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Abstract

This article gives an overview of the Electric Energy
Storage (EES) library, which is proposed for inclu-
sion in the Modelica Standard Library. The library
contains models with different complexity for simu-

El @ ElectricEnergystorages
@User's Guide of EES library
ﬁ| Examples
Batteries
ﬂ BatteryManagennent
ﬂ Chargers

lating of electric energy storages like batteries (sin- i [gg] Loads
gle cells as well as stacks) interacting with loads, bat- (] sensors
tery management systems and charging devices. It is Imns
shown how the models are defined and how they can 1 B nterfaces
be parametrized. Finally, two example simulations are (5] Stunits
presented. [FH] Companents
Keywords: Energy storages, library, battery simula-
tion Figure 1: Electric Energy Stroage (EES) library struc-
ture

1 Introduction _ ,
theModelica Standard Library (MSL).

Simulation is a commonly used technique to reduce T his article shows how thEES library is structured,
costs during the design and development process. TR the fundamental models are defined and which
energy storage system is a key issue, especially psyrameters are needed. Finally, two example simula-
electric vehicles. Basic models of electric energy stdtons are presented. Forimplementing BteS library,
ages (EES) are already included in the commercidYmola 7.4 and Modelica 3.2 are used[[2-4].

Smart El ectricDrives (SED) library [1]. The

EES library, presented in this article, provides basic )

as well as more complex models for battery cells akd Library structure

for battery stacks. It includes models for battery mon- . _ _

itoring and measurement, chargers, loads, sensors 5@ EES library is structured as shown in Fig. 1. The
battery management. This library can be used to sinfytdamental packages and models are now explained

late the behavior of electric energy storages in mobifemore detail.

devices, stationary applications and in transportation

systems including hybrid as well as electric vehicles.; Batteries

The models of th&ES library are designed as univer-

sally as possible so that even very specific scenarideBat t er i es package contains models for cells as
can be simulated by varying the parametrization. Well as for stacks with serially connected cells and
the future it is intended to include tHeEES library in n,, cells in parallel. Its structure is shown in Fig. 2.
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= Batteries )
é.@ Colls Table 1 Common input  parameters
B - Single of the StaticResistance and the
| L i stotcresistance Li near Dynani cl npedance cell model.
: % LinearDynamicImpedance name unit  description
= e WithiMeasLrement SOCn: initial state of charge
iStaticResistance OCVtable A% lookup table for the open circuit
E LinearDynamicImpedance voItageOCV vs. the state of Charge
& Eystacks s0C
& L single tiotal s total cell life time
' o Qini C initial transferred charge
EBpstaticResistance Qtotal C  total transferable charge
.ﬁLinearDynamicImpedance CO C capacity atrmf for Qabs = 0 and
[=] kR M asurement t=0
§---Ee§5taticResistan-:e kot C/s lineart dependency of the capacity
E"ﬂlLineaernamicIn'lpecIemce C
1 g Components kc Q. c/C Ilnegr Qabs dependency of the ca-
pacity C
_ _ To factor at which value of the capac-
Figure 2: Structure of thBat t eri es packageas a ity C SOHc =0
part of the EES library. useHeatPort boolean variable for using the heat
port
Toperational K operational temperature if the heat
211 Cdls port is not used
Trey K reference temperature
. —1 H . _u
In the Cel | s package there are two different types®rhafis K~ lineartemperature coefficient i,
. . alphaC K linear temperature coefficient of the
of cell models:Si ngl e andW t hMeasur enent . capacityC

While theSi ngl e cell models are models of the bat=
tery cell only, theW t hMeasur enent cell mod-
els extend theSi ngl e cell models with basic mea-Table 2:  Additional input parameter of the
surement. Each of these models can either beStaat i CResi st ance cell model.

simple cell model with just an ohmic impedancename unit description

(StaticResistance) or a more complex cell z .. o ohmic resistance at reference temperature
model considering basic self discharge, a variable Trey

ohmic impedance and a variable number of variable

RC elements (Li near Dynam cl npedance).

The output variables both  for the
_ St ati cResi stance single cell model and
Single the Li near Dynami cl npedance are given in

TheSt at i cResi st ance single cell model as well Table[3 and the calculation of them are presented in
as theLi near Dynam cl npedance single model the following.

are shown in Fig[]3 and combined in i ngl e Starting fromSOC;,,; the

package.
Both single cell models have a positive (pi n_p), SOC = SOC;n; — Q, (1)
a negative (pi n_n) and an optional temperature ¢
connector (heat Port). If theheat Port is not With the removed charge
used, it can be disabled and the model operates tetop
at a fixed temperature (o qtiona). The com- B
mon parameters of th&t ati cResi st ance and @= / I(t)dt. @
the Li near Dynami cl npedance cell models are bstart

given in Tabld1l. For th&t ati cResi st ance sin- The open circuit voltageOCV of a battery cell
gle cell model additionally to Tablegl 1, the parame&hanges wittfOC and can be extracted from a lookup
ter given in TableR is necessary. Instead, for thable OCVtable between the charging voltage limit
Li near Dynami cl npedance single cell model, CV L and the discharging voltage limi@V L. This
additionally to Tabl€ll the parameters given in TableiBearly interpolated lookup table for a lithium ion (Li-
are necessary. ion) battery cell [5] is exemplarily shown in Figl 4.
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relatesthe total transferred charge to the cell capacity
C. Therefore, one cycle is equivalent to the charge
transfer (regardless in which direction) of one full dis-

charge and one full charge of the current capaCity

Both cell models consider basic aging, which can be
divided into calendaric aging and aging due to cycling.
Calendaric aging of a cell is estimated from the time
t and the absolute transferred chafgg, defines the
aging due to cycling. Aging of a battery mainly in-
fluences the capacit§ (decreasing) and the internal

Figure 4: Linear interpolation of the measured OP§Mpedance (increasing).

circuit voltage (OC'V) for different state of charge

(SOCQ) of a Li-ion battery cell[[5].

The total transferred charge betwegn,, andty,,, is

tstop

Qabs = sz + / |I(t)|dt
tstart

and the equivalent number of cycles

tstop
cycles = cycles;n; + / |2I'(tc),|dt,
tstart
with
cyclesin; = Qini

2 . CO“FC(tstaTt»Qini»TheatPort) ’
2

®3)

(4)

()

The cell capacity

C=(Co+kot t+kcqu,  Qabs)
' (1 + alphac ' (TheatPort - Tref)) (6)

is temperature dependent and decreases with increas-
ing timet (calendaric aging) as well as with increasing
transferred charg@ s (aging due to cycling).

The difference between tI& at i cResi st ance
and theLi near Dynanmi cl npedance single cell
model is the configuration of internal impedance on
the one hand and the self discharge on the other hand.

The StaticResistance single cell model
has just a single, temperature dependent, ohmic
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Table 3: Additional input parameters of thd&able 4: Calculated  output  variables
Li near Dynani cl npedance cell model. of the StaticResistance and the
name unit  description Li near Dynani cl npedance cell model.
Loao A self discharge current af..; for name  unit description
Qaps = Oandt =0 socC stateof charge
ksat A/s linear t dependency of self dis- ocy v open circuit voltage
c_harge current . Qabs C  total transferred charge
ksa Qaye A/C  linearQqys dependency of self dis- ¢y c/es number of equivalent cycles
charge current t s calendaric cell time
alphasd K™' linear temperature coefficient of gopr state of health
self discharge currerta SOS state of sickness
Rso Q  series resistance atl,..; for C C  capacity
Qabs = Oandt =0 v V  cell voltage
kr,soc Q linearSOC dependency oRs
kr.t Q/C lineart dependency oRs
kR, . Q/C linearQ.»s dependency oRs . . . .
nz,ff . / number éf series RC elements cling). The serial resistaR, is modeledas
< Rao > Q array of lengthnum of Rg atTrey
for SOC =0, Qups = 0andt =0 R, =
< kr,soc > Q array of lengtmum of linearSOC'
dependency oRd (Rso + kr,soc - SOC + kp,t -t + kR, Quy, - Qabs)
< kryt > Q/s array of lengthnum of lineart de- . (1 + alphaRs - (TheatPort _ Tref))- (8)
pendency ofRd
< kRrRyQu. > §2/C  array of lengthhum of linear Qs .
dependency oRd Forn=1...num
< alphaRd > K~' array of lengthnum of linear tem-
perature coefficient aR, Rd[n] = (Rdo [n]+
< Cqo > F array of lengthnum of Cy for
SOC = 0, Qups = 0 andt = 0 krysocn] - SOC + kry[n] - t + kRryQu,. - Qabs)
< keysoc > F array of lengthhum of linearSOC . (1 + alphaRd[n] . (Thea,tPo'rt — Tmf)), 9)
dependency of'd
<kcge > F/s Sgsge(:;;’;%gmm oflineart de- 54 since there is no temperature dependency for ca-
<kcya,,.> F/C array of lengthhum of linear Qs pacitances considered
dependency of’d
Tz factor at which value of the internal,

ohmic impedanceZ SOCz =0

impedance, modeled as

R

Rsref ’ (1 + alphaRs - (TheatPort - Tref))‘ (7)

It does not consider impedance increase due to agi

In contrast, thelLi near Dynamni cl npedance

single cell model has an ohmic impedance andn with the Li near Dynani cl npedance single cell
serially connected RC elements for the transient hfiodel) can change due to aging and the state of health
havior of the electrodes of an electrochemical egOH (and accordingly the state of sickneS®.5)
ergy storage as shown in Figl 5l [6, 7]. All ohmigompares the current condition of a battery cell to its
impedances (B Rq 1 - - . Ra num) are temperature de-ideal (initial) condition. TheSOH is divided into the
pendent and have a linear dependency on statesefH. andSOH:

chargeSOC, on the timet (calendaric aging) as well
as on the transferred chargg,,s (aging due to cy-

Cd[n] = Odo[n] + kcdsoc[n} -S0C
+kogpn] -t +kc,g.. 0] - Qabs-  (10)

Moreover, the_i near Dynam cl npedance sin-
gle cell model considers basic self discharge which is
linear dependent on the temperature, the time (calen-
daric aging) and the transferred charge (aging due to
cycling).

While with the St at i cResi st ance single cell
model only the basic impedance behavior can be sim-
ulated, theLi near Dynam cl npedance can be
used to simulate single cells very accurate if the

ng. N .
p%rametrlzatlon work is well done.

The capacity as well as the internal impedance (only

SOH =1— SOS = SOHq - SOHz,  (11)
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Figure 5: Battery model with one ohmic impedanc

andnum serially connected RC elements. 02

as shown in Fid.J6. o 0,
For a new cellSOHs = 1 and SOHz = 1 and 0.2
therefore alscSOH = 1. When the capacity’ de-

creases (due to calendaric aging or aging due to o0 s 1
cling) to z¢ - Cy (e.g. withzg = 0.8), SOHo = 0. 1 , 02 04 06 7
Hence, SOHc¢ SOHz
SOHy = 1 c_ _*c 12) Figure 6: Dependancy of the state of heakttbh H
Co-(1—xc) 1—z¢ from SOH- andSOH 5.
Similarly, when the sum of all internal, ohmic ! 1
impedances
Q N
Z = Ry + Ry[1] + Raf2] + ... + Ralnum]  (13) 5 o5 S o5
R N
increases (due to calendaric aging or aging due to cy-
cling) tozy - Zy (e.g. withz, = 2), where 00 zcC, C, 0z .y
C z
ZO = RSO +Rd0[1] +Rd0[2] +... +RdO [num]) (14) (@) SOH¢ (b) SOH
SOHz = 0. Therefore, Figure 7: Partial state of health with respect to the
1 Ty capacityC and to the impedancg& with paramters
SOHZ:Zo-(l—Iz).Z_l—Z‘Z. (15) 0<zc <landxy > 1.

Fig[d shows the dependency &fOH- and SOH»

from C andZ, respectively. together (serially and in parallel) and the basic

measurement of each cell is done.

. The advantage of separating the cell models in
WithM easurement Si ngl e and W t hMeasur ement models shows

In the  WthMeasurenent package yn when it comes to stacks and the current of
there are two cell models with measurgsach cell should be measured. Fig. 9 shows the
ment:  The StaticResistance and the jcons for theSi ngl e andW t hMeasur enent for

Li near Dynami cl npedance. Both contain {he st ati cResi stance cell as well as for the

basic measurement and instances of the corresponginge gy Dynani ¢l npedance cell models with en-
single cell model. Fig[18 shows for example thgpedheat Port .

Li near Dynami cl npedance with measurement.

The voltage, the current and the temperature of €5 Stacks

single cell model are measured and provided with the~

si ngl eCel | Bus (cf. sectior ZJ7). The cell modelsStacks are:; serially connected cells and, cells in
with measurement have the same connectors as pheallel as shown in Fig._10. Thét acks package
single cell models (pi n_ppi n_n andheat Port) is structured in the same way as Gel | s package.
but have additionally thei ngl eCel | Bus. There- There areSi ngl e andW t hMeasur enent stacks
fore several instances of these can be connectdikre each uses either tBeat i cResi st ance or
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nected cells.
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(Single (a), Wt hMeasurenent (b)) and for
the Li ni ear Dynani cl npedance (Si ngl e (c),
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heat port.
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needs to be calculated and parameterized. It is basiz

. . : Each scalar arameter of he
cally aSt ati cResi st ance single cell model that P

i near Dynami cl npedance single cell model is
scales the parameters of the model components andLb?- Dy ped sihg
. : . ended to an array of dimensionxn, and the array
haves liken, - n, equally parameterized instances q

. . ) arameters of theli near Dynam cl npedance
St at i cResi st ance single cell models. For exam-p Dy P

. . . single cell model now have the dimension
ple the value of the series resistance is tRggt ., /n, . .
. . L ns X n, x num. Each cell in this stack can be
with the valueR,, for a single cell. Hence, it is much

. . parametrized individually and therefore also cell
faster than a model with, - n, instances of equally  _ . . . .
. variance in a stack can be simulated. All single
parametrized cell models.

The Li near Dvnami cl mpedance sin cell connectors and all temperature connector are
Dy P conditionally available. Fig[Z11 shows the icons
gle stack model hasq, - n, instances of the .
Li near Dvnanmi ¢l moedance single cell model for all different stack models. Therefore a separate
Dy : P 9" tﬁ\ermal model can be considered. With the single
and the serial and parallel connections are textua y I
enerated with [0oDs: céll connectors and an additional model even cell
9 bs: balancing can be simulated [8].
From each single stack model
(Stati cResi stance and
Li near Dynami cl npedance) there is also a
version with measurement (St ati cResi st ance

—

I “‘

—_
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Figure 11: lcons for the Single (a), Figure 12: VoltageCycling model in the
W t hMeasurement  (b) StaticResi stance BatteryManagement package.

stack models with enabled heat ports and

the Single (c), WthMeasurenment (d) (incombination with a charging device and a load).
Li near Dynam cl npedance stack  models
with enabled heat as well as single cell ports .

cellBus

UINA

2.3 Chargers

Table 5: Parameters of théol t ageCycl i ng bat- IntheChar ger s package there is a constant current,
tery management model. constant voltage (CCCV) charging device modeled. A

CCCV charging device charges a battery with a con-
stant current until it<”'V L is reached (constant cur-

name  unit description

T numberof serially connected cells rent phase). Then a constant voltage is applied and the
np number of parallel connected cells d | h The ch
Ijma A final charging switch off current f:urrent_ ecreases (constant voltage p ase.). e charg-
Vinez ~V maximal cell voltage ing device is switched off when the charging current
Vimin. V. minimal cell voltage reaches the final charging switch off current (typically

ic s gz:zy m: :23 Zhsirr?g:g'ng 5% of the 1h discharging current).

d S y i i i .

i true for initial discharging When the boolean input of the modeled charg-

ing device is true (e.g. the boolean charging output

char gi ng from theVol t ageCycl i ng model de-

andLi near Dynami cl npedance) in theSt acks scribedin section212), a current source provides a con-

package. stant current. This current is controlled by a voltage

input (e.g. the maximal cell voltage in a battery stack),

a reference voltage (parametéy,...) and limited by

the maximal charging current (parameigy,..).

In the current version of the EES library there is

a voltage cycling device (Vol tageCycling) im-54 | gads

plemented. Fig[_12 gives an overview about the

Vol t ageCycl i ng model and its parameters ar# theLoads package there are models to discharge

given in Tabldb a cell or a stack to cover typical lab situations (for ex-
It basically has two boolean outputs to operate wigimple discharging a battery with a defined current or

loads and charging devices (cf. section 2.3 2.apwer profile). In extension to the electrical current

Thecel | Bus can either be connected to a cell or $ources (a current source parametrized with a negative

stack. During charging i¥/,., of any cell is reached current can be used as a load) there are four different

and the charging current of all parallel connected cel@ads considered:

is below Iy, the boolean outpudi schar gi ng

gets true aftet.. WhenV,,;, of any cell is reached

during discharging, the boolean outpeibhar gi ng e Bool eanConst ant Cur r ent

gets true aftety. Therefore it is possible to cycle a

cell or a stack within its voltage limit®},,;,, andV,,,qz e Bool eanConst ant Power

2.2 Battery Management

e Bool eanExt ernal Control | edLoad
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controlBus2
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= §_conwolusz Figure 14: Test cell at constant temperature in a cli-
matechamber.
sOHIn sOHOut
@ controlBus 1 . . controlBus2
cout 2.7 Interfaces
@ controlBus 1 controlBus2
(b) Cont r ol Bus There are two buses available: T@el | Bus and the

Cont r ol Bus. TheCel | Bus contains only measur-
Figure 13: Structure of theCel | Bus (a) and the able variables such as the cell voltagethe cell cur-
Cont r ol Bus (b) with bus adaptors to all variables oment; and the cell temperatufE. It can be used when
the bus (v, 7" for theCel | Bus andw, i, T, OCV, lab situations are simulated and only measurable vari-
SOC, SOH, cycles, C for theCont r ol Bus). ables are significant. It can also be used to test dif-
ferent battery monitoring systems, basedipn and
T. TheCont r ol Bus contains the variables from the
Cel | Bus and additional the followingOC'V', SOC,
SOH, cycles andC. It could for example be the com-
All Bool ean models have a boolean inpoih which munication between the battery management system
for example can be connected to the boolean outpuid the control units in an electric vehicle simulation.
di schar gi ng of the Vol t ageCycl i ng model In the | nterfaces package there are also bus
(cf. sectioZR). lfon is false the cell or the stackadapters to extract/inject all these variabl&®ed|
is not being discharged. values) from/to theCel | Bus as well as from/to the

Cont r ol Bus. Figure[1B shows the structure of the

Cel | Bus and of theCont r ol Bus with the usage of
25 Sensors all bus adapters.

e Si gnhal Power

The Sensors package provides models to esti-

mate the energy, the charge and the absolute chadge Examples

from/to a cell or a stack. The models provided

in the El ectri cal . Anal 0og. Sensor s package Two different examples are presented:

from theMSL are used and consequently extended.  First aLi near Dynani ¢l npedance single cell
model with one (num= 1) RC element is param-
eterized according ta [9]. A realistic current profile,

26 lcons gained from the FTP72 cycle is continuously applied
to the parameterized model as well as to the real cell

In this package there are combined all icons used {@0]. The FTP72 cycle is a standardized real life driv-

the packages. ing cycle that simulates an urban route1@f07 km.
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Figurel7: Current profile and voltage response from
the three cells from the example simulation.
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parametrized using [5] 9]. The cells are cycled with a
40 A charging and d0 A discharging current between
CVL = 41V andDVL = 2.7V with a delay
after charginging. = 100s and after discharging
tqy = 50s. Cycling means continuously charging
and discharging, which is a typical lab application for
batteries. Figl_16 shows the simulation arrangement
with the charging device (char ger ), the battery man-
groune agement (cycl i ng), the battery stack (st ack), the
: . . . discharger (I oad) and a switch (swi t ch). FigJ17
Z?;sr?ailfl Simulation arrangement for cycling a ba%hows the battery stack current and the voltage from

all three cells.

load

1L

This cycle is applied to a compact electric vehicle to
extract the realistic current profile. The current profik Conclusions
is repeated starting from the full charged cell until it
reaches discharging voltage linditV’ L. This experi- The Electric Energy Storage library, which is intended
ment is performed at constant temperature andEig.te4e included in the Modelica Standard Library, has
shows the test cell in a climate chamber. Eid. 15 cofpeen described. The structure of the library and key
pares the simulated to the measured cell voltage. Traameters as well as the equations of the models for
error, related to the measured voltage, between ttefermining the output variables have been presented.
simulated and the measured voltage stays below Z%0 typical lab tests for batteries have been simulated
at SOC =~ 0.5 during one complete FTP72 cycleas an example to show the interaction of the models
Therefore the chosen model approach is appropriatend to show the correctness of the model approach.
For the second example, three serially connected/ith the Electric Energy Storage library the user has
cells using thd.i near Dynami cl npedance stack a powerful tool to cover various applications of energy
model (without temperature and cell connectors) wiglhorages with simulation. In combination with existing
different capacities are simulated. The cell capacitisraries, (e.g. th&ED) the behavior of electric energy
areC; = 35Ah,(Cs = 40Ah, C3 = 45Ah and storages and the interaction for example with the pow-
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ertrain of an electric vehicle can be analyzed in detai[6] A. Jossen, “Fundamentals of battery dynamics,”
Futurework will focus on including of thermal mod-
els of electirc energy storages and the coupling with
the electrical models.

[7]
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