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a b s t r a c t

This manuscript discusses the development of a 3D thermal model for a power-split hybrid powertrain,
including its battery modules and power electronics. The 3D model utilizes a finite differencing (FD) heat
transfer algorithm, complemented with experimental boundary conditions. The experimental setup is
configured to acquire the battery current, voltage, and its inner and surface temperatures in discrete and
in full-field scans. The power-split hybrid configuration is tested using a standard and artificial driving
eywords:
inite differencing
ower-split hybrid architecture
ell based model
hermal management

cycles. A battery resistance model is then used to couple the experimental boundary conditions with
the finite differencing code, which employed a cell-based internal heat generation model to describe the
pack chemical reaction mechanism. This study presents a complete analysis based on battery current
and voltage in relation to vehicle speed. The proposed model also predicts the powertrain spatial and
temporal temperature profiles in agreement with the vehicle actual conditions as indicated by the On-

odule
riving cycles
ybrid powertrain

Board Diagnosis (OBD) m

. Introduction

Hybrid electric vehicle “HEV” with its unique key characteristics
i.e. mechanical complexity, multiple driving modes, and multiple
rime movers) as shown in Fig. 1, affects the existing vehicular
hermal management systems. This effect results in new thermal
ssues that should be accounted for in order to enhance the overall
ehicle performance and its different systems.

Thermal management is vital for both conventional (internal
ombustion engine propelled) and hybrid electric vehicles, because
t decides on the vehicle’s overall performance. Typically, ther-

al modeling is used in analyzing the thermal loads when applied
o the under-hood components [1]; however, enhanced thermal
ackaging and optimized utilization strategies of as-built automo-
ive parts require an advanced thermal management system and
redictive tools. Such systems will aid in not only reducing the
xhaust emissions but also it will result in weight and cost sav-

ngs through devising new control strategies and optimized cooling
ystems. At the same time, ensuring a high-quality thermal man-
gement scheme for HEVs’ is still a challenge due to following
ssues: firstly, the hybrid power-trains (battery) are still an add-on

∗ Corresponding author. Tel.: +1 864 283 7226; fax: +1 864 283 7208.
E-mail address: momar@clemson.edu (M. Omar).

378-7753/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2011.03.036
.
Published by Elsevier B.V.

to the current vehicles’ architecture and still suffer from a vari-
ety of unresolved thermal packaging issues. Secondly, additional
challenges are imposed by the new thermal loads imposed on
the electric parts, the electronics, and the energy storage system
that have temperature dependant performance [3]. Additionally,
current thermal modeling schemes cannot be scaled or extended
readily to include hybrid power-trains because of the battery pack
inclusion which has unique transient behavior caused by the charg-
ing and discharging modes and the additional complexity of the
cooling system and packaging constraints.

Current vehicle thermal models focus on the under-hood com-
ponents analyses. Fluent Inc. introduced a Computational Fluid
Dynamics (CFD) tool for the under-hood components [2,3] that is
aimed at enhancing the under-hood packaging design to optimize
the heat removal and the management process. This model utilizes
a dual-cell heat exchanger scheme to simulate the heat rejection
non-uniformities at different ambient temperatures, assuming a
uniform temperature at the exhaust manifold surface, with the
exhaust pipes acting as the heat source. Also, this scheme employed
a tetra-mesh which resulted in non-uniform elements’ local heat

conduction that further leads to inaccuracies in the model’s predic-
tions.

Priya in [4] presented a thermal model of as-built automo-
tive parts using a software package (commercial name MuSES),
assessed with thermography to extract the needed boundary condi-

dx.doi.org/10.1016/j.jpowsour.2011.03.036
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Series/parallel HEV

ions. However this effort focused only on the engine compartment
nder idling conditions while targeting the exhaust manifold tem-
erature fields.

Andreas et al. [5] discussed the use of a reverse geometry
pproach using thermal imaging to acquire the parts’ topology,
ollowed by modeling of the exhaust pipes using a finite element
FE) model. However, the acquired thermal geometries do not rep-
esent the actual surface 3D topographies but reconstructed fabrics
rom the thermal maps, which need to be further corrected to
ccount for the surface view factors and its emissivities. Addition-
lly, the thermal scans transient behavior was not captured; leading
o loss of the lateral heat transfer through conduction. Furthermore,
his approach cannot be applied to HEV’s thermal management
tudies due to the variety of the added sub-systems and mod-
les, which include the auxiliary re-generative braking system, the

nverter, and the battery packs and its dedicated cooling.
In more related HEV research thermal management, Pesaran

t al. [6] at the National Renewable Energy Laboratory (NREL) inves-
igated the issues of integrating the battery cells into the packs
or HEV’s and Plug-In HEV’s (PHEV’s) to analyze its thermal per-
ormance. Pesaran in [7] introduced a lumped capacitance battery
hermal model using advanced vehicle simulator (ADVISOR). The

odel considered the battery core and the battery casing as two
eparated iso-thermal nodes; however, all other components inside
he battery-pack case were assumed to be a single homogeneous

aterial with averaged properties. The heat generated inside the
attery Qess (as evaluated by Ohm’s law, i.e. I2 × R) is to be rejected
o the ambient air through the casing via conduction and convec-
ion, and can be described mathematically as

ess case = Tess − Tair

Reff
(1)

here Tess is battery temperature (case or core), Tair is the air tem-
erature, Reff is a function of the conduction resistance through the
ase and the heat transfer film coefficient h on the air side, which
s defined by

eff = 1
hA

+ l

kA
(2)

here Reff is the effective thermal resistance, h is the convective
eat transfer film coefficient, k is the thermal conductivity coeffi-
ient, l and A are battery pack related parametric values. Whereas
he convective heat transfer coefficient is a function of the para-

etric dimensions of the packs and the air flow properties as in the

ollowing

=

⎧⎨
⎩ hforced = a

(
m/�A

5

)b

hnatl = 4

(3)
er train configuration [1].

with hforced being the forced convective heat transfer coefficient,
while a and b are battery packs’ geometry related constants, and �
is air density, see Ref. [7] for more details on how the packs’ heat
transfer coefficient is estimated.

The model estimated the packs temperature assuming that 50%
of the heat from the battery goes into warming the air, hence it can
be predicted by calculating the exit air temperature using (4)

Tair = Tamb + 0.5Qesscase
•
mairCp,air

dt (4)

where
•
mair is air mass flow rate, and Cp,air is the heat capacity of

the air. Consequently, the temperature rise in the battery packs
can then be calculated based on an energy balance as given by
between battery heat generation (Qess gen), amount of heat lost from
the battery Qess case, thermal mass of the battery (mess Cp,ess) and the
duration of battery use (t) as shown in Eq. (5)

Tess =
t∫
0

Qess gen − Qess case

messCp,ess
dt (5)

2. Materials and methods

This section presents the basic steps and tools used to develop
the model and to acquire the boundary conditions from an HEV
system, running under standard and artificial driving cycles. The
experimental work acquires the transient voltage, current, state of
charge and temperature maps (discrete and full-field) for the HEV’s
Nickel Metal Hydrides NiMH battery packs in real-time.

Due to the differences between the series and the parallel HEV’s
powertrain layouts, a power-split hybrid configuration is used for
testing; therefore, a 2010, third generation Toyota Prius is used,
which is powered with a 52 kW Gasoline engine with a 34 kW elec-
tric motor, also the Prius III is equipped with a 201.6 V, 6.5 Ah, 36 HP
NiMH battery pack, in addition to a synchronous electric motor with
80 HP/60 kW power output. The tested Panasonic NiMH Prius bat-
tery pack consists of 14 blocks with each block made of 12 prismatic
cells to form a 6 module pack [8].

2.1. Experimental procedures

The Prius hybrid electric powertrain thermal performance is

monitored under different transient power demands at the wheels
with different speed profiles.

The standard drive cycle tests have demonstrated better predic-
tions of battery life cycle and its performance, than the case with
constant-current or constant-power cycling tests [9]. Therefore,
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Fig. 2. Hardware set up for the current shunt circuitry.

ederal Urban Driving Schedule (FUDS), Federal Highway Driving
chedule (FHDS) in addition to an Artificial Driving Cycle (ADC) are
mployed to subject the HEV to different loading schemes. The ADC
s used to help investigate the steady state behavior of the battery
acks, which is considered necessary to establish and to calibrate
he FD model [10,11]. Hence the ADC scheme is designed so that
he vehicle is driven at a constant cruising speed for a 30 min trip
hile being divided into three intervals, whereas the speed incre-
ent is 15 mph every 10 min while starting at 30 mph and ending

p at 60 mph.
A Renk Labeco 4-Wheel 500 HP chassis dynamometer is used

o test the Prius under different road loads (i.e. vehicle speed). A
river-aid interface is developed to enable the operator to control
he vehicle speed according to the predefined velocity profile using
compact Reconfigurable Input/Output platform (cRIO, product of
ational Instrument NI). The cRIO acquires the real time rollers’

peed signal from the chassis dyno (0–10 V), translating it using
abView (NI-LV) [12].

.2. Voltage, current, state of charge (SOC) data measurements

The battery pack current and voltage is acquired for each of the
oading profiles. The electric current is measured using a current
hunt circuitry, which acquires the voltage drop across a low Ohmic
alue resistor. The shunt is connected in series with negative ter-
inals of the packs as in Fig. 2. The 200 A current shunt produces a

0 mV signal, which is then used by the 18 channels data acquisition
ystem (commercial name eDAQ) to measure the voltage across the
hunt resistor with a sampling rate of 100 Hz.

Because the state of charge (SOC) or the remaining capacity
f the battery is dependent on the actual voltage level and the
emperature; the On-Board Diagnosis (OBD) module is employed
o record the transient measurements for the remaining capacity
f the battery. At the same time, the OBD provides battery pack
ore temperature from three shielded thermocouples installed in
hree different positions (center, front and back) of the pack. Fig. 3
isplays these positions along with the thermocouple network

nstalled to trace the temperature variation within the pack.

.3. Temperature measurements

The spatial and the temporal temperature profiles for the NiMH
attery pack are also recorded for the different driving cycles using

thermal imager.

An un-cooled micro-bolometric infrared detector (commercial
ame Flir A40M, product of FLIR) calibrated for emissivity [13,14]

s used to capture the pack 2D surface temperatures in real-time.
he detector has a spatial resolution of 1.3 mrad, spectral range of
Fig. 3. Prius battery pack: OEM thermocouple, added thermocouples and thermow-
ell.

7.5–13 �m and a thermal sensitivity of 0.08 ◦C at 30 ◦C; it is capable
of detecting temperature range of −40 to 500 ◦C with accuracy of 2%
or 2 ◦C. Additionally, a thermocouple network is installed at differ-
ent locations within the pack to provide a reference signal to correct
and calibrate the infrared detector. The thermocouple network is
connected to a high speed 8-channel Thermo Couple Interface Card
(TCIC) with a sample rate of 10 Hz.

The same procedures are used to simultaneously capture the
spatial temperature profiles for the engine, the exhaust manifold,
the catalytic converter and the muffler. Meanwhile the thermocou-
ples are used to obtain discrete temperature measurements for the
engine’s coolant and the hybrid system coolant temperature.

3. Test conditions

The on-board HEV tests started with the battery pack kept at
room temperature around 22 ◦C, the FHDS cycle is applied, followed
by a FUDS cycle, and then the ADC is lastly implemented. This mix
of the different drive patterns helps to subject the battery pack to
various modes of loading, i.e. charge/discharge cyclic load [19,20].
Additionally, the combination of both standard and artificial drive
cycles will force the battery pack to experience both transient and
steady-state loading schemes [21,22]. The FUDS reflects the city
drive mode with frequent stop and go, while the FHDS represents
the highway cruising, whereas the ADC reflects the long intervals of
the steady-state power demands. It is important to mention that the
battery pack is allowed to cool down close to the room temperature
after each run using a forced air draft.

4. 3D model design

Finite Differencing (FD) code (commercial name RadTherm,
product of Thermo-analytics) is used for the thermal modeling
and analyses [23–25]; it includes an optimized thermal solver and
it provides a 3D modeling with an image viewer (wireframe and
animated thermal displays). A FD scheme is used due to its main
advantages in solving models with non-uniform 3D curvilinear
mesh; in addition FD is the most widely used discretizing technique
for heat transfer problems; while finite element (FE) approach is
more suited for fracture mechanics numerical simulation. The con-
structed model assigns the properties for each of the geometries to
elements or group of elements that have the same thermal proper-

ties such as thickness, surface properties, imposed heat rates, heat
rate versus time curves. Following the properties assignment, the
solver discretizes the elements into thermal nodes. Also the net
radiation exchange between any two surfaces which are assigned
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from the three pre-existed thermo couples mentioned previously is
also assigned to a fluid node inside each battery cell. Fig. 6 illustrates
the battery pack air cooling fluid streams. Additional fluid nodes are
created to link the model front side with ambient air, in a way to
Fig. 4. “3D” FEM for hybrid electric power train for Prius.

o different thermal nodes i and j is calculated using Eq. (6) [24–26]

ij = BijAiεi�i(T
4
i − T4

j ) (6)

here Q is net radiation heat exchange in Watt, Bij is the fraction
f energy that is emitted from surface i and absorbed at surface
both directly and by reflection, A is area in m2, ε is emissivity,
is the Stefan–Boltzmann constant in W m2 K−4, while T is the

emperature of the objects (i and j) in Kelvin.
Subsequently, the solver calculates the viewing factors by iter-

tively rendering the objects’ geometry as it is viewed by other
urfaces linked to other thermal nodes. The solver computes the
iew factors in a single plane using the hemi-cube method. More-
ver, the multi-layer of materials is represented by a grid of nodes
efined within the same layer. One of the main advantages of the
urrent solver, is its ability to establish thermal nodes while sim-
lating the fluid streams. Although the model is set to calculate
he nodes temperature based on an implicit technique, the explicit
alculation can be done through an energy balance or by calculat-
ng the net energy rate (i.e. heat stored in the thermal node) as
escribed in Eq. (7) [25].

Q ∗ = mCp

(
dT

dt

)
(7)

here Q* is the heat rate terms (Joules) including radiation and any
mposed heat sources added by the analyst, m is the mass in kg, Cp

s the specific heat J (kg K)−1, and T is the temperature (K). Fig. 4
llustrates the 3D FE model for the Prius underhood hybrid electric
owertrain modules.

Material properties, surface conditions, initial temperature
ere specified for each part. Fluid streams for engine coolant,

xhaust gas, intake air, fuel, engine oil, hybrid system coolant,
attery pack cooling air were also set up and bounded with its con-
ected geometrical parts. Fluid nodes were created to link the fluid
tream convection heat transfer to the back side of the bounding
arts, where the thermal nodes were biased towards the center of
he geometrical part. Fig. 5 illustrates the exhaust gas downstream
ounded by the exhaust components (i.e. exhaust manifold ports,
atalytic converter, muffler, and the exhaust pipes).

To provide an example of the fluid-stream settings, the exhaust
as fluid is linked to the back side of the engine cylinder-block, to

imulate the air upstream which feeds the exhaust gas fluid down-
tream. Similarly, another fluid node is created to link the air inside
he cabin to the back side of the passenger compartment, in order
o simulate the air upstream that feeds the battery pack cooling air.
Fig. 5. Exhaust gas downstream bounded by the exhaust components.

Fundamental heat transfer and thermodynamic Otto cycle equa-
tions are employed to predict the exhaust gas temperature inside
the cylinder, while the OBD provided the necessary data required
for such task (flow rates, rpm, etc.), hence the heat generated during
the combustion process can be calculated in Eq. (8);

mf cv(�T) = mf QHV (8)

where mf is mass of the fuel, Cv is the specific heat of the fuel at
constant volume, QHV is the fuel heating value.

In regard to the battery pack, the battery cell FE model is
designed with a high resolution (i.e. fine mesh) with the air cooling
fluid streams created according to the designed schemes available
from the Original Equipment Manufacturer (OEM). The cooling fan
modes determine the corresponding cooling air mass flow rate,
with the inhaling air conditions coupled with the compartment
environment.

Additionally, a fluid node is created and linked to the back side
of every cell in the (168 cells) pack, to simulate the fluid (i.e. the
electrolyte) inside the battery cell, a temperature curve obtained
Fig. 6. Illustrates the battery pack air cooling fluid streams bounded by the cooling
pipes surrounding the pack.
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as predicted by the model during the artificial driving schedule
(ADC). It should be noticed that the IR detector registers lower sur-
face temperature for the pack, because it captures the temperature
at the surface, while the thermocouples detect the temperature
close to the core of the cells of the pack. Moreover, there is a lag
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ig. 7. Battery pack current, voltage and surface temperature during FUDS test.

imulate the forced convective heat transfer between the under
ood components and the ambient air.

The solver is run for each drive cycle in order to simulate the
eat transfer for the powertrain components. Each run time is set
o 1 min step size with a tolerance slope of 5 × 10−7, and the view
actor accuracy is set to the maximum, i.e. it is selected to include
608 rays that are cast from each element viewpoint. The relax-
tion factor is set to the adaptive mode, which allows the model to
utomatically check at each time step whether the relaxation factor
eeds to be adjusted in order to guarantee converged solution.

. Results and discussion

.1. Experimental results

The tests are designed to evaluate the battery pack thermal per-
ormance under controlled scenarios (i.e. load, speed, temperature,
nvironment, current and voltage flows), in addition is aides in
xtracting the necessary boundary conditions for the FD simulation
f the HEV thermal model.

The hybrid electric system is known to induce an electro-
agnetic interference with the signals collected during the tests,

hough several precautions were taken to reduce noise. The results
btained include: voltage, current, and actual surface temperature
or the battery pack as recorded by infrared detector. Fig. 7 illus-
rates the results experienced during the FUDS drive cycle, showing
hat the pack is subject to an intensive charge/discharge cyclic load-
ng. Though the signals encountered show some noise, it is still
ossible to notice the effect of the hybrid control system which is
rying to maintain a certain limit of the pack voltage according to
predefined range. The surface temperature of the battery pack

ncreases from 301 K to 307 K during the FUDS test.
On the other hand, artificial driving schedule demonstrates the

teady state behavior of the hybrid control system as illustrated in
ig. 8. The test results show the pack surface temperature and the
urrent flow at different vehicle speed intervals. The battery pack

ere discharged during the first portion of the first speed interval,

.e. 30 mph, meanwhile the system was recharging the pack for the
est of the ADC test.
0 4 8 12 16  20  24 28  32

Time (min)

Fig. 8. Battery pack current, voltage and surface temperature during ADC test.

5.2. Simulation results

Subsequent to a successful acquisition of the boundary con-
ditions with the aid of the available information from the test,
the model was run for each of the driving cycles applied in
the test (FHDS, FUDS and ADC), while the time duration for
invoking the thermal solution was set according to the time
extent of the drive cycle being simulated with 1 min time step
size.

Under the transient and steady state current loads, the pack
thermal behavior was monitored by selecting three battery cells
at three different locations within the pack (one cell in the middle,
and at the front and back of the battery pack). Fig. 13 illustrates
a comparison of the temperature for the selected cells as recorded
by the pre-existing OEM thermocouples (provided by the OBD) and
the average surface temperature as obtained by the infrared detec-
tor; in contrast with average surface temperature for the same cells
Time  (min)

Fig. 9. Selected battery cell core and surface temperature as obtained by the IR
detector and preexisted thermocouples in contrast with simulation results.
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Fig. 10. Thermal image for the battery pack.

ffect because the heat generated due to electrochemical activ-
ty requires some time to propagate/conduct to the cell surface.
n addition to the excessive cooling air that flows over the exposed
ismantled battery pack surface. It has been noticed that the model

s slightly over predicting the surface temperature for the packs.
t must be highlighted that the model computes the heat trans-
er for the powertrain under ideal conditions; in other words, the
ack were packaged according to the standards of actual vehicle
materials properties, layers, etc.) for the enclosures, carpet, rear
eat, were defined accurately, thus; the model will account for the

eat exchanges between the pack and the surroundings, on the
ther hand, we the packs’ enclosures and carpet were dismantled
n order to allow for battery packs surface temperature measure-

ents, hence; the cooling air from the chassis Dyno led to more
eat to be dissipated away from the packs surface (Fig. 9).

Fig. 12. Heat distribution and surface temperature for battery cell at

Fig. 13. Sample of thermal state for the battery pack
Fig. 11. Pack temperature maps at the end of the FUDS driving.

Fig. 10 shows a 2D thermal image obtained with the A40M Flir
thermal camera illustrating the temperature profile across the bat-
tery pack at the end of the FHDS test. The cells at the middle region
of the pack have the highest temperature in comparison to the cells
at the border of the pack.
Fig. 11 illustrates the heat flux through the pack, at the end of
the FUDS driving test as predicted by the model. The proposed 3D
thermal model is able to predict the battery pack thermal perfor-
mance as shown in Fig. 11. Also, Fig. 12 displays the battery cell

minutes (0, 1, 3, and 13) under the FUDS driving test schedule.

enclosure after 10 min from ADC driving test.
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ig. 14. Illustrates the net heat exchange rate by conduction, convection and radi-
tion for the three pre-selected cells from the battery pack.

eat distribution and surface temperatures at minutes 0, 1, 3, 13
nder the FUDS driving test schedule. Such illustration of the heat
istribution allows for a constructive evaluation of the thermal

oads under virtual conditions, which can then be used to assist
he designer to develop an efficient Battery Thermal Management
ystem (BTMS). In addition, such model can assist the designer in
ptimizing the packaging configurations and the utilization strate-
ies for the pack under any packaging constraints at an early stage
f the design process. Fig. 13 illustrates a sample of thermal state
or the battery pack enclosure after 10 min during ADC driving test.
his information can be used for an early prediction of the conse-
uences of manipulating all possible packaging configurations for
he pack under the constraints of limited space (compactness) and
ight-weight metrics.

Additionally, the model is capable of predicting the net heat
xchange rates for geometrical parts and of simulating the heat
ransfer into/out of the different modules. Fig. 14 shows the net heat
xchange rate for the three pre-selected cells from the battery pack.
onductive, convective and radiative heat exchange rates for three
ells at different location in the pack are shown in Fig. 14. These
esults can also be used to devise new thermal control strategies in
rder to manipulate the BTMS and applying new cooling schemes
or optimum operation of the pack under different loading patterns
nd environmental conditions. This is in addition to devising new
aterial replacement [26–28] for the battery cell casing in a way

o improve the thermal performance of the pack.
. Conclusions

The presented work discusses the development of a compre-
ensive 3D thermal model for a power-split hybrid powertrain,

ncluding battery modules and power electronics. The model is con-

[

[

ources 196 (2011) 6588–6594

structed and validated for on-board hybrid system running under
different standard and artificial driving cycles. The 3D thermal
model was developed using a finite differencing algorithm comple-
mented with experimentally extracted boundary conditions, which
included; voltage, electric current, SOC, and the full-field and dis-
crete temperature profiles. The proposed model predicts the spatial
and temporal temperature profiles of the powertrain in agreement
with the experimental data as provided by the vehicle control sys-
tem.

The results show that the model is capable of predicting the
thermal performance of the hybrid power train modules under
controlled scenarios (load, speed, temperature, and environmen-
tal conditions). Furthermore, a cell based analysis is conducted to
analyze the incident heat exchange rates by conduction, convection
and radiation.
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