymola models are validated using highl
transient and aggressive real-world as well as s
thetic drive cycles.

ré\éoreover it is important for any of these battery
odels to be readily integrateable with an existing
ectrified powertrain and control simulation tasils
ere an acausal simulation structure (as oppased t
input-led) can be advantageous. In this paper, we
extend the INEEL FreedomCar program model [1] to
include temperature dependence, voltage hysteresis,
self-discharge and diffusion limitation. We presant
generic routine that can be used to generate model
. parameters based on optimisation [2]. Moreover, we
1 Introduction utilise the capacity of Modelica to avoid assigninen
statements and base our model on equations so as to
achieve acausality. Finally, we show an efficient
A key enabler (or constraint) of the electrified\® method for scaling-up the cell electro-thermal mpde
train is the need to store energy in a form thatl& \yhile maintaining the ability to uniquely parameter

easily and robustly converted into electricity. &t jze individual cells, to pack level without substah
ies have emerged as a preferred choice in alteenat, compromising simulation time.

energy storage but the technology still comes with
significant compromises for the customer. Many of

the challenges and opportunities presented byrpatts N odd deve opment
technology can be traced to the li-ion cell athibart

of the battery. 2.1 Cdl Modd
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Phenomenological Li ion battery modelling in Dymola

Modelling the electronic and thermal behaviour oftaons (1) can be solved analytically and withowgslo
battery cell requires characterization of mechasiswof generality the solution is given by:

across multiple time domains and model parameters
that are dynamically interlinked. The equivalent ci

cuit model (ECM) adopted in this work is shown in "% = Yoe ~ IR0 1

Figure 1 and consist of a parallel RC network con- —— | I, dt @)
nected in series with a capacitor, a resistor and a Crn A

ideal voltage source. As shown in Figure 1, the cir e RaCa [ _t

cuit is mainly composed of three parts including an - C, feRdCd I dt

open-circuit voltage sourdg., internal resistances
and equivalent capacitances. The internal resisganc
include the ohmic resistand® which comprises all The last term on the right hand side arises froen th
electronic resistances and the polarization resistaRC component and is decoupled from contributions
R; which when coupled witi€; accounts for ion from the other components in the circuit. This sug-
diffusion. The equivalent capacitan€g, is used to gests that from a mathematical viewpoint introdgcin
describe the transient response during charging @ere RC terms into the ECM will not lead to chal-
discharging [1]. lenging parameterization algorithms, however, in so
doing one must give attention to balancing the com-
putational effort with accuracy yield. In this wonle

30 consider a single (modified) RC circuit, similar to
| ) that proposed by INEEL FreedomCar program [2],
> FE=0 ‘m and will show that this leads to sufficient accyrac

Equation (2) can be re-written in a closed formsthu

} 2}
J

i

43 1 (b
H— i ——] V,=Vye —ILRy ——=— | I,(t)dt —Ip(t)Ry,
P oc CTh to (3)
At
1—exp (— T—)
> ‘ P
Ip; = [1- At I
Tp
Figure 1: Depicting the equivalent circuit model of a Liio 1— (_ _)
battery system. The circuit represents temperatstate of exp Tp
charge and current dependency of the circuit corapisn self- +(1- At
discharge and the hysteresis effects added witn aieuit P
voltage. P
At
The electrical behaviour of the ECM shown in Fig- T exp (_ E) Ip;

ure 1is given by [1]:

At
+ exp (— —) Ip,i_l
Vi = Vo = ILRy — Urp — Uy tp

d Ud IL
aUd + R,Cy = C_d 1) which is written in matrix form:
d - dVye
EUT’I - ILW Vi1 1 I1 Ahpy Ips
VL2 11,2 Ahpy Ipp ‘1/56
. . . : - : : 0
whereV,, is the terminal voltagd,, is the load cur- R el BT : : Co. -1 (4)
rent, Ury is the voltage drop across the capacitor| : s : 7}?
Crn, Uy is voltage drop due to polarisation effects Vi 11, Ahy, Ipn d
and Q is accumulated charge; the mentioned varia- ' ’ ’
bles are time dependent. This coupled set of equa-
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where

Ahy ;

i
Z I, i At.
k=0

Solving equation (4) via an optimisation routine
Modelica, which constitutes a part of the battéry
brary, generates estimates for the parameterseof
ECM at a fixed temperaturél’), load current and
state of chargéSo(C) defined by

(5)

tr

SoC = SoC(ty) — ©6)

rated Jt,

whereQ,4:eq 1S the rated capacity of the cell (th
total amount of charge that can be reversibly dycl

t0 —Vi max- Moreover, if there is a prolonged period
of zero current the hysteresis voltage tends to
—Vhmax through the self-discharge effect.

The RC component shown in Fig 1 attributes a time

i onstantt = R;C, to the bulk diffusional process of

i ions in the solid phase. We account for diffusio
II{Witation, where the surface concentration ofilith
may be significantly different than the average-con
centration contained within the active materialtipar
cle, by allowing the time constant to be a functidn
current and assume the following simple power-law
form [5]:

T= |a0+a11L+a2[L2+a31L3+0(IL4)| (9)

e
e

from the cell) and; is the self-discharge contribu-

tion given by [3]:

Sp = k0< >SoC

where the ratio of activation energy to the molas g

Ey

R,T

(7)

constantky, /R, is determined through observations

and on timescales of a few hours can be taken to
zero. The optimisation routine runs a sweep #for
within a range of values. The valuetofvhich yields
the least error when predictiniy via equation 4 is
selected for the reference data set.

40 50

State of Charge (%)

60 70

be
Figure 2: A comparison of/,. estimation using polynomial fit-
ting (6" order) and spline functions appliedifg (SoC) values
generated through solving Eq. (4).

The optimisation routine is repeated for variou0 generate mathematically smooth estimates for the

temperatures, current pulses dud values to pro-
duce a three dimensional map of battery paramet

battery parameterY(=Y(SoC, I, T)) the usual
gractice is to use polynomial fitting functions.ih

as a function o§oC, I, andT. These parameters ardethod has the disadvantage that it often doefitnot

then fed into the equivalent circuit models.

The Hysteresis contributiorig, to cell voltage is
modelled by the following first-order differential
equation which we couple to open circuit voltdge

[4]:

avy .
=—p{, — ESD)[Vh,max + Slgn(l)vh]

at 8

where the constant®? ande are to be determined
and V, mqy is the limiting hysteresis voltage. Equ
tion (8) is constructed such that for prolongedaval

as large pulse charge currents the hysteresisgeol
tends to Vj, 4, While for prolonged as well as larg
pulse discharge currents the hysteresis voltagiste

a

the data well as in the case of Open Circuit Vatag
depicted in Fig. 2. In this work we utilize spline
functions to generate smooth estimatesi@oC, T)
which avoid oscillations in interpolated valueseit
side of outliers. We find that while both estimates
follow the general trend of the data in the highly
non-linear regions of the curve the accuracy of the
spline function is much greater compared to a poly-
nomial fit.

Cubic splines are preferred over lower degree
splines. With first-degree splines the slope of the
spline may change abruptly at the knots (i.e., data

points) and for second-degree splines the disconti-
nuity is in the second derivative which means that

%he curvature of the guadratic spline changes &brup
Eh/ at each node. The cubic spline functi®ns de-
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Phenomenological Li ion battery modelling in Dymola

fined in the X interval Xo,X{] such thatS is a poly- - ]
nomial of degree at most 3 on each subinten ., 3 ) ifi .
[X;, Xi+1] andS is continuous up to its second deriv . °K '

ative. o

Spline interpolation is coupled with linear intelgo
tion where there is a weak correspondence betwee
variable{SoC, I;, T} and the model parametér=
terY = Y(SoC, I, T)).

A further improvement in stability was achieved u:

ing Akima splines. The calculation of the derlvatl\./Figure 3: Figure depicting the 1D thermal model which isi-co

only relies on data from local points, hence redgcipjeq to the electrical model via the heat sourgeéion 9).
the amount of oscillations between data pointhién t

interpolation.
2.2 Pack Mode

Temperature is modelled as lumped value. For mod-

elling Li-ion batteries this is convenient becauade _ _

Such assumptions can be suitable if temperature dafathermal netyvork connecting electrical and thermal
dients within the cell body are negligible [5] whic Paths respectively.
does not hold for most HEV applications were cur-
rents are large. It has recently been shown tlcatla
with a temperature gradient maintained acrossss Irack electrical model
a lower impedance than one held at the theoretical
average temperature [6]. Our assumption therefd¥epack is constructed fronmodules which are con-
will introduce some errors in voltage predictiong bstructed fromsub-modules. The sub-modules are of
this, as will be demonstrated, can be negligiblee Ttwo types: only parallel connections and only serie
thermal model for a single cell is depicted in Fegu connections. This allows us to make effective &ell
3 where the heat generatedJihis given by: which become the building blocks of our model. The
sub-modules are constructed by appropriately loop-
ing electrical connections of a single cell. Eaeli ¢
) = dVoc (9)  is then allowed to be unique, i.e., take uni I
0 =1(V = Vo = Trep )  unique, i.e., take uniqueies.
ar of initial SoC, C/3 discharge capacity, internal re-
sistance, polarisation resistand®,:, bus bar con-
where a dot represents a time derivative anéction resistance — through a data table. Such
I(V —V,c) represents irreversible joule heatingniqueness of cell parameters allows for various in
caused by Li-ion transport. The last term on thatri teresting studies including cell balancing, diagnos
hand side of Eq. (9) represents the reversibleaftdics, performance limitations, design optimisation
heat generation due to entropy change. This modsH so forth. Thesub-modules are either connected
assumes no specific geometry for a single cell béa parallel or series loops to construwbdules
yond a total volume with uniform temperature fowvhich can be connected to construgiaak. The un-
some arbitrary body. specified parameters of the pack electric model in-
clude bus-bar resistance and inter-module conmectio
resistance. For studies of high frequency ripfie, t
inductance of bus bars can be included as a parame-
ter; however, in what is presented here this opson
deselected.

The advantages of using component arrays over sep-
arate instantiations of components is firstly: less
model diagram layer space being taken up, but more
importantly: the ability for the model to be scalgal
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or down without having to manually redefine thwithin a pack which is attached to a global cooling
architecture. circuit. In our work we consider two cooling models

data pin

_P
) Control based ideal cooling system

resistor | PIN_N

hggﬁgﬁ con- | I This simple model mimics an ideal cooling strategy.
- B \ The cooling system remains inactive as long as the
‘ B ‘ Link  re- temperature of the cells in the pack remains below
> cell sistance some critical temperatuf@ (a design parameter). As
oy e I ki soon as the temperature exce&dshe cooling sys-
tem takes action: it extracts he@{T) [W] away

from every cell in the pack uniformly. The
Figure 4: Dymola model diagram layer showing componefigon Q(T), which is a function of cell temperature,
array methodology for scalable stacks. can take any form and in the simplest design véll b

a constant (i.e., regardless of how hot the celts a
In the example shown in Figure 4, each elementtie cooling system exerts the same effort). Onee th
the cell and resistance arrays (size=n) have beemperature is forced beldlly the cooling system
linked using the following notation: will return to its idle state.

connect (pin_p, cell[l].pin_p)

for k in 2:data.n loop Fluid based Cooling Model
connect (resistor[k -
1].n, celll[k].pin_p)

end for; This model couples simple fluid dynamics with the

existing electro-thermal model. This model connects
connect (resistor.p, cell.pin n) every cell in the pack via their sub-modules and
connect (resistor[data.n].n, pin n) modules to the global cooling circuit via cooling
connect (const.y, cell.Temp) - plates. The surface area of the cooling platecistia

cal feature and is a parameter of the model. The
cooling system is traversed by coolant (incompressi

ble mixture of water and ethylene glycol, the ratfo

S_ymb_olic Manipulation is a pqwerful tool used Qhich is a parameter of the model) that is forcgd b
simplify the systems of equations generated foraia1 ideal pump with a mass flow ratg,,, that is a
model during compilation. The model equations are rameter of the model ow

rearranged into a form where the unknowns can A
calculated whilst the redundant equations are re-
moved. Dymola like other Modelica based tools has
its own version of Symbolic Manipulation which . .

helps achieve time-effective model computation. < Validation

S _ We have parameterized our model for a number of
The simplification of the systems of equations Esavecommercially available cells ranging a number of
the accuracy of the model intact whilst dramaticalke|| formats, sizes and chemistries including cells
redum_n_g the computatlc_)nal effort required to SONgith Lithium iron phosphate (LFP), Manganese spi-
the original model equations [7]. nel (LMO) and Lithium nickel manganese cobalt
(NMC) cathode materials and graphite and Lithium
titanate (LT) anode materials. We find cells witie t
Pack thermal model same chemical compositions have simifgs(SoC)
profiles; however, internal resistance — whichnis i
Akin to the electrical pack model we connect thdrmguenced by factors such as electronic contact be-
paths between cells vigeat-ports. Thus, employing tween active electrode materials and current collec
loops we thermally connectells within sub- tors, homogeneity of the active material paste, the
modules, sub-modules within modules and modules  battery internal structure — and polarisation re-
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sistance — influenced by electrolyte composition . B
are found to differ. It can thus be established tha - /
manufacturing process itself will have a bearinggor - e /

batteries performance characteristics. e
In what follows of this sub-section we present son* .~
validation results for the electro-thermal cell rebd - =
While the model has been validated for a number
commercially available cells here we present rgst_-—-a-wwwcie o o ,

for a 20Ah LFP pouch cell. The cells were cycIe@gﬂ:;g’%r'gefonq;%a‘;'sgg dolfintg)mvf\’lﬁ[]atlggeor‘;rti‘r’;/cme”ﬁre‘?) the
and monitored using a Bitrode MCV 16-100- 4, A123 20Ah LEP cell.

EV/HEV Battery Cell Test System.

3.1 Céllevel validation 3.2 Pack level validation

The validation of the 20Ah LFP cell utilised an ad=or pack validation we use a commercial pack com-
gressive artificial cycle, shown in Figure 5a, nder prising 214 20Ah LFP cells in a 2p107 configura-
to test the model boundaries. The subsequentsesin. The cells are organised into 5 modules: 4-mod
Of the e|eC'[I‘O-'[herma| mOdel are ShOWn, W|th Iaborales W|th 2p24s Conﬁguration and a f|na| module
tory test data, in Figures 5b-5c. with a 2p11s configuration. There is a service brea
that splits the pack between 2 modules and 3 mod-
ules (2p48s and 2p59s) for safety. The cells are
welded to the bus bar by laser welding and the mod-
ules are connected via thick 48mm cables with a re-
sistance of 240x1028:0 x 1078 Q and inductance
of 50nH. The pack was cycled and monitored using a
Bitrode FTF-500-900 EV/HEV Battery Pack Test
System and temperature was recorded using t-type
thermocouples connected to a pico logger.

The pack was cycled with a number of PHEV cycles.

. = Here we present results of a single charge sustaini

Figu‘rwémsé: Depicts a highly demanding current profile used f mOde_ CyCIQ. It is worth mentioning that the nominal

this validation process. The duration of this cyisl600 seconds transient discrepancy between modelled and meas-

(excluding rest time) and the pulses range betv2@@ dis- ured voltages were below 2% during most part of the

charge and 10C charge. simulation and in some cases peaked to 5% as shown
in Figure 6b (i.e., the maximum transient discrepan

cy between modelled and measured voltage is less

- | than 5%). The pack was connected to a cooling sys-

/L fh/L = F‘L tem passing liquid coolant at a rate of 27L/minrtho

- e ,J w J g , L ough the cooling plates attached to the bottonhef t

AR - ack (opposite end to cell tabs).

E i \J/ ; ¥ pack (opp )

1 il u

2onf

A

cell model (blue line) with actual test data (rate) for a 20Ah
LFP cell. The maximum transient error is less thamV.
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A distinguishing property of this model is the ncl
sion of diffusion limitation effects through a cent
dependant time constant. This property better namic
the solid diffusional dynamics of Liintercalation
into the active material.

Employing an optmimisation routine we extract state
s oo of charge (SoC), temperature (T) and current de-
FlgureGa:.A 63 minute current cycle consisting of thgreasph pendent (IL) model parameters from High Pulse
es: The first 24 minute charge depleting phase witlrents . .
between -200A<I<130A takes the cell from 70% SoC maw POWeEr Characterization (HPPC) data. This extracted
10% SoC; this is followed by a 34 minute phase oistant 40A data then forms a three dimensional “look-up table”
charge which takes the cell back up to 70% SoCfitta¢ phase which is interpolated using Spline functions in the
iusjjlei minute charge depleting phase with similarent magni- ranges 0%SOG<100% and -28C<T<65°C.
The model (cell, module and pack) is acausal and

2 jERaEe: thus utilises physical pins that mimic battery term
nals. Stimuli are therefore any load acting onlthe
tery via the tabs (as is the case in reality) amgputs
are any measurements that are made across the tabs
(using modelled sensors).

The cell model was validated using a number of
commercially available cells. Our combined valida-
s “ s tion results showed a maximum of 50mV discrepan-
Figure 6b: Shows a good fit between modelled voltage (red) acy petween measured and tested voltages at cell lev
measured voltage (blue). During most of the sinmtaerrors and a 1.2C discrepancy between measured and test-

were below 2%, with a peak error of 5% at aroured3000 sec-
onds. ed temperature at cell level.

Our pack model is constructed from a series-paralle
configuration of cells where cell-to-cell conneciso

are modelled by a resistor. Our focus for this-inte
grated architecture was methods of automated and
unique parameterization which facilitates, for exam
ple, the study of the effects of SoC imbalance,
anomalous resistances and SoC balancing mecha-
nism.

o 550 it

Figure 6¢c: Compares modelled temperature (red line) vers
maximum recorded cell temperature in the pack mmdmum
recorded temperature (blue dashed lines).

Ah important characteristic of the model presented
here, which is unique to Modelica code, is thas it
based on equations instead of assignment statements
The main advantage is that the solution directibn o
equations will adapt to the data flow context in
which the solution is computed. The nature of the
4 Conclusions equation based approach means that the models are
acausal. This in turn means that the modeler does n
have to rewrite or rearrange the system equations

In this paper we present a library of models that ¢Vhen using the components in different scenarios,
tend to construct a coupled, dynamic, electro-thermi®" €xample forward and inverse dynamic modelling
model of battery cells and packs. At the elementaty-ations. More advantageously a model of a batter
level we utilize a single polarization equivaleit ¢ Pehaves physically like battery. So for examples, if
cuit model (ECM) to capture the Ohmic and diffgesistor is connec_:t_ed to th_e physical pins (modelle
sional characteristics of a Lithium ion battery.eTH'€gative and positive terminals of a battery) the b
EC model is then developed to include effects Y Will discharge causing a rise in temperatéag,
hysteresis, self-discharge and diffusion limitation 1" SOC, fall in voltage and so on.
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In this work we demonstrate Dymola's ability for
multi domain modelling. We find that the Mdoelica
libraries including Electric, Fluid and Thermal déa

ly facilitate the construction of coupled electro-
thermal battery models. However, we also find that
Dymola is lacking in some areas of numerical prob-
lem solving, particularly in solving coupled non-
linear simultaneous equations as well as coupled
non-linear partial differential equations. We cimcu
vent these problems by employing regression meth-
ods for predicting battery parameters.
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