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Abstract. Due to the nonlinear characteristics of the battery
cells and the non-static power demand of the electric vehicles
(EV) during their mission profiles, the dynamic behavior of the
system cannot be statically calculated and analyzed in course of
the electrical design of the battery system (BS). In this paper, a
simulation environment is presented as a tool for mission profile-
oriented electrical design and performance analysis of BS in
drives of e-cars and e-aircrafts. This allows effective design and
rapid verification of the system level requirements. The model
design is submitted through the introduction of the operation with
equations and simulation results in MATLAB/Simulink®. The
paper describes a case study, the model performance is
investigated, where the New European Driving Cycle (NEDC) is
taken as basis. The BS contains a battery pack (BP) of lithium-
ion cells with relatively high energy- and power density.

Key words

Battery energy storage, battery model, battery simulation,
battery optimization, electric vehicle.

1. Introduction

Since the highest gravimetric and volumetric energy
density parameters of the lithium cells available on the
market are still lower in order of magnitudes than in case
of gasoline, the energy efficiency is the most important
factor next to safety and reliability of the BS. In most EV
applications, the mission profile is calculated as an
important part of the technical requirement specification.
From the drive system point of view, the mechanical
structure of the whole vehicle with all the friction and
wheel losses and external resistances can be considered as
a summation load on the motor shaft (Fig. 1). From
another point of view, the required shaft power can be
derived from the mission profile when the latter is
obtained in form of power demand curve of the vehicle
against the motor to reach a related velocity. Maximum
shaft load is calculated in the early design phases (in
cooperation with the motor design or selection). It can also
be said, that the efficiency of the inverter and the motor is
well-known based on quite well-defined measurements.
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Therefore, by transferring the mission profile to the DC
link (Fig. 2), the optimization of the BS can be realized in
a generalized simulation environment, and hereby, the
energy efficiency can be increased.

Battery HConnectionHDC H 3-phase H {Vloéorg
pack (4 circuit Hlink Hinverter [] soﬁafte

Fig. 1. EV drive chain.

The typically used Thevenin-based battery models or
static calculations for battery runtime and electrical
sizing are not suitable for efficient design and energy
optimization. The design software tools for BS on the
market, in turn, use black boxes, thus the user cannot
modify them if it is needed for a special requirement
analysis or even not allowed to look inside the boxes.
This has motivated the creation of an offline simulation
environment for mission profile-oriented BS design in
MATLAB/Simulink®, which can easily be configured
and fit to the given application from the cell selection to
the system verification of the requirements, e.g.: energy-
and power demand, voltage level range over time. By this
simulation-aided design, also the iteration loop between
mechanical- and electrical design can be managed more
efficiently.
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Fig. 2. Power transfer to the DC link.

The paper is organized as follows. Firstly, we shall
examine modeling considerations and assumptions in
section 2. In section 3, simulation environment is
introduced, where model integration into
Matlab/Simulink® is discussed. After a short review on
the top level model, the results will be introduced in
section 4 for a case study. After a review on the model
performances and simulation results, the conclusion deals
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with the summation and evaluation of the designed
environment in section 5.

2. System model design

The block diagram of the modeled system can be seen in
Fig. 1. When creating the model of the system, the aim
was essentially to take into consideration only the most
necessary parameters and dependencies that are needed to
allow us to observe and evaluate the dynamic behavior of
the BS. The basic concept for the system generalization
was to take the mission profile into account at the stage of
the DC link, hereby there is no need for inverter and motor
modeling, which are not in the focus here.

A. System parts

Battery pack: In order to maintain an improved BP model,
at first, the battery cell models and the question of the
extension to pack level were investigated. The battery cell
modeling has been researched for many years, which has
two main driving forces in respect of mainly industrial
applications. One is the offline, i.e. computer-based and
continuous-time simulation purpose with floating-point
number representations. The other is the online, i.e.
discretized, fixed-point implementation in microcontroller
of Battery Management System (BMS) in order to achieve
better accuracy in State-of-Charge (SoC) estimation
algorithms. In both respects, many battery cell models
were examined. The electrochemical models [1]-[4] are
rather used for physical design of batteries and focus on
power generation aspects. Mathematical models [5], [6]
are too abstract to represent any physical meaning, and
cannot offer voltage-current characteristic. Using the
benefits of Thevenin-based [7], [8], impedance-based [9],
[10] and runtime-based [11], [12] electrical models, a
combined battery cell model was proposed by Min Chen
and Gabriel A. Rincon-Mora [13], which is widely used in
practical applications due to its simplicity, scalability and
effectiveness.

Voltage-Current characteristics
T T 1

Battery Lifetime
I
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i transient  transient
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Fig. 3. Combined electrical battery cell model.

In Battery Lifetime part, vs,c is the voltage representation
of the SoC (per unit) measured on Cg capacitor, which
represents the cell capacity in Ampere-seconds. The
resistor Ry is used to characterize the self-discharge
energy loss when the battery is stored for a long time.
These elements are inherited from runtime-based models.
The RC network, similarly to the Thevenin-based models,
represents the transient response. On one hand, using two
RC time constants is the practically best trade-off between
accuracy and computational complexity [13], [15]. On the
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other hand, when this equivalent circuit is considered as a
reduced order model based on electrochemistry
principles, the second-order RC network represents the
effective double polarization such as electrochemical-
and concentration polarization separately [14]-[16].
Being a dynamic system, all the parameters in the
combined model theoretically varies with current,
temperature, cycle-number and SoC [17]. However,
within certain error tolerance, some parameters were
simplified to be independent from the mentioned
variables.
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Fig. 4. Chosen electrical battery cell model.
Based on the combined model, the used model can be
seen in Fig. 4, and its state equations can be followed in

(1). The sign of the cell current (ig) is positive when the
cell is discharged, and negative when charged.

VDoD VDoD
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)
Veell = Voc —

where t=R,C,; denotes the short time-constant and
7=R,C, is the long time-constant, and vp,p=1-vs,c means
the Depth-of-Discharge (DoD).

The self-discharge effect is ignored due to the very low
per month self-discharge rate of advanced lithium-ion
cells, and because frequent usage of the batteries is
assumed. The dependencies were obtained as continuous
functions derived from the curves in datasheets. The
temperature-dependency of the usable (or discharge)
capacity is taken into consideration in the model based on
the characteristic shown in Fig. 5, which is implemented
in the case study.
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Fig. 5. Fitted curve for Co(T) per units.

Besides the temperature, the cell current also affects the
usable capacity, which is known as Peukert-effect.
Although, in the datasheet, the current axis of the
discharge capacity curve involves only 4 measurement
point in a tight range of [0.4;11] A, it shows a significant
deviation from what Peukert-law would predict. The
current-dependency is not considered in the model. After
about 300 cycles, the battery cell usable capacity is
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decreased to 80% of the nominal value, and the reduction
is approximately proportional to the cycle number. Even
though, the model does not contain this dependency
because this effect is not analyzed during one mission
profile. It is only taken into account by a parameter setting
of decreased cell capacity before simulation started.

The discharge curves are served in the datasheet as
functions of discharge capacity and measured at 6
temperature values. The DoD axis was practically scaled
to the range of 0 to 1, thus this is taken as basis of DoD.
After offsetting these discharge curves to compensate the
initial voltage drop on the ohmic internal resistance, a 2D
look-up table was implemented, which is plotted in Fig. 6.

Fig. 6. v,(DoD,T) function realized by 2D lookup table.

Hereby, at first round, there was no need for identification
of the model parameters. Thus, although the RC network
elements are constants, the battery cell model can still
simultaneously predict runtime, steady-state, and transient
response  capturing all the dynamic electrical
characteristics of the cell, such as usable capacity, open-
circuit voltage, and transient response.

In this study, the differences of capacity, current,
temperature, SoC and State-of-Health (SoH) are taken into
account neither between parallel cells nor between serial
cells. Hereby, the circuit of the BP model can be the same
as used in the cell model, and the parameters/quantities are
modified by scaling factors shown in Table I.

Table 1. — Scaling factors for BP model.

Param. Co Voe Ry | R¢ | Cs | Ry C
Factor | Niw | Neries | K k | k'] k | k!

where kK=N.ics/Nrow-

Basic building element of the pack is called row, which
contains N, number of cells connected in parallel. The
BP is built-up by Ngies number of rows connected in
series. After the extension of the used cell model by
scaling factors, the block diagram of the BP model can be
seen in Fig. 7. Now, vy stands for the pack output
voltage that includes two components. One is the open-
circuit voltage, which is read from the 2D lookup table
using DoD and temperature by linear interpolation. The
other is the dynamic effect of the internal impedance. With
such combination, the individual shortcomings can be
overcome [15].
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Fig. 7. Block diagram of the battery pack model.

Connection circuit and cabling: Pre-charge of the DC
link capacitor and disconnection possibility of the BP
from the load is ensured by the connection circuit in EV
systems.

Pre Rpre
— 0 C
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Fuses Dry
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Fig. 8. Connection circuit setup.

In EV applications, the used DC contactors are rated for
typically 100-1500 Vpc operating voltage and 500-2000
Apc breaking capacity. The on-delay and the related
make arcing effect are not so important than the off-delay
and the related break arcing phenomenon, which can
cause serious damage in case of short circuit failure.
Since this study is not dealing with the verification of
either the connection circuit, pre-charge or the protection
mechanisms, only the normal operating mode equivalents
are considered. In normal operating mode, the DC
contactors, fuses and all the high power contacts in the
drive system have resistance. The resistances of the fuse
and the DC contactor are typically given at the rated
currents. In this model these are constants, in order Ry
= 0.7 mQ and Ry, = 0.2 mQ. In EV systems, the high
power cabling is relatively not long and relatively wide
cross sections (>25mm?) are used, but the resistance and
the inductance of the total cabling counts. Now, the
cabling parameters are R, = 0.7 Q/km and
L., = 1pH/m. R, is the resulting resistance, which is
calculated as in (2).

(e, O

Fig. 9. Connection circuit and cabling model.
In the case study, a usual 2 meters of DC cables are
taken, so the parameters are R=1.4mQ and
L=2 pH.

Ry = 2 Rpyse + 2 Rgce + Re (2)
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Load profile: The vehicle mission profile is given in
velocity curve as a function of time. In this paper, a static
vehicle model is used, so the load torque is assumed to be
equal to the torque generated by the drive system.
Therefore, the power demand of the vehicle against the
motor (Pmprofite) 1S assumed to be proportional to the vehicle
velocity (Vyenicle). Detailed dynamic vehicle model design
is not the scope of this paper, but can be a part of further
developments. The shaft load is assumed to be
proportional to this power demand, and calculated as in

).

Vyehicle (t)

p fil (t) =~
mprotie Vvehiclemax ®

Pmotornom

3)
Pmprofile (t)

Vs

Pshaft ® =

where P oomom denotes the motor nominal power rating,
Ny represents an efficiency of the coupling between the
vehicle power demand against motor and the shaft power,
which is strongly related to the mechanical structure,
frictional and wheel losses and external resistances.
Considering the inverter and motor efficiencies and the
losses of AC cabling, the power demand on the DC link is
determined as it is described in (4).

pshaft(t)

Ninv * Mmotor

Poclink(t) = 4

Plossac

where n;,, denotes the inverter efficiency, Nmewor Stands for
the motor efficiency and pj,isac is the power loss caused
mainly by the impedance of the AC cabling between
inverter and motor. The last one can be zero without any
significant error if the inverter and motor are assumed to
be assembled very close to each other and connected via
very short cabling with wide cross-sections that has not
considerable impedance in the frequency range of most EV
drives. DC link capacitor is loaded by a current generator
whose current (igqve) is calculated by a continuous-time PI
power controller as follows:

t

e = Kp 60 411 [ (0t )

ep(®) = Pociink (V) — Vpe(D) * li0aa (V)

Hereby, the inverter and motor modeling issues can be
avoided and the simulation environment becomes more
generalized without decreasing the optimization
possibilities of the BS.

B.  System model
The equivalent circuit model of the BS with the load can
be seen in Fig. 10. According to this equivalent circuit

model, the system behavior can be followed based on the
system state equations in (6) and (7).

1 t
Vpc = J- (iload - idrive) dt+ VDC(O) (6)
CDC 0
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where Cpc=560 pF, vpc(0) is the initial voltage of DC
link that is set to vpi(0), which means that the DC
capacitor is considered to be pre-charged.

1

t
ijoad = L_f (Vpack — Vpc — lload * Rr) dt (7)
cJ0
Vpack Rr LC load Vbe
I-_F ~ T
| |
| — .
| — : CDC:: + ldrive
!
T

Fig. 10. Equivalent circuit model of the system.
3. Simulation environment
The top-level environment can be seen in Fig. 11.

The Connection circuit + cabling and the DC link blocks
have been implemented directly from the equations (6)
and (7), and it is also true in case of the Power Controller
block for equation (5).

The Battery Pack block is designed using the state
equations in (1) and the block diagram in Fig. 7. The
summation SoC for the BP can be estimated almost
independently. Since quite an accurate balancing is
assumed to be implemented in the BS, the resulting SoC
for the BP can be estimated as in (8).

100 %
3600 - Nyoy * Co(T)

t
S0Cy, (t) = SoCe, (0) — f loaa(Ddt  (8)
0

where Cq(T) is determined in Ampere-hours, and
SoC,,(0) is the initial SoC value of BP that is set to 100%
in the simulations presented in this paper.

The Mission profile block is realized using Signal
Builder®, in which the profile of NEDC [18] is built-up
in order to verify the designed environment in a case
study. Certainly, any kind of velocity curve can be edited
for a given application, or even directly the power
demand curve can be inserted when available. The built-
up NEDC profile is shown in Fig. 12.

o
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Fig. 12. NEDC profile implemented in Signal Builder .

In order to supervise the cell-level currents relatively to
their maximum continuous discharge current rate (Iyicp),
a multiplying factor (My) is obtained for the load current,
and calculated as in (9), which is used in the next section.

Mt = (Nrow * Imcp) * 9
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Fig. 11. Top level simulation environment in MATLAB/Simulink®.
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Fig. 13. Battery pack model continuous discharge performances for (a) temperature, (b) current. Pulse (20 sec) discharge performances

(c) for current.

4. Results

The results and verification of the designed simulation
environment is introduced through a case study.

Suppose that the NEDC is the required mission profile, in
addition, the vehicle-, motor- and inverter-specific
parameters are shown in Table II. For the case study, a
cylindrical lithium-ion cell was selected, which has a
normal operating voltage range of 2.5 - 4.2 Vpc with
nominal voltage of 3.6 Vpc. The Iycp is 20 A, which is
quite high in respect of that it is rather an “energy-cell” of
cylindrical cells. The density parameters are listed in Table
1L

Table II. — Case study parameters.

Inverter nominal voltage [Vpc] 380
Inverter minimum voltage [Vpc] 180
Inverter maximum voltage [Vpc] 460
Inverter efficiency at nominal power [ | 0.98
Vehicle maximum velocity [km/h] 140
Motor nominal power [kW] 85
Motor efficiency at nominal power [ ] 0.9
Vehicle to shaft mechanical coupling [ ] 0.7
Battery cell nominal capacity [Ah] 2.6

Based on the voltage range required by the inverter, Nggies
can be easily determined as 108. For a quick tryout, the
Niw has been estimated to 12, based on the followings.
The mission profile has about 85% maximum point of
power demand, and based on the efficiencies listed in the
Table II., the needed BP power can be estimated as about
100 kW.

At first, the voltage-current characteristics and the
dynamic performance of the battery pack has been
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analyzed setting continuous- and pulse discharge
conditions due to verification aspects. Some of the results
can be seen in Fig. 13.

In case of continuous discharge, the scaled v,
characteristics are observed and the runtime is examined
on Fig. 13. (b). The proper temperature dependency can
be seen on Fig. 13. (a), that is, the lower the pack
temperature is, lower the power and energy are available
at the terminals. In case of a 20 sec pulse discharge, the
exponential discharge curve can be followed after the
voltage drop on the internal impedance. After the pulse
discharge, the so called relaxation phenomenon can be
followed in Fig. 13. (c).

The first simulation for the mission profile showed, that
the estimation of N,,,=12 was acceptable in respect of
SoC, but during the end (extra-urban) cycle of NEDC,
the cell-level current reached the maximum discharge
current rate, as shown in Fig. 14.

1.6

| / \
ig>IMcD (\ \\ )
1.0 X
|
} iload” Mf [p.u.] \
(o)
800 1150

Discharge time [s]
Fig. 14. Cell-level over-current error during NEDC.

This error can be avoided quickly by increasing N, in
the parameter set. This problem would not have turned
out yet, if we would rely on the static BP sizing
calculations. The resulted simulation of the BS in case of
NEDC can be seen in Fig. 15.
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Fig. 15. BS simulation for NEDC mission profile.

5. Conclusion

The aim of the present paper was to give an overview of
the modeling approach of a BS in order to create a
simulation environment with electrical design aiding and
optimization purposes for EVs. The discussion has clearly
showed the considerations taken to get a generalized and
easy-to-set MATLAB/Simulink” implementation. This
allows an effective design and rapid verification of the
system level requirements, and allows the designer to
observe the dynamic behavior of the system. The model
performance is investigated and the sufficient DC, runtime
and transient behavior of the BP is examined. In
conclusion, we can say that the presented simulation
environment can be used for optimizing the BS for
optional mission profiles.
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