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ABSTRACT
This work reports the experimental and numerical study of the thermal
management of Li-ion battery packs under the context of electric vehicle (EV) or hybrid
EV (HEV) applications. Li-ion batteries have been extensively demonstrated as an
important power source for EVs or HEVs. However, thermal management is a critical
challenge for their widespread deployment, due to their highly dynamic operation and the
wide range of environments under which they operate. To address these challenges, this
work developed several experimental platforms to study adaptive thermal management
strategies. Parallel to the experimental effort, multi-disciplinary models integrating heat
transfer, fluid mechanics, and electro-thermal dynamics have been developed and
validated, including detailed CFD models and lumped parameter models. The major
contributions are twofold. First, this work developed actively controlled strategies and
experimentally demonstrated their effectiveness on a practical sized battery pack and
dynamic thermal loads. The results show that these strategies effectively reduced both the
parasitic energy consumption and the temperature non-uniformity while maintaining the
maximum temperature rise in the pack. Second, this work established a new two
dimensional lumped parameter thermal model to overcome the limitations of existing
thermal models and extend their applicable range. This new model provides accurate
surface and core temperatures simulations comparable to detailed CFD models with a
fraction of the computational cost.
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General Audience Abstract
Li-ion batteries have been widely used today as power source of electric vehicles
(EV) or hybrid electric vehicles (HEV). Thermal management represents an important
issue for the safe and efficiency of Li-ion batteries in EVs and HEVs. Thermal issues can
lead to decreased energy efficiency, reduced battery lifetime, and even catastrophic
failures. However, effective thermal management of Li-ion batteries is challenging due to
several reasons, including the highly dynamic operation of the batteries and the wide
range of ambient conditions under with the vehicles operate. To address these challenges,
this work studied the thermal management problem through both experimental and
numerical methods. Experimentally, actively controlled strategies have been designed
and tested on our customized experimental platforms, and the results demonstrated the
effectiveness such strategies. Numerically, multidisciplinary models have been developed
and validated to provide comprehensive information of battery operation, and
furthermore to simulate operation under extreme conditions that are difficult study
experimentally. This dissertation reports both the experimental and numerical results,
with a detailed analysis of their implications and applications.
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Chapter 1 Introduction
1.1 Background and motivation
Li-ion batteries are important power source in electric vehicles (EVs) and hybrid
electric vehicles (HEVs), due to their superior properties like the high power density,
high efficiency, long lifetime and low self-discharge rate [1-3]. Beside the transportation
industry, the application of Li-ion batteries expands globally in the areas of energy
storage systems [4, 5], robot systems [6] and the small unmanned aerial vehicles [7].
However, the safe operation of the Li-ion batteries requires a comprehensive
understanding of their electrical, thermal and chemical behaviors.
One of the most significant challenges that Li-ion batteries face in EVs and HEVs
application is their thermal management, for several reasons. First, EVs typically require
rapidly charging and discharging the batteries. Such requirement can lead to highly
dynamic thermal load, resulting in relatively large and irregular temperature fluctuations.
Second, batteries have a narrow temperature range for efficient and safe operation.
However, during operation, the thermal environment could vary far beyond the optimal
working temperature range [8, 9]. For example, Li–ion batteries have a tolerable
operating temperature range of -10 to +50 oC [10, 11], and a more strict temperature
range of +20 to +40 oC is required for the optimal operation [12-14]. Battery working at
low temperature lose its capacity and power significantly [15]. Battery working at high
temperature degrades fast and has a short battery life [16], and serious damage may
happen if the temperature rise is not well controlled [17, 18]. Considering the large heat
generation rates during cycling, Li-ion battery’s working temperature under the elevated
1

thermal environment can easily rise above the optimal working temperature range. Third,
significant non-uniform cooling across batteries cells have been identified, resulting in
hot-spots which act as weak link in battery systems [19]. When served as the power
source of EVs or HEVs, Li-ion batteries are predominantly used in the form of large
battery packs. This poses significant difficulty in thermal management where cooling can
induce significant temperature non-uniformity due to the increased pack size [5]. Fourth,
the accurate temperature distribution among a practical battery pack is not easy to obtain
through traditional experimental methods. For example, the limited number of
thermocouples in a large scale battery pack may have blind spots. Also, the core
temperatures of the cells cannot be easily measured in a battery pack on duty. However,
any successful cooling techniques require detailed temperature information in the pack.
Thus, novel thermal models are highly desired to provide such information in real time.
The above challenges call for an investigation of innovative battery cooling techniques
that can accommodate highly dynamic charge and discharge currents under various
thermal environments. Also these new cooling techniques call for innovative thermal
models that can provide accurate temperature distribution in real-time and simulate
extreme thermal loading conditions that cannot be performed experimentally.

1.2 Existing methods
To address the above mentioned challenges of thermal management issues,
different cooling methods have been proposed and studied in the past, including air
cooling [20, 21], liquid cooling [22, 23], and phase change cooling based on heat pipes
[24-26], or phase change materials [27-30]. These methods all have their strengths and
limitations. They either require complicated and costly implementation, consume large
2

amount of parasitic energy and creates significant temperature non-uniformity, or are
incapable of restraining the maximum temperature rise during a long time cycling
process. For example, although liquid cooling provides effective heat transfer coefficient,
it requires a set of relatively complicated sealing, circulation, and insulating system due
to the use of liquid coolant. Air-based cooling enjoys the advantage of system simplicity
and low cost; however suffers from the relatively low thermal conductivity of air
compared to liquid cooling or solid state cooling [27-30]. Furthermore, thermal
management systems based on air or liquid to conduct the forced convection cooling
consume large amount of parasitic cooling energy while creating significant temperature
non-uniformity across the battery pack. The use of heat pipe provides a solid-state
solution in contrast to the liquid cooling. However, their cost, limited range of operating
temperature, and cooling power have restricted their widespread application in practical
scale applications [24-26]. The use of phase change material (PCM) can effectively
regulate the cell temperature below a critical threshold, but however, only for a limited
period of time. This analysis of the strengths and weaknesses of existing cooling methods
motivates the investigation of new and improved thermal management strategies.
To study the thermal management strategies, not only experimental methods are
necessary, numerical models are also required since they provide more detailed
information and can simulate extreme conditions that are difficulty to test experimentally.
Current thermal modeling of Li-ion batteries can be categorized into two types: detailed
thermal modeling and lumped thermal modeling. Both categories of models have their
own advantages and limitations. The detailed models include finite element analysis
(FEA) models [31, 32] and computational fluid dynamic (CFD) models [11, 20, 33, 34].
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These detailed models provide a variety of aerodynamic and thermal information, some
of them difficult to measure experimentally, with high resolution and accuracy. But these
detailed models are computationally expensive and their application is limited for early
stage design iterations, or onboard diagnosis and control. In contrast, the simplified
lumped thermal models enjoy low computational cost and can run in real-time. However,
current simplified lumped thermal models include only one cell [35-39] or a single row of
cells [21, 40-42] and can only provide information with limited spatial resolution
(typically in one dimension), unable to analyze the temperature distribution in practical
pack.

1.3 Contribution and organization of the dissertation
Based on the above understanding of the research needs and past efforts, this
work is designed to accomplish the following specific goals:
x

Develop and demonstrate active control cooling strategies that can reduce the
parasitic power consumption considerably while maintaining the temperature rise
within an optimal range under various dynamic loading conditions (such as the urban
assault cycle, UAC).

x

Demonstrate the effectiveness of actively controlled cooling schemes in reducing the
parasitic power consumption under evaluated temperature environment, even when
the Li-ion cells were under dynamic load.

x

Demonstrate the effectiveness of reciprocating cooling flow in reducing parasitic
power consumption and temperature non-uniformity in battery packs of practical
scale while maintaining the maximum temperature rise.
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x

Develop and validate a two-dimensional lumped parameter thermal model for Li-ion
battery packs, enabling the capability to analyze temperature distribution in a large
battery pack, including the surface and core temperatures of each cell, with
dramatically reduced computational cost and enhanced accuracy.
This dissertation follows the “manuscript format” and the rest of the dissertation

is divided into several self-contained parts, and each subsequent chapter is a published
paper or a manuscript submitted to a peer-reviewed journal. More specifically:
Chapter 2 is a published paper, entitled “Experimental and modeling study of
controller-based thermal management of battery modules under dynamic loads”,
published in International Journal of Heat and Mass Transfer, volume 103 (2016), page
154-164. This paper demonstrated the actively controlled thermal management on a small
battery pack consists of 4 cylindrical cells, with accompanying numerical analysis based
on CFD and reduced order models.
Chapter 3 is a published paper, entitled “Actively controlled thermal management
of prismatic Li-ion cells under elevated temperatures”, published in International Journal
of Heat and Mass Transfer, volume 102 (2016), page 315-322. Based on the work
reported in Chapter 2, this paper demonstrated the effectiveness of the actively controlled
cooling strategy studied in Chapter 2 under elevated thermal environments.
Chapter 4 is a published paper, entitled “Thermal management of a large
prismatic battery pack based on reciprocating flow and active control”, published in
International Journal of Heat and Mass Transfer, volume 115, Part A (2017), page 296303. This paper demonstrated the effectiveness of actively controlled reciprocating
cooling strategy on a practical sized battery pack in reducing the temperature non-
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uniformity and the parasitic energy consumption. Based on the work conducted in
Chapters 2 and 3 on a small battery pack, this chapter started investigating thermal
management on a larger pack, consisting of 18 dummy and really prismatic Li-ion cells.
Chapter 5 is a manuscript, entitled “Two dimensional lumped parameter thermal
modeling and experimental validation of Li-ion battery pack”, currently under review at
Applied Energy. This manuscript describes the development and validation of a two
dimensional lumped parameter thermal model to enable the analysis and real time control
of large Li-ion battery packs.
Finally,

Chapter

6

summarizes

the

dissertation

and

proposes

some

recommendations for future investigations.
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Chapter 2 Experimental and modeling study of controller-based
thermal management of battery modules under dynamic loads
(Published on International Journal of Heat and Mass Transfer, 103 (2016) 154-164)
Haoting Wang, Fan He, Lin Ma

Abstract
This paper reports both the experimental and numerical study of the thermal
management of a Li-ion battery module consisting of multiple cylindrical cells under
dynamic loads. The numerical study includes both detailed computational fluid dynamics
(CFD) and reduced-order modeling (ROM) modeling. A series of experiments and
numerical simulations on different conditions were performed to design the optimal
cooling strategy for the module, in terms of the maximum temperature rise and parasitic
power consumption. The major contribution from this work is the design of a controllerbased cooling scheme that can reduce the parasitic power consumption considerably
while maintaining the temperature rise within optimal range under various dynamic
loading conditions (such as the urban assault cycle, UAC). The design of the cooling
scheme was accomplished in three steps. First, experiments of different cooling schemes
were performed under controlled conditions in wind tunnel. Second, experimental data
obtained from the first step were used to develop and validate the CFD and ROM models.
And third, the validated ROM was then used to simulate and design controller-based
cooling strategies for battery modules under practical dynamic load profiles such as the
UAC profile.
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2.1 Introduction
Among various types of energy storage technology, Lithium ion (Li-ion) batteries
have become increasingly important in electric vehicles (EVs) and hybrid electric vehicle
(HEVs) [1, 2], due to their power density and energy density. Compared with other
energy storage solutions, Li-ion batteries show a number of advantages, including
relatively high power density, high energy density, stability, and low self-discharge rates
[3]. In addition, development of charging station in main EV and HEV markets (such as
the U.S., China, and European countries) also spurs the application of Li-ion cells [4].
Due to these reasons, applications of Li-ion batteries in EVs and HEVs continue to
expand globally. However, the safe and efficient application of Li-ion batteries requires a
comprehensive understanding of their electrical, chemical, and thermal behavior.
Thermal management is an important issue for Li-ion batteries due to the
significant and highly dynamic heat generation when they serve as power sources in EVs
and HEVs [5, 6]. According to previous studies, Li-ion batteries need to be operated in an
environment with a certain temperature range so that they can achieve optimal
performance in terms of efficiency and safety. For instance, a range between 20 to 40 oC
was reported as an optimal range for Li-ion batteries [7]. Without proper thermal
management systems, this temperature range, however, often cannot be fulfilled for
battery modules in EVs and HEVs due to the wide variation of ambient temperature and
charging/discharging cycles. And serious damages can happen to the battery system and
the vehicle itself if the temperature rise was not well controlled [8, 9].
Existing thermal management systems fall mainly into three categories: passive
thermal management systems, active thermal management systems, and controller-based
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thermal management systems. Specifically, passive thermal management systems remove
heat generated by Li-ion batteries without consuming parasitic energy, some examples
are natural convection or cooling using phase change materials [10, 11]. Active thermal
management systems remove heat by forced-convection without onboard controllers to
regulate the temperature of the system [6, 12]. Controller-based thermal management
systems remove heat by forced convection, but with the temperature of the batteries
monitored and regulated by onboard controllers. In this work, all three categories of
thermal management systems (passive, active, and controller-based) were examined both
experimentally and numerically for comparison purposes to illustrate the benefits of the
controller-based strategy designed in this work. To analyze the experimental data
obtained in this work and to design the control strategy, both detailed computational fluid
dynamics (CFD) models and reduced order models (ROMs) were developed. The CFD
model captures the detailed dynamics at the cost of computational time and resources.
Therefore, this work first developed and validated CFD models using controlled
experimental data, and then relied on the CFD models to develop ROM models for active
control purposes.
Based on the experimental facilities and models developed, this work studied
controller-based thermal management of a battery module consisting of cylindrical Li-ion
cells. Experimentally, a battery module consisting of cylindrical Li-ion cells and a wind
tunnel were designed and built so that the thermal management of the battery module was
studied under controlled conditions inside the wind tunnel. Numerically, the ROM and
CFD models were applied to analyze the experimental data and design the control
strategy. The rest of this paper is organized as follows. Section two describes the
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experimental setup including the wind tunnel and the battery module. Section three
describes the CFD model and its comparison against the experimental results. Section
four describes the development and validation of the ROM under all three categories of
thermal management approaches (passive, active and controller-based). Section five
reports the ROM simulations for controller-based thermal managements under dynamic
loads. Finally, Section six summarizes the results and concludes the paper.

2.2 Experimental Setup
This section describes the experimental setup of the battery module and the wind
tunnel. As can be seen from Figure 2-1, the experiment setup included mainly three
components: the battery module, a small scale wind tunnel, and the diagnostic and
control system.

Figure 2-1: Experimental setup and block diagram of the control method
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The battery module consisted of four cylindrical cells (labeled as C1, C2, C3 and
C4 in the figure). The cells were A123 26650 Li-ion batteries, which are used by a
number of commercial HEVs due to their superior qualities such as high power density,
high reliability and relatively low self-discharge rate [13]. The four cells in the battery
module were connected in a 4P1S configuration (four cells in parallel connection and one
cell in serial connection). Each cell had a nominal voltage of 3.3 V and a nominal
capacity of 2.5 Ah. During the experiment, the dynamic load was applied on the four
cells by a cycler (Cadex C8000) to produce dynamic heat generation.
The battery module was housed in a wind tunnel, which generated controlled air
cooling. The wind tunnel consisted of a fan, a contraction section, and a test section that
housed the battery module. The fan has a nominal voltage of 12 V and a nominal power
of 0.84 W. The flow contraction section was used to organize the air flow generated by
the fan to improve the flow uniformity by the time the flow enters the test section. The
flow contraction section had a dimension of 120 mm×120 mm on the inlet end, a
dimension of 60 mm×60 mm on the outlet end, and a length of 150 mm. On the top and
bottom wall of the enclosure, sunk circular parts of 2.5 mm depth and 26.5 mm diameter
were designed to fit the cells. So the test section also had a dimension of 60 mm×60 mm.
The enclosure has a length of 175 mm from the inlet to the outlet. Hot wire anemometry
measurements were performed to determine the velocity profile and the turbulence
intensity (~5%) in the test section, which were then used as the inlet conditions in the
CFD model. The enclosure was designed to house the battery module in a flexible
fashion (e.g., with adjustable cell to cell distances). In this work, the distance between
two adjacent cells was 7 mm, and the battery module was centered in the test section (i.e.,
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the distance between the inlet of the test section and C1 and that between the outlet and
C4 were both 25 mm).
The diagnostic and control system primarily consisted of a thermocouple module
for temperature measurements, a pressure rake for pressure measurement, flow meters
and hotwires for flow rate and velocity measurements, and the control electronics. The
thermocouple module used in this work included five K-type thermocouples and a
National Instrument 9213 data logger to digitize the thermocouple signals. The five Ktype thermocouples were labeled as T1, T2, T3, T4 and T5 as shown in the figure, and
were used to measure the temperature of battery C1, C2, C3, C4, and the ambient air,
respectively. These thermocouples were calibrated before use and their accuracy was
determined to be ±0.3 °C under the temperature range encountered in this work. The
diameter of the thermocouple head was 0.25 mm to minimize the disturbance to the flow.
The control system was form by a National Instrument myDAQ device and a computer.
The computer generated the control signal based on the control schemes to be discussed
later, and the myDAQ transmitted the control signal from the computer to control
operation of the fan.
Figure 2-1 also shows a block diagram of the temperature control scheme used in
this work. The control scheme worked in three steps. First, based on the temperatures
measured by the thermocouples attached to the battery cells, the maximum temperature
of the cells was extracted. Second, the maximum temperature was compared with the
preset temperature Ts to define a tracking error. The tracking error e was defined as the
difference between Tmax and the preset temperature Ts (e=Tmax-Ts). Third, the controller
decided whether to activate or deactivate the fan by comparing e to the upper and lower
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limits preset in the hysteresis controller. If the e was higher than the upper limit, a signal
was sent from the controller to activate the fan to generate cooling air to cool the cells. In
the contrary, if the e was lower than the lower limit, a signal was sent from the controller
to deactivate the fan to stop the cooling air (thus reducing parasitic power consumption).
In summary, the goal of the controller based cooling scheme was to limit the temperature
rise in a proper range while minimizing the parasitic power consumption.

2.3 Development of CFD Model
This section describes the development and validation of the CFD model used in
this work. CFD models have been proven to be a powerful tool in fluid and heat transfer
problems, and have been widely applied in the thermal management of battery systems
[12]. In this work, a two dimensional model was developed using a commercial CFD
software (ANSYS FLUENT 15.0).
The model has been detailed in our previous work [14, 15]. Therefore this section
only provides a brief description of the model and primarily focuses on the comparison of
the model results against experiments under dynamics loads. The CFD model used in this
work is a 2D transient model, which has been demonstrated and validated in our previous
work using both a large open jet and a small benchtop wind tunnel. The measurements
were performed under various currents, flow velocities and module configurations. And
the CFD results agreed reasonably well with the experimental data. The reason for this
CFD model’s applicability in this work was mainly due to the fact that the thermal
conductivity in the cell’s axial direction was much larger than its radial direction [16], so
that the temperature non-uniformity was negligible along the axial direction compared to
those in the other directions. Also, considering the long simulation time (more than 3500
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s), the computational cost would be prohibitive for 3D models. The model treated the
thermal management problems as a conjugate heat transfer problem by dividing the
computational domain into a fluid zone (i.e., cooling air) and a solid zone (i.e., the battery
cells and their enclosure). The boundary conditions used in this model were velocity
inlet, pressure outlet, and nonslip walls at the battery and enclosure surface. The inlet
velocity was 1.38 m/s, which was measured using hotwire anemometer in the experiment.
The total length of the computational domain was 729.6 mm (the computation domain
was longer than the experimental test section to prevent recirculation at the outlet and
obtain a stable flow condition). The batteries were modeled to be an isotropic heat
generation source and the heat generation rate was estimated from the experimental data.
The details of the structures inside the battery were not included in current model. The
enclosure wall was considered to be adiabatic. Triangular mesh was applied for the whole
computational domain. For all the wall surfaces, additional five layers of rectangular
meshes were applied to resolve the boundary layer near walls. The height of the first
layer was determined to be 0.2 mm so that the y+ value was near 1, and y+ was defined
as:

y

y Ww

Q

Uf

(1)

where y is the distance between the first grid and the wall, Q is the local kinematic
viscosity, W w is the wall shear stress and U f is the air density. The total mesh number
was 353,164. The Re-Normalization Group (RNG) k-epsilon model [17, 18] was used as
the turbulence model with enhanced wall treatment in this study. And the Semi-Implicit
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Method for Pressure Linked Equations (SIMPLE) algorithm [19] was applied to solve the
unsteady Reynolds Averaged Navier Stokes equations (RANS).
Experiments with various dynamics loads were performed using the experimental
setup described in Section 2.2, and corresponding simulations performed using the CFD
model. An example of such load used is shown in Figure 2-2a. The load shown here was
designed to simulate a periodic charging and discharging of the battery cells. As shown in
Figure 2-2a, each period of the load consisted of charging phase with a duration of 240 s,
a discharging phase with a duration of 240 s, and an idle phase with a duration of 480 s.
The total duration of each period was therefore 960 s. The charging and discharging
currents were both 7.5 A (equivalent to a 3C rate). The load of all four cells was the same
in the test. During the test, the SOC changed between 70% and 50%. The open circuit
voltage (OCV) of the cell vs. SOC at 20 oC was plotted in Figure 2-2b. The OCV was
measured using a linear interpolation method [20]. During the measurement, the cell was
charged and discharged at a low current of 0.05 C to reduce the effect of overpotential.
Note that this work uses positive current values to indicate charging and negative current
values to indicate discharging. Such a relatively simple load was admittedly not
representative of the practical operation of batteries. However, a relatively simply load
like the one shown in Figure 2-2a greatly facilitated the conduct of controlled
experiments and validation of models. Once the models were validated, they were applied
to study the operation of batteries under more complicated load profiles such as the UAC
profile.

18

Figure 2-2: An example dynamic load used for model development and OCV
measurement of the cell
The heat generation of the Li-ion batteries includes irreversible and reversible
heat generation. The irreversible heat generation is mainly caused by the Joule effect and
the reversible heat generation mainly caused by the entropy change during the
electrochemical reactions [21-23]. Considering both heat generation mechanisms, the
heat generation rate can be described by the following equation:
Q

I (U  Eoc )  IT

wEoc
wT

(2)

where Q is the heat generation rate (W), I is the current (A) flowing through the cell, T
is the temperature (K), U is the cell voltage during test (V) and Eoc is the open circuit cell
voltage (V). In Eq.(2), the first and second term on the right hand side represent the
irreversible and reversible heat generation, respectively. The open circuit cell voltage
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data for the A123 26650 cell used in this study was experimentally measured following
the procedure detailed in [20, 22].
Based on the experimental setup and the CFD models described above, the next a
few paragraphs compare experimental and CFD results under various operation
conditions, with the results shown in Figure 2-3, Figure 2-4, and Figure 2-5. As discussed
earlier, there are three general categories of control schemes (passive thermal, active
thermal, and controller-based thermal management systems). To facilitate the discussion,
these categories are code named for the rest of the discussion. The first category was code
named “NF”, in which no cooling flow was applied (i.e., the cells were cooled only by
natural convection). The second category was code named “NC”, in which a cooling air
flow was applied but without active control. The third category was code named “HYS”,
in which an air cooling flow was applied and the flow was actively controlled via the
hysteresis controller. In all the experiments, the initial temperature of the cells was
nominally 20.0 oC, with a fluctuation within ±0.5 oC among different experiments. The
same initial temperatures were used in the CFD and ROM models for the corresponding
experiment.
Figure 2-3 shows the comparison between the experimental results and the CFD
models under the NF condition. Note that this work uses temperature rise of the cells
(defined as the temperature of the cells with the ambient temperature subtracted), instead
of the cell temperature itself, to characterize the heating of the battery cells. The dynamic
load shown in Figure 2-2a was applied to the cells in these experiments and simulations.
The temperature rise of four cells were plotted here. As can be seen, during each period
of the operation, the temperature first rose at a certain rate during the charging phase,
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then at a different rate during the discharging phase (because the reversible heat part was
exothermic during charging and endothermic during discharging [24]), and then followed
by a decreasing during the idle phase. The maximum temperature rise in the module was
about 10 oC after three cycles of such repetitive charging, discharging, and idle phases.
As shown, good agreements were observed between the experimental and CFD results
under the NF condition.

Figure 2-3: Comparison between experimental (EXP) results and CFD results under
passive cooling condition
After validation under the NF condition, Figure 2-4 shows the comparison
between the experimental results and the CFD model under the NC condition. As can be
seen, these results show very similar trend as those seen under the NF condition. During
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each period of the operation, the temperature first rose at a certain rate during the
charging phase, then at a different rate during the discharging phase, and then followed
by a decrease during the idle phase. However, the maximum temperature rise under the
NC condition was about 3.2 oC, significantly smaller than that under the NF condition
due to the force convection induced by the cooling air. Again, good agreements were
observed between the experimental and CFD results under the NC condition. A closer
comparison between the results shown in Figure 2-3 and Figure 2-4 suggests that the
agreement was better under the NC than the NF condition, because nature convection was
difficult to be accurately modeled than forced convection in two dimension.

Figure 2-4: Comparison between experimental (EXP) results and CFD results under
active cooling condition
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After the validation under the NF and NC conditions, Figure 2-5 shows the
comparison between the experimental results and the CFD model under the HYS
condition. Both the experiments and the simulations were conducted following the
control scheme discussed in Figure 1 with the following control parameters: Ts was set to
3.2 oC, the upper limit in the hysteresis controller to 0.7 oC, and the lower limit to -0.8 oC.
As can be seen, these results show very different trend compared to those seen under the
NF and NC conditions, because the cooling air was actively turned on and off based on
the control algorithm. As a result, the temperature rise of the cells shows the irregular
pattern seen in Figure 2-5. The maximum temperature rise under the HYS condition was
about 3.9 oC, which was slightly higher than the temperature rise of 3.2 oC under the NC
condition, but still significantly lower than 10.0 oC rise under the NF condition. However,
because the fan was actively turned on and off during the operation of the batteries, the
HYS case resulted in a significant reduction in the use of the cooling flow (which was
directly proportional to the parasitic power consumption) compared to the NC case, as to
be quantified and discussed in more details later. Good agreements were again observed
between the experiments and the CFD model under the HYS condition. The agreement
observed here under the HYS conditions was worse than that observed under the NC
condition, primarily due to the non-ideal features caused by the transiency of the cooling
flow. The fan took a finite amount of time to be turned on and off, resulting in non-ideal
flow patterns that were difficult to quantify in the CFD model. Quantification of such
transiency effects would require in situ flow measurements either with miniaturized
probes or nonintrusive optical sensors [25, 26], and is being considered in our future
work.
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Figure 2-5: Comparison between experimental (EXP) results and CFD results under
controller-based cooling

2.4 Development of ROM
The above CFD model provided high fidelity simulation of the operation of the
batteries, and can yield information about many aspects beyond temperature rise. For
example, the CFD model can also provide detailed pressure, velocity, and temperature
distributions in the battery module, which are all valuable for model comparison and for
the design of battery modules. However, high fidelity CFD models are computationally
costly and not suitable for in situ monitoring and control purposes. Therefore, this section
describes the development and validation of a ROM. The ROM was developed and run in
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MATLAB Simulink. The ROM method is faster (the ROM developed in this work was
approximately 300× faster than the CFD model) and therefore more useful for real time
monitoring and control [27]. The ROM typically can only simulate one aspect of the
problem (temperature rise in this work), and needs to be calibrated before use. Therefore,
the strategy used in this work was to develop and validate a CFD model first (as
described in Section 3), and then use the validated CFD model to validate and calibrate
the ROM model.
The ROM developed in this work characterized the dynamic behavior of the
battery system with a set of simultaneous ordinary differential equations (ODEs) and
reduced the orders of the system to a finite number of states. For one cylindrical cell, both
one-state and two-state ROMs have been developed to study the thermal behavior of the
cells. According to experimental studies, the core temperature of a cylindrical cell can be
significantly different from the surface temperature under many practical conditions [28,
29]. Therefore, two-state ROMs were more accurate than one-state models because in
two-state ROMs, the core and surface temperature of the cell were treated as independent
parameters. Based on such past work, this work developed a two-state ROM for a battery
module consisting of four cells. The schematic of the ROM is shown in Figure 2-6. The
thermal behavior of each cell in the model was described by the following equations:

Cc Tc ,i

I 2 R in  IT

Cs Ts ,i

wEoc Tc,i  Ts,i

wT
Rc

Tc ,i  Ts ,i
Rc
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(3)

(4)

Q f ,i

Ts,i  T f ,i 1
Ru

(5)

where i is index of the cells, Cc the cell core lumped heat capacity, Tc ,i the cell core
temperature, I the current applied to the cell, R in the internal electric resistance of the
cell, Ts ,i the cell surface temperature, Rc the thermal conduction resistance between the
core and the surface in the cell, Cs the cell surface lumped heat capacity, Q f ,i the rate of
heat removal by the cooling air flow, T f ,i 1 the temperature of the incoming airflow to
cell i, and Ru the thermal convection resistance between the cell surface and the cooling
flow. The thermal resistances were identified using an online parametrization method as
detailed in [28], and calibrated by the experimental results. This model is a 2-state model
with Tc ,i and Ts ,i being the two states. This ROM essentially simplified the temperature
distribution of the cells into two states, and the uncertainty caused by such simplification
depends on the specific operation conditions of the cells. Under the range of conditions
used in this work, such uncertain was on less than 0.7 oC (quantified as the difference
between the temperatures simulated by the ROM versus the maximum and minimum
temperatures of the distribution simulated by the CFD model).
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Figure 2-6: Schematic of the ROM model for a 1P4S module
The above ROM showed good agreement with both the experimental results and
the CFD model. Figure 2-7 and Figure 2-8 show two sets of comparisons between the
ROM, experiments, and CFD under the NC and HYS conditions, respectively. The load
profile used here was the same one as that shown in Figure 2-2a. As can be seen from
these figures, the ROM results showed satisfactory agreement with the experimental
results and the CFD model. Figure 2-8 clearly displays that under controller-based
cooling, the temperature rising was affected both by the loading profile and the cooling
flow, and Figure 2-8e shows the fan signal generated by the control algorithm. As
mentioned before, the fan was only turned on for a fraction of the time as determined by
the control algorithm, leading to a significant reduction in parasitic power consumption
compared to the NC condition.
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Figure 2-7: Comparison of temperature rise obtained by the ROM, CFD, and experiments
(EXP) under the active cooling condition
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Figure 2-8: Comparison of temperature rise obtained by the ROM, CFD, and experiments
(EXP) under the controller-based cooling condition

2.5 Cooling under practical load studied by ROM
With the ROM developed and validated as described in the previous section, it
can be applied to explore control algorithm under a wide range of operation conditions,
with dramatically improved efficiency than the CFD model. Here we report the results
obtained when the ROM was used to simulate the thermal behavior of a battery module
under the UAC profile, a representative practical driving profile. The results show that
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the controller-based cooling strategy described above was also effective under this
condition. The application of the models developed and validated to other driving cycles
is ongoing in our group.
Figure 2-9 shows the current loading of the UAC profile. The UAC profile was
originally designed as a velocity profile, and the current profile used here was derived
from the original velocity profile following the procedure described in [28, 30]. The total
duration simulated in this work was 5000 s. As can be seen from Figure 2-9, the UAC
profile represents a highly dynamic driving scenario that poses an intense and transient
load on the batteries. Such intense and dynamic load makes it a very interesting and
challenging condition to test control algorithms.

Figure 2-9: A rescaled UAC profile used in this work to simulate a practical current load
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Figure 2-10 shows the comparison of the temperature rise of different cells under
the UAC profile under the NF, NC, and HYS conditions in panel a, b, and c, respectively.
The simulation time was 5000 s and the ambient temperature was set to 20 oC. As can be
seen in Figure 2-10a, the temperature of the batteries rose steadily under the NF
condition, and reached approximately 80 oC at the end of the simulation duration,
elucidating that nature convection itself was not sufficient to remove the heat generated
under such intense and dynamic loads. Furthermore, Figure 2-10a also shows the nonuniformity effects in a battery module consisting of multiple cells. The temperature of C2
was consistently higher than that of C1, because C1 was on the end of the module while
C2 was in the middle of the module, resulting in more effective cooling due to natural
convection on C1 than C2. Figure 2-10b shows the temperature rise of the cells under the
NC condition, where a constant cooling flow was applied to remove the heat generated
from the cells. As seen, the cooling flow was able to greatly reduce the temperature rise
compared to the NF condition, and to maintain the temperature of the cells within about
11 oC. Here again we see the temperature non-uniformity effects again. This time, the
temperature of C4 was consistently higher that of C1 (and also the other cells, which was
not plotted for the sake of clarity) because C1 was the cell upstream and C4 was
downstream. Hence, the temperature of the cooling air was higher when it reached to C4
than to C1, resulting in more effective cooling of C1 than C4. Such temperature nonuniformity among cells can lead to hot spots and reduce the reliability and efficiency of
the cooling systems. Possible strategies to reduce such non-uniformity include a
combination of control algorithms and reciprocating flows [14, 31, 32]. The temperature
rise shows a highly dynamic pattern due to the dynamic behavior of the UAC profile.
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Figure 2-10c shows the temperature rise under the HYS condition. These results
were generated following the control scheme discussed in Figure 1 with the following
control parameters: Ts was set to 11 oC, the upper limit in the hysteresis controller to 0.5
o

C, and the lower limit to -1 oC. Several observations can be made from the results

shown in Figure 2-10c and from a comparison with the results shown in Figure 2-10b.
First, the results in Figure 2-10c show that the control algorithm was able to accomplish
the control goals, i.e., maintaining the temperatures of the cells within the preset limits.
Second, the temperature fluctuated more dynamically under the HYS condition than
under the NC condition, because the control algorithm actively adjusted the operation of
the fan and the temperature behavior under the HYS condition now reflected the
convoluted effects of the UAC dynamics and fan operation. Third, the temperature nonuniformity still existed (as illustrated by the fact that the temperature of C4 was still
consistently higher than that of C1). The control algorithm alone cannot resolve the issue
of temperature non-uniformity, and other cooling schemes such as reciprocating flows
should be investigated to address the non-uniformity issue. Lastly, the temperature rise
seen in Figure 2-10c under the HYS condition was only slightly higher than that in Figure
2-10b under the NC condition (11.7 0C versus 10.5 0C), while the parasitic power
consumption under the HYS condition was significantly lower due to the active
adjustment of the fan, as illustrated in more detail in Figure 2-11.
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Figure 2-10: Comparison of cell temperature rises under rescaled UAC profile using
ROM
Figure 2-11 compares the temperature rise and the cooling flow consumption
(which was directly proportional to the parasitic power consumption) to evaluate the
effectiveness of the controller-based cooling scheme. Figure 2-11a summarizes the
maximum temperature rise observed under each cooling method. As mentioned earlier,
the maximum temperature rise under the NF of passive cooling was ~80 oC. The NC
condition resulted in the lowest temperature rise of ~10.5 oC, and the HYS condition
resulted in a maximum temperature rise of ~11.7 oC. Figure 2-11b compares the
consumption of the cooling air. The NF condition required no cooling air consumption as
it relied on natural convection. However, the temperature rise under the NF condition
would not be acceptable in a real case because of the concerns of safety and efficiency.
The NC condition required a constant consumption of cooling air at a rate of 0.005 m 3/s,
resulting in a total consumption of 25 m3 of cooling air for the operation of the battery
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module in a 5000 s duration. In comparison, the HYS condition required a total of 18 m3
of cooling air for an operation during a 5000 s duration (equivalent to an average flow
rate of 0.0036 m3/s, about 30% lower than the flow rate required under the NC
condition). Hence, the HYS condition was able to control the temperature rise almost as
effectively as the NC condition, while reducing the parasitic power consumption by about
30% compared to the NC condition.

Figure 2-11: Summary of maximum temperature and cooling flow consumption under the
UAC profile

2.6 Summary
To summarize, this work investigated controller-based thermal management of
Li-ion battery module consisting of multiple cylindrical cells, and several strategies were
investigated both experimentally and numerically. The major contribution from this work
is the design of a controller-based cooling scheme that can reduce the parasitic power
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consumption considerably while maintaining the temperature rise within optimal range
under various dynamic loading conditions (such as UAC profile). The design of the
cooling scheme was accomplished in three steps. First, an experimental platform was
constructed and outfitted with a suite of diagnostics. Experimental results under various
cooling configurations and operation conditions were obtained for model development
and validation. Second, based on the experimental data obtained from the first step, both
CFD and ROM models were developed and validated. A CFD model was first developed
and validated, because the CFD model can simulate detailed dynamics of various aspects
of the battery module besides temperature, such as pressure distribution and velocity.
Such aspects can be directly compared against the experimental measurements, greatly
facilitating model comparison and validation. After the CFD model was developed and
validated, it was used to aid the development and calibration of the ROM, which can
dramatically improve the computational efficiency. And third, the validated ROM was
then used to simulate and design controller-based cooling strategies for battery modules
under practical dynamic load profiles such as the UAC profile. A number of different
cooling schemes were investigated using the ROM, and the results show that a simple
control algorithm that actively adjusted the operation of the fan can lead to significant
reduction in parasitic power consumption while maintaining satisfactory temperature rise.
As an example, results obtained under the UAC profile shows that the controller-based
scheme, when compared to uncontrolled constant cooling, can reduce parasitic power
consumption by ~30% while maintaining almost identical temperature rise.
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Chapter 3 Actively controlled thermal management of prismatic Li-ion
cells under elevated temperatures
(Published on International Journal of Heat and Mass Transfer, 102 (2016) 315-322)
Haoting Wang, Wenjiang Xu, Lin Ma

Abstract
This paper reports the experimental study of the active control of the thermal
management for prismatic Lithium ion (Li-ion) batteries under an elevated thermal
environment with temperature above 40

0

C. To defray the cost of performing

experimental study under such conditions while obtaining meaningful data for a multicell battery pack with practical relevance, this study developed an experimental setup
using a combination of four real Li-ion cells and 12 dummy cells. The dummy cells were
fabricated to have the same geometry as the real cells and embedded with controllable
heating elements to simulate, respectively, the aerodynamic and thermal behavior of a
multi-cell pack. This experimental setup was then placed inside a wind tunnel so actively
controlled cooling tests can be performed under well-controlled flow conditions. During
the tests, heating power up to 6x104 W/m3 was generated by the dummy cells, creating
and the maximum environment temperature above 40 0C. The major observations
obtained from these experiments were twofold. First, besides reducing the experimental
cost, the combination of real and dummy cells also offers flexibility to obtain
experimental data of a large pack under a variety of conditions for model comparison.
Second, a simple on-and-off control strategy was demonstrated to effectively reduce the
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parasitic power consumption of the cooling systems under the evaluated environmental
temperature, even when the Li-ion cells were under dynamic load.

3.1 Introduction
Due to their superior properties, lithium ion (Li-ion) batteries represent an
important alternative energy source in many areas. Compared to other types of batteries
like lead acid and NiMH, the salient features of Li-ion batteries include high power
density, high efficiency, and low discharge rate, which are all attractive characteristics for
the energy storage needs for both mobile and immobile devices [1, 2], such as electric
vehicles (EV), hybrid electric vehicles (HEV) [3, 4], and the grid [5, 6]. When deployed
as auxiliary or alternative power system in EVs and HEVs, Li-ion batteries have been
shown to improve the fuel efficiency and thusly reduce fossil fuel energy consumption
and greenhouse gas emission [7]. However, with the increasing applications and demands
of Li-ion batteries, it is also important to recognize the limitations they are currently
facing [8]. The chemical, thermal, and electrical behaviors of Li-ion batteries need to be
better understood, so that they can be applied safely and efficiently under different
operation conditions and environments.
Thermal management represents an important issue with both fundamental and
practical significance for the applications of Li-ion batteries, especially in EVs and
HEVs. The application in EVs and HEVs poses several challenges to the thermal
management issue. The heat generation, and consequently thermal management load, is
highly dynamic due to the transient vehicle operation, and the environmental temperature
under which the vehicles are operated far exceeds the optimum working temperature
range of Li-ion batteries. For example, the acceptable temperature range for Li-ion
40

battery operation has been reported to be between -10 0C to +50 0C [9, 10], and a narrow
range of +20 0C to +40 0C has been reported [11, 12] to for performance and lifetime
considerations. However, the environmental temperature under with EVs or HEVs are
operated can fall significant outside of these ranges, and can cause safety and
performance issues to the batteries. Low temperature reduces both the battery capacity
and power dramatically [13], while high temperature causes degradation and shortens
battery lifetime [14] or even thermal runaway and fire hazards [15].
A variety of thermal management systems have been proposed and developed for
battery packs. Both passive and active thermal management systems have been tested,
based upon a variety of coolants, ranging from air, liquid, and phase change materials [9,
16-18]. However, the thermal management system itself consumes power, and such
parasitic power can represent a significant portion of the overall vehicular power
portfolio. Different control strategies have been developed and demonstrated to minimize
the parasitic power consumption while maximizing the cooling effectiveness. Possible
strategies included the control of the cooling flow’s direction and pattern [19-21], and the
control of the flow rate and direction [22-24]. The ambient temperature has a significant
impact on the parasitic power consumption and the difficulty of controlling the battery
temperature within the optimal range. It is of particular interest to understand the thermal
management systems under extreme ambient temperatures (either extremely cold or hot
ambient temperature) because under extreme conditions both the efficiency and also the
functionality of the battery pack depend critically on the thermal management systems.
For example, past research has reported the capacity fade of Li-ion battery under high
ambient temperatures [25] and the warm up issues of Li-ion batteries under sub-zero
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temperatures [26]. This work focuses on the cooling of batteries under high ambient
temperature, even though some of the discussions can be extended to warming up of
batteries under extreme low temperatures.
Past

studies

(especially

experimental

studies)

mentioned

above

have

predominately relied on a single cell and in temperature ranges near room temperature,
typically in a range between ~20 to ~30 0C. Based on the fundamental understanding of
single-cell behavior, this work aims at investigating the behavior of multiple cells under
environmental temperature above 40

0

C. This study was motivated by several

considerations. First and foremost, the cell-to-cell interactions cannot be easily modeled
or extrapolated from results obtained on a single cell. Therefore, it is desirable to have
experimental data obtained under controlled-conditions for the development and
validation of models for multi-cell battery packs. Second, it is also valuable to examine
the performance and reliability of control strategies developed in the past on battery
packs consisting of a large number of cells and under elevated temperatures. However,
conducting experimental work on a large pack under elevated temperatures is costly. To
circumvent the high cost, this work developed a battery pack using a combination of 4
real prismatic cells and 12 dummy cells, resulting in a battery pack consisting of 16 cells.
The dummy cells were fabricated to have the same geometry as the real cells to simulate
the aerodynamic behavior of a multi-cell pack, and they are embedded with controllable
heating elements to mimic the thermal behavior of a multi-cell pack. This customized
battery pack was then placed in a wind tunnel. The heating elements heated the dummy
cells, which subsequently raised the temperature of the air surrounding the real cells.
Thus, by creating a local high temperature region surrounding the real cells, the need to
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heat up the wind tunnel was avoided, resulted in a significant reduction in the cost. On
the other hand, the wind tunnel generated well-conditioned cooling flows and the dummy
cells generated the heat in a controllable way (both in terms of the amount and the
temporal pattern, resulting in experimental testing under well-controlled and documented
conditions. In summary, the dummy cells enabled the experimental study of a large
battery pack under elevated temperatures with significantly reduced cost and yet under
well controlled conditions.
In the rest of this paper, Section 2 immediately below will describe the
experimental setup in detail, including the wind tunnel, followed by the results in Section
3.

3.2 Experimental setup
Figure 3-1 shows the overall experiment platform used in this work. The
experimental platform consists of major three components: a wind tunnel, the battery
pack, and the data acquisition and control system.
The wind tunnel used in this experiment is a subsonic open jet wind tunnel as
shown in Figure 3-1. The wind tunnel provided the cooling air flow at well controlled
velocities up to 30 m/s across a test section of 0.7 × 0.7 m. The cooling flow was
generated by a centrifugal fan and was conditioned by a diffuser, settling chamber,
turbulence reduction screens before entering the test section to ensure its low turbulence
and uniformity. The turbulence intensity of the cooling flow was known to have a
significant effect on heat transfer rate. The heat transfer increases with the freestream
turbulence level [27]. Thus it is important to know the turbulence intensity of the
incoming flow. In this test, the turbulence intensity of the incoming flow was calculated
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from the standard deviation of the velocity divided by the mean velocity. The velocities
of the incoming flow were measured by a hot-wire anemometer, and the result shows that
the average turbulence intensity of the incoming flow was less than 1%. The battery pack,
consisting of 4 real prismatic and 12 dummy cells, was housed in a customized enclosure
as shown in Figure 3-1 (and the design of the enclosure was detailed in Fig. 2). The target
battery pack was instrumented with a pressure tube and multiple thermocouples (as
detailed in Figure 3-2) to obtain aerodynamic and thermal measurements. A shutter was
installed at the entrance of the enclosure (to turn on and off the cooling flow) when tests
involving active control were conducted. Two DAQ cards (National Instruments) were
used in the experiment, one to collect the temperature data from the thermocouples and
the other to control the heating power inside dummy cell (and the operation of the shutter
during actively controlled experiments). The heating power of the dummy cell was
regulated by a solid state relay (SSR). The loads on the prismatic cells were controlled by
a battery tester (Cadex C8000). A computer was used to centralize all the data acquisition
and control signals.
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Figure 3-1: Schematic of experimental setup
Figure 3-2 shows a more detailed view (from the top view) of the battery pack
and the associate control system. As mentioned above, the battery pack included a total of
16 cells: 4 prismatic Li-ion batteries (3.2 V LiFePO4 from Bioenno Power) and a total of
12 dummy cells with embedded controllable heating elements inside. In the experiments
performed in this work, the real cells (labeled C1 to C4 as shown in Figure 3-2) were
placed in the middle of pack and surrounded by the dummy cells. The nominal voltage of
the prismatic cell was 3.2 V and the nominal capacity was 20 Ah. The prismatic cells had
the length of 70 mm, width of 27 mm and height of 167 mm without considering the
length of terminals. The dummy cells had the same dimension with the prismatic cells.
The battery pack was placed in a customized enclosure. The enclosure was designed to
allow adjustable cell layout, cell-to-cell distances, and cell-to-wall distances. In this
work, the cell-to-cell and cell-to-wall distances were both adjusted to be 3 mm as shown.
The distance from the inlet of the enclosure to the first row of cells was 138 mm, and the
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distance from the last row of cells to the outlet was 233 mm. The inside width of the
enclosure was 123 mm and the inside height was the same as the cells. The dummy cells
were embedded with heating elements, whose heating power was controlled by the SSR.
In the active controlled test, a shutter was installed in the inlet of the enclosure as shown
in Fig. 2. The shutter was used to control the cooling flow passing through the battery
pack inside the enclosure. When it was fully opened, the cooling flow was maximized.
When it was fully closed, the cooling flow was negligible.
Figure 3-2 also elaborates on the DAQ and control system. As shown, a total of
13 thermocouples (K-type) were used to monitor the temperature at various locations in
the pack and of the incoming flow. The locations of the thermocouples are labeled as T0
to T12 and their locations indicated with a star symbol in Figure 2. The measurements
provided by all thermocouples were recorded by a National Instrument 9213 data logger.
T0 was placed upstream of shutter to monitor the temperature of the incoming cooling
flow. T1 to T7 were used to measure the temperature of the four real prismatic cells. T8
to T11 were placed in the gap between the prismatic cells and dummy cells to monitor the
temperature of the air temperature surrounding the prismatic cells. T12 was placed inside
a dummy cell to monitor its core temperature for safety purpose. The diameter of the
thermocouples was 0.25 mm so that the interference to the flow field can be minimized.
The thermocouples were calibrated before use and their accuracy was determined to be
±0.3 0C. When active control experiments were performed, the thermocouple provided
the control signal in the following manner. First, a reference temperature Tref was
measured from a selected thermocouple. Then the reference temperature was compared
with the preset temperature Ts. The difference between Tref and Ts was defined as the
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tracking error e, i.e., e= Tref-Ts. Then the value of e was sent to a hysteresis controller as
shown and compared to the preset upper and lower limits. The upper limit was a preset
temperature value higher than Ts and the lower limit was a preset temperature lower than
Ts. Different values of the upper and lower limit were used to achieve the control goals
under conditions. If e was higher than the preset upper limit, the controller sent a signal to
the actuator to open the shutter to start the cooling flow. If e was lower than the preset
lower limit. The controller sent a signal to close the shutter to stop the cooling flow.

Figure 3-2: A block diagram of the control scheme and top view of battery module
configuration

3.3 Results and discussion
Using the experimental setup described above, two sets of experiments were
performed with the primary goals of providing data for model development and
validation, and also for testing active control strategies for a large battery pack under an
elevated temperature environment. The maximum environmental temperature tested in
these experiments was above 45 0C, and both stable and dynamic current loads were
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applied to the prismatic cells. The experimental procedures started with a characterization
of the prismatic cells used.

3.3.1 Cell and pack characterization
In order to calculate the heat generation rate of the Li-ion batteries used, the
current and voltage characteristics of the battery cells need to be measured. Different heat
generation models were proposed by many researchers considering the effects of
electrochemical reaction, phase change, mixing, and joule heating [28]. This work
applied a widely used model, which takes into consideration the irreversible heat
generation from joule heating and reversible heat generation from the entropy change as
described in the following equation [22, 29, 30]:
Q

I (U  Eoc )  IT

wEoc
wT

where Q represents the heat generation rate (W), I the current (A) (and positive I
indicates charging in this paper and negative I discharging), T the temperature (K), U the
cell voltage (V), and Eoc the open circuit cell voltage (V). The first term in the RHS of
this equation represent the irreversible heat term and the second term is the reversible
heat term.
In this model, the open circuit voltage (OCV) is essential for estimating the heat
generation rate. Therefore, experiments were first performed to measure the OCV of the
prismatic cells. The OCV of the prismatic cells were measured at different state of charge
(SOC), and the results obtained one of the cells are shown in Figure 3-3. These
measurements were performed at a temperature of 20 0C and OCV was obtained using
the linear interpolation method [29, 31]. The cells were first charged to a voltage of 3.65
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V using a constant-current and -voltage (CCCV) charging method [32], and then rested
for 24 h for them to return to an equilibrium voltage. Then the cells were discharged to its
cut-off voltage of 2 V. To minimize the effect of over-potential, the charging and
discharging current was set to 0.025 C. The charging and discharging process each took
about 42 h to complete for each of the cells tested. The tests were repeated on all the
prismatic cells used in this work and the measurement showed good repeatability, with a
voltage difference smaller than 0.005 V. The OCV plotted in Figure 3-3 shows a typical
pattern expected of Li-ion cells. The OCV falls sharply near 100% SOC, reaches a
plateau area over a wide range of SOC (approximately 95% to 10%), and then finally
falls sharply again to the cut-off voltage of 2 V. During the tests, the batteries were
cycled in the plateau area in order to obtain stable heat generation rates.

Figure 3-3: Measurements of open circuit voltage of prismatic cell
Experiments were performed under two different current loads, as shown in
Figure 3-4a and Figure 3-5a, to study the thermal behavior and control strategy under
regular load and dynamic loads. For the regular load shown in Figure 3-4a, the load
consisted of an alternating charging and discharging pattern, each lasting for 4 minutes,
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and both the charging and discharging current was at 0.5 C (10 A). The SOC at the
starting point of the cycle was 70%. For the dynamic load shown in Figure 3-5a, the load
featured an irregular pattern. The prismatic cells were charged and discharged
continuously and dynamically. Similarly to the regular load, the SOC was also 70% at the
starting point of cycling for the experiments under the dynamic load. As discussed
above, such current and the corresponding voltage current data are needed for estimating
the heat generation rate of the prismatic cells during the experiments. Therefore, these
data were recorded during the experimental test and are shown in the rest of panels in
Figure 3-4 and Figure 3-5. The voltages were lower than OCV while discharging and
higher than OCV while charging due to the internal resistance.
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Figure 3-4: The regular current profile used and the corresponding voltage measurements
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Figure 3-5: The dynamic current load used and the corresponding voltage measurements
After characterizing the electric properties of the cells, the thermal behavior or the
pack was then characterized. As mentioned earlier, one of the goals of using the dummy
cells was to simulate an elevated temperature environment. Figure 3-6 shows the
temperature of the air surrounding the prismatic cells (taken as the averaged value from
the four thermocouples placed in the gap between prismatic and dummy cells). This
measurement was obtained when the dummy cells were heated at 18.9 W, the real cells
were charged and discharged with the regular current loads shown in Figure 3-4a, and no
active cooling was applied on the pack. At the beginning of the experiments (i.e., time
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zero), all the dummy and real cells were at the room temperature of 22 0C, and the
experiment lasted for 1440 s, after which the heating of the dummy cells and the
charging/discharging of the real cells were stopped. As can be seen from Figure 3-6, the
temperature rose between time zero and 1440 s from 22 0C to 46 0C, and then started to
decreased afterwards. The 18.9 W of heating power in the dummy cell was chosen to
raise the air temperature surrounding the real cells to be ~42 0C, a temperature that is well
above the optimal operation condition of the prismatic cells but not too high to cause
damages for safety concerns. Work is underway to enhance the safety features of the
pack so tests can be performed at even higher temperatures. These results show that the
use of dummy cells was able to raise the temperature of the air surrounding the real cells,
thusly creating a local high temperature region surrounding the real cells to study their
behavior under elevated environmental temperatures.

Figure 3-6: Temperature of the air surrounding the prismatic cells
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To further characterize the thermal characteristics of the pack and the usefulness
of the dummy cells, Figure 3-7 compares the measurement of the temperature rise of the
prismatic cells without and with the heating of the dummy cells. Similar to the results
shown in Figure 6, these measurements were performed when the prismatic cells were
charged and discharged using the same regular current load during t=0 to 1440 s and
without any active cooling applied. Figure 3-7a shows the temperature rise of the
prismatic cells when the heating elements in the dummy cells were turned off. Since the
temperature rise data are very similar in the same row, only the data from T1 to T4 are
plotted here for the sake of clarity. The maximum temperature difference between
measurements at symmetric locations (e.g., T1 and T6) was less than 1 0C for all the test
cases. As seen from Figure 3-7a, the maximum temperature rise was 26.1 0C. In contrast,
Figure 3-7b shows the temperature rise when the heating elements were turned on at t=0 s
and operated at a heating power of 18.9 W. The temperature rise was ~37.5 0C at t=1440
s, when the charging/discharging of the prismatic cells and the heating elements were
both turned off. Such temperature rise was significantly higher than that seen in Figure
7a, illustrating the usefulness of the dummy cells to create an elevated temperature
environment. Also, note that Figure 7a shows that the temperature of the prismatic cells
continued to rise after t=1440 s to about 40 0C even after the charging/discharging and
the dummy cells were turned off. The reason was because, at t=1440 s, the dummy cells
and the air surrounding the prismatic cells were still at a higher temperature than the
prismatic cells (as can be seen from Figure 6), a behavior of practical interest when
battery systems are operated under elevated temperatures.

54

Figure 3-7: Temperature of prismatic cell without and with heating from the dummy cells

3.3.2 Active control under regular current load
After the above characterization of the cells and the pack, the thermal
management of the pack with active control was studied under both the regular and
dynamic current loads. This section describes the results obtained under the regular
current load, and Section 3.3 describes the results obtained under the dynamic load.
First, to provide a benchmark result, cooling experiments were performed without
any active control and the results are shown in Figure 3-8. The goal of these experiments
was to maintain the temperature of the prismatic cells to be below 31 0C, a temperature
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that is both safe and efficient for their operations. In these experiments, the battery pack
was placed in the test section of the wind tunnel as shown in Figure 2. The prismatic cells
were cycled under the regular current load shown in Figure 3-4a, and the dummy cells
were heated at a constant power of 18.9 W during the experiments to create a locally hot
environments for the prismatic cells as discussed above. In these experiments, the shutter
in front of the battery pack remained fully opened without any active control. When the
wind tunnel generated a cooling flow with an incoming speed of 8.0 m/s and temperature
of 21.1 0C as shown in Figure 3-8, the maximum temperature rise on the prismatic cells
was measured to be 30.6 0C, close to the desired target. As can be seen by comparing the
results shown in Figure 7b and Figure 3-8, the cooling flow generated by the wind tunnel
suppressed the maximum temperature rise of the prismatic cells from more than 40 0C to
30.6 0C. In summary, these experiments simulated the thermal management of a battery
pack operating under an maximum environment temperature of 46 0C, and the results
show that a cooling flow at a rate of 8.0 m/s and a temperature of 21 0C was be sufficient
to maintain the prismatic cells under the desired target of 31 0C. However, such cooling
scheme required significant parasitic energy consumption to make the cooling air
(presumably from ambient air under a temperature above 40 0C) and circulating the air
through the cells.
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Figure 3-8: Prismatic cell temperature under regular current load at constant cooling
condition and elevated temperature environment
To minimize the parasitic energy consumed by the cooling system, another set of
experiments were conducted to investigate the feasibility of actively controlling the
cooling flow while still effectively suppressing the temperature rise. In these active
control experiments, the current load applied on the real cells, heating power generated
by the dummy cells, and the wind tunnel operation were all the same as in the constant
cooling experiments described above, and the only difference was that the shutter’s
operation was actively adjusted instead of remaining open all the time. The shutter was
controlled following the scheme described in Figure 3-2. More specifically, T1 was
selected as the thermocouple to measure the reference temperature Tref. The control
temperature Ts was preset to be 30.9 0C, and the upper and lower limit was set to be ±0.6
0

C. This means that when the temperature measured by T1 exceeded 31.5 0C, the shutter
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was opened to let the cooling air flow passing through the battery pack, and when the
temperature measured by T1 fell below 30.3 0C, the shutter was closed to stop the cooling
air flow and save the parasitic energy consumption. Such control strategy is better
illustrated by Figure 9. An example temperature profiled measured by T1 in an active
control experiment is shown in Figure 3-9a, together with the temperatures measured at a
few other locations. Figure 3-9b shows the corresponding control signal that adjusted the
operation of the shutter. The temperature of the prismatic cells were apparently affected
by the cooling flow passing through the battery packs and showed a more fluctuating
pattern.

As seen, under this control scheme, the shutter remained closed until the

temperature measured by T1 reached the upper limit of 31.5 0C at t~1440s. Then the
temperature decreased once the shutter was opened to allow the cooling flow into the
battery pack. Then the shutter was closed again until the temperature fell to the lower
limit of 30.3 0C. This process repeated several times during the test duration and the
temperature was effectively controlled within the preset range. The test was considered to
end at t=2200s, where the temperature was not rising again when the shutter was closed.
The maximum temperature recorded during this test was 31.7 0C, and the maximum
temperature rise was 10.2 0C. From Figure 9b, it can be seen that during this experiment,
the shutter was opened for a small fraction of the time, resulting in a significant reduction
in the cooling flow and parasitic energy consumption, as elaborated in Figure 3-10.
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Figure 3-9: Prismatic cell temperature and shutter signal using active controlled cooling
at elevated temperature environment with regular current load
Figure 3-10 evaluates the effectiveness of the actively controlled cooling scheme
in terms of the maximum temperature rise and cooling flow consumption. Figure 3-10a
compares the maximum temperature rise occurred during the constant cooling
experiments (i.e., without active control) and the actively controlled experiments, and
Figure 3-10b compares the total time that the shutter was opened during the these two
sets of experiments. Figure 3-10a shows that the maximum temperature rise occurred
during the constant cooling experiments was 9.1 0C, and that occurred during the actively
controlled experiments was 10.2 0C. Therefore, the maximum temperature rise with
active control was 1.1 0C higher than that without active control. Figure 3-10b shows that
the shutter open time with active control was 160 s, in contrast to the 2200 s with
constant cooling (i.e., with no control). The consumption of cooling flow, and
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subsequently the parasitic power consumption, is proportional to the shutter open time.
Therefore, the active control scheme reduced more than 92% of the parasitic energy
consumption, at the cost of a 1.1 0C of maximum temperature rise.

Figure 3-10: Comparison of maximum temperature rise and shutter open time without
and with active controlled cooling under regular current load

3.3.3 Active control under dynamic load
The above study was conducted with a regular load profile. To study the
effectiveness of the active control thermal management under a more dynamic and
realistic current load, another set of experiments were performed with the prismatic cells
cycled under the current load shown in Figure 3-5a.
Similar to the study under a regular load, experiments were first performed at a
constant cooling condition without active control to provide a benchmark against which
the performance of the active control scheme can be compared. Figure 3-11 shows the
temperature profiles at several locations measured in these benchmark experiments.
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Again, the shutter remained open during these experiments so that a cooling flow was
applied to the battery pack all the time. The cooling flow generated by the wind tunnel
was at a speed of 8 m/s and a temperature of 21.7 0C. As seen, the maximum temperature
reached 30.8 0C at the end of cycling (near 1440 s), resulting in a maximum temperature
rise of 9.1 0C. The temperature then started to decrease because the prismatic cells
stopped charging/discharging.

Figure 3-11: Prismatic cell temperature under dynamic current load with constant cooling
and elevated temperature environment
The actively controlled experiments were performed similar to those described in
Section 3.2 in terms of the heating power generated by the dummy cells and the wind
tunnel operation conditions. The temperature measured by T1 was again set as the
reference temperature Tref. The differences were twofold: 1) the dynamic current load
shown in Figure 5a was applied, and 2) the control parameters were adjusted. More
specifically, in these measurements, the control temperature Ts was set to be 31.6 0C and
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the upper and lower limit was set to be ±0.4 0C. So the shutter was opened when the
temperature measured by T1 reached 32 0C, and the shutter was closed when the
temperature measured by T1 fell below 31.2 0C. Figure 3-12a shows the temperature
profile measured by T1 and by a few other thermocouples during an experiment, and
Figure 12b shows the corresponding shuttle signal. As can been seen, the control scheme
effectively confined the temperature of the battery cells in the desired range. The
maximum temperature rise was 32.1 0C and the maximum temperature rise was 10.4 0C.
Again, the test was considered to end at t=2200 s, where the temperature did not rise
again when the shutter was closed. The temperature profiles seen here fluctuated more
than those seen in Figure 9a, because the increased transiency of the temperature changes
caused by the dynamics current load. Figure 3-12b shows that the shutter was opened for
only a small fraction of the time during the experiment (a total of 360 s), leading to
significant reduction in cooling flow and parasitic energy consumption.
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Figure 3-12: Prismatic cell temperature with active cooling at elevated temperature
environment with dynamic current load
Figure 3-13 again compares the maximum temperature rise and the cooling flow
consumption occurred in the experiments without and with active control. Figure 3-13a
shows that the maximum temperature rise occurred in the experiments without active
control was 9.1 0C, and that occurred in the actively controlled experiments was 10.4 0C.
Figure 3-13b shows that the shutter open time was 360 s with active control, in contrast
to 2200 s with no control. Therefore, in summary, under a dynamic current load, the
active control scheme was able to reduce the cooling flow consumption and consequently
the parasitic power consumption by 83% at the cost of a 1.3 0C increase in the maximum
temperature rise compared to the benchmark experiments. The reduction in energy
consumption was not as dramatic as that observed under a less dynamic current load due
to the increase control difficulty. However, an 83% reduction in the parasitic energy
consumption still represents a significant energy saving.
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Figure 3-13. Comparison of maximum temperature rise and shutter open time with
actively controlled cooling condition under dynamic current load

3.4 Summary
In summary, this paper investigated the thermal management of prismatic Li-ion
batteries at elevated temperature environment above 40 0C and in a 16-cell pack. To
defray the cost of performing experimental study under such conditions while obtaining
meaningful data for a multi-cell battery pack with practical relevance, an experimental
setup using a combination of four real Li-ion cells and 12 dummy cells was developed.
The pack was designed to both simulate the aerodynamic and thermal behavior of a
multi-cell pack so that the active control issues can be investigated in a large pack under
elevated temperatures. The battery pack was then placed in the test section of a wind
tunnel so both passively and actively controlled cooling tests were performed under wellcontrolled flow conditions. The major observations obtained from this study were
twofold. First, besides reducing the experimental cost, the combination of real and
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dummy cells also offers flexibility to obtain experimental data of a large pack under a
variety of conditions for model comparison. The battery pack was capable of creating a
controlled high temperature environment. An environmental temperature of up to 46 0C
was tested in this study, and even higher environmental temperatures can be simulated.
Second, a simple on-and-off control strategy was demonstrated to effectively reduce the
parasitic power consumption of the cooling systems under the evaluated environmental
temperature, even when the Li-ion cells were under dynamic load. Experiments were
performed to demonstrate that a simple on-and-off active controlled cooling scheme
effectively reduce the parasitic energy consumption by 83 to 92% at the cost of a
marginal increase of 1.1 to 1.3 0C in the maximum cell temperature rise.
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Chapter 4 Thermal management of a large prismatic battery pack
based on reciprocating flow and active control
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Haoting Wang, Lin Ma

Abstract
This paper reports the thermal management of a prismatic Li-ion battery pack
consisting of a total of 18 cells based on reciprocation flow and active control. Both
controlled experiments and accompanying analysis are reported to illustrate the
effectiveness of reciprocating cooling flow combined with active control for regulating
the cell temperature, reducing temperature non-uniformity, and minimizing parasitic
power consumption. Experimentally, a platform with a 3 by 6 prismatic battery module
was constructed to perform controlled tests on several competing cooling strategies,
including unidirectional cooling flow, reciprocating cooling flow with constant period,
and the actively controlled reciprocating cooling flow. The surface and core temperatures
of the cells were monitored by the thermocouples during the tests. The major
observations from these experiments were twofold. First, the reciprocating cooling flow
is effective in reducing the maximum temperature rise and the temperature nonuniformity in the battery pack of practical size. Second, the active control of the
reciprocating flow can further reduce both the temperature non-uniformity and the
cooling power consumption with a minimal increased maximum temperature rise. Thus
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through the active control of reciprocating cooling flow, the battery pack can reach a
more uniform temperature at the minimum parasitic energy consumption.

4.1 Introduction
Thermal management of Li-ion battery pack is one of the key issues for their
widespread deployment. Li-ion batteries have been demonstrated as an important power
source in a range of applications, such as transportation [1] and energy storage industry
[2, 3]. In these applications, Li-ion batteries are predominately used in the form a pack of
multiple cells, and the formation of large battery pack poses significant difficulty in the
thermal management compared to a single cell or a small pack [3]. Challenges of thermal
management in a large scale battery pack include high temperature rise or even thermal
runaway caused by insufficient heat transfer, excessive cooling power consumption due
to increased pack size, the wide range of environmental temperature under which the
batteries are used, and the increased temperature non-uniformity along the cooling path
due to the pack size. These challenges are compounded by the relatively narrow range of
optimal and safe operating temperature for Li-ion batteries, and the thermal management
system has to ensure that all the cells in the pack operate within the optimal temperature
range. The acceptable operation range for Li-ion batteries is between -10 oC to 50 oC [4,
5], and the optimal range is much narrower, approximately from 20 oC to 40 oC [6, 7].
Designing a thermal management system that can reliably regulate the temperature of all
the cell in a large pack within such a range is a complex issue and has attracted
significant research and development efforts [8-12]. Ineffective thermal management can
result in efficiency decrease, reduced lifetime, and even catastrophes. For example,
batteries working at low temperatures lose significant capacity and power [13], and
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batteries working at high temperatures degrade faster and have a shorter battery life [14].
In some extreme case, thermal runaway and fire hazards can happen [10]. Besides the
optimal working temperature range, the temperature non-uniformity inside the battery
pack can also cause problems like different voltage distribution inside pack and different
degradation rate [15], which impair the durability and performance of the whole pack.
Due to such significance of the thermal management issues, various cooling
methods have been proposed and investigated in the past, including the use of air cooling
[16, 17], liquid cooling [18, 19], and phase change cooling based on heat pipes [20-22] or
phase change materials [9, 23-25]. These methods all have their strengths and limitations.
For example, although liquid cooling provides effective heat transfer coefficient, it
requires a set of relatively complicated sealing, circulation, and insulating system due to
the use of liquid coolant. The use of heat pipe provides a solid-state solution in contrast to
the liquid cooling, however, their cost, limited range of operating temperature, and
cooling power have limited their widespread application in large scale battery packs [2022]. The use of phase change material (PCM) can effectively regulate the cell
temperature below a critical threshold, but however, only for a finite period of time. Airbased cooling suffers from the relatively low thermal conductivity of air compared to
liquid cooling or solid state cooling, however, it enjoys the advantage of system
simplicity and low cost [9, 23-25]. This analysis of the strengths and weaknesses of
existing cooling methods motivates the continued investigation of new and improved
thermal management strategies. In this work, a strategy based on reciprocating flow and
active control using air as the cooling fluid is described, tested, and analyzed. The results
obtained from this work show that this strategy can enable two improvements: the
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reduction in the temperature non-uniformity in a large pack and the reduction of the
parasitic power consumed by the cooling system.
It has been demonstrated in earlier work that the use of reciprocating cooling flow
can reduce the temperature non-uniformity in a battery pack [17, 26, 27]. These past
work included simulations using CFD (computational fluid dynamics) a[17], analyses
using reduced order models [27], and small-scale experimental tests based on a total of
four cylindrical cells [26]. In practice, the battery pack usually consists of more cells and
prismatic cells are usually used. The size of the pack and the geometry of the cells can
cause increased temperature non-uniformity and maximum temperature rise, and
therefore there is a need to test the effectiveness of the reciprocating method under such
new conditions. To address this need, this paper studies the reciprocating cooling method
on battery pack consisting of a total of 18 prismatic batteries (arranged in a 3 by 6 array).
The battery pack consists of 14 dummy cells and 4 real Li-ion cells. The dummy cells
were embedded with controllable heating elements to simulate the heating characteristic
of the real cells and had the same geometry as the real cells to simulate their aerodynamic
characteristics [7, 28, 29]. Our previous work has shown that such combined use of
dummy and real cells as an effective way to experimentally study the behavior of a large
battery pack [7].
The second improvement involves the reduction of the parasitic power consumed
by the thermal management system. Beside regulating the temperature rise and nonuniformity, the parasitic power consumption of the thermal management system is also
an important factor because the parasitic power can be a significant portion of the overall
power budget [26, 30, 31]. As shown in past work based on unidirectional cooling flows,
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actively controlled cooling can significantly reduce the parasitic power consumption
compared to uncontrolled cooling while regulating the temperature rise [7, 26, 27, 32].
Similarly, active control can also reduce the parasitic power consumption when applied
to reciprocating cooling flows as demonstrated through numerical models [27] and the
experimental test on a small pack consisting of four cylindrical cells [26]. Therefore, it is
the goal of this work to explore and assess the effectiveness of active control’s ability to
reduce parasitic power consumption on a battery pack of practical size when
reciprocating cooling is applied.
In the rest of this paper, Section 2 will describe the experimental platform in
detail, including the implementation of the reciprocating flow and active control. Section
3 will present the results obtained from this platform, and discuss the effectiveness of
reciprocating flow and active control on a battery pack of practical size. Finally, Section
4 will summarize the paper.

4.2 Experimental setup
The experiment setup used in this work is schematically shown in Figure 1. The
setup consisted of two major components: the battery pack housed within a wind tunnel,
and the data acquisition and control system. Figure 4-1a shows the top view of the battery
pack housed inside a customized wind tunnel. The battery pack consisted of a total of 18
cells, arranged in a 3×6 array as shown. As mentioned earlier, 4 of the cells were real
prismatic Li-ion cells (LiFePO4 cell from Bioenno Power) and 14 of them were dummy
cells. The dummy cells were fabricated with aluminum, embedded with controllable
heating elements inside to imitate the thermal behavior or the real cells, and with outside
dimension identical to the real cells to simulate their fluid dynamic behavior [7]. The
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cells were labeled as Cij as shown in Figure 4-1a with i denoting the row and j the
column. Since the dummy cells can simulate the thermal and aerodynamic behavior of
the real cells, the location of the cells has no effect on the test results. In this work, the
real cells (C22, C23, C24 and C25) were surrounded by the dummy cells. The nominal
capacity of each real cell was 20 Ah and the nominal voltage was 3.2 V, so the power
capacity of each cell was 64 Wh. The dimension of all the cells was 70×27×167 mm. The
volume of the whole battery pack was 5.68 L, and the power density of this 18 cell pack
was 202.77 Wh/L. The total heat capacity of the battery pack was 14.29 kJ/K. Each
dummy cell was embedded with the controllable heating element inside so that its heat
generation rate can be adjusted independently. The cell to cell distance inside the pack
was set to 3 mm as shown. The battery pack was placed in a wind tunnel. The length of
the tunnel was 665 mm along the cooling flow direction, the inner width 96 mm, and the
inner height 167 mm (which matched the height of the cells). Two fans were installed on
each side of the tunnel as shown to generate the cooling flow and alternate its direction.
The fan required ~6 s to transition from fully off to fully operational condition.
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Figure 4-1: Battery pack configuration and block diagram of control scheme
The data acquisition and control system consists of a temperature acquisition unit,
two cell cyclers, and the fan control unit. All the signals from the three units were
centralized by a computer as shown. The temperature acquisition unit was formed by a 16
channel temperature measurement module (National Instrument 9213) and 16 K-type
thermocouples. The thermocouples were calibrated before use and their accuracy was 0.3
o

C at room temperature of 20 oC. The thermocouple locations were shown as red dots in

Figure 4-1a, with all the thermocouples in the middle of the cell at the vertical direction.
The locations of the thermocouples were selected so that the temperature variation can be
fully recorded along a row of cells parallel to the cooling channels. Thermocouples
labeled as T1 to T4 and T6 to T11 were attached to the surface of the cells to obtain the
surface temperatures. However, the core temperatures can be significantly higher than the
surface temperatures even with proper cooling flow applied [33]. It is necessary to obtain
the core temperature in order to ensure the cells are working in the optimal working
74

temperature range. Previous studies use reduced order models to predict the core
temperature of a cylindrical cell through surface temperature and heat generation data
[34, 35]. Such model provided a non-intrusive way to estimate the core temperatures of
cells. In this work, the core temperatures of the prismatic Li-ion cells were directly
monitored by five thermocouples:

labeled T5 and T12 to T15 during the tests to

experimentally evaluate the effectiveness of the cooling strategies and also to provide
benchmark data for future modeling work. These thermocouples were inserted in the
center of the Li-ions cell through their venting holes on top of the cell, and then the
venting holes were properly sealed again after the thermocouples were interested into the
desired locations. The real cells were controlled by a 4 channel cycler (Cadex C8000),
each channel providing a maximum charging/discharging current of 10 A and maximum
power of 80 W. The dummy cells were controlled by a solid state relay (SSR), 110 V AC
power supplier, and a DAQ card so that the heating power of each dummy cell can be
actively adjusted. The fan control unit was formed by two quadruple half-H drivers
(Texas Instruments L293) and a DAQ card, so that their cooling flow rate and direction
can be actively adjusted. During the tests, the DAQ card received a digital signal from the
computer and converted the digital signal to the analog signal then sent the signal to L293
to regulate the fan operation.
Figure 4-1b shows the active control scheme of the reciprocating flow
implemented by the hardware described in the preceding paragraphs. The control scheme
consisted of the following steps. First, the surface temperatures measured by all the
surface thermocouples were compared to obtain the maximum surface temperature Tsmax.
Second, the maximum surface temperature was compared with a preset temperature Tset.
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The difference between the maximum surface temperature and the preset temperature
was defined as the tracking error (e= Tsmax-Tset), which was sent to the hysteresis
controller and compared with the preset upper and lower limit temperature range. If the
tracking error e was larger than the upper limit temperature, one of the fans would be
turned on to introduce cooling flow. Otherwise, if the tracking error was smaller than the
lower limit temperature, the fans would be turned off to save cooling power consumption.
In this work, the preset temperature was set at 31.6 oC, the upper limit at 0.4 oC and the
lower limit at -0.3 oC, i.e. the fan would be turned on if the maximum surface temperature
was higher than 32.0 oC, and fan would be turned off if the temperature was lower than
31.3 oC. Once the hysteresis controller applies cooling flow, the cooling flow direction
was decided in the following way. First, the minimum surface temperature among the 9
cells on the left side of the pack was compared to that of the 9 cells on the right side. If no
fans were currently on, the fan on the side with the higher minimum temperature would
be turned on. If one of the fans was already on, the minimum surface temperature of each
side would be compared to see whether the difference of upstream and downstream
minimum surface temperature was larger than 1.0 oC. If not, the flow direction was
maintained, otherwise the flow direction was inverted. This scheme was designed to
reduce the temperature non-uniformity in the pack as shown later in the paper.

4.3 Results and discussions
This section presents the results obtained from the experimental platform
described in the previous section. The results show the effectiveness of the reciprocating
cooling and actively controlled cooling in reducing the maximum temperature rise,
temperature non-uniformity and cooling power consumption of a practical scale battery
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pack. The tests were performed under the same cycle load but three different cooling
strategies. The first strategy was unidirectional cooling where the cooling flow was
always applied and its direction was not changed during the test, which serves as a
benchmark case for this work. The second was the regular reciprocating cooling
condition where the cooling flow changed its direction periodically. Specifically, three
different time periods of 600 s, 1200 s, and 2400 s were tested to study the effect of
different reciprocating periods. The third was actively controlled reciprocating cooling
where the cooling flow direction and rate were actively adjusted based on the
arrangement and control scheme shown in Figure 1b. The same cycling profile as shown
in Figure 4-2a was applied to the battery pack to facilitate the evaluation of the different
cooling strategies. In this cycling pattern, the real cells were cycled at a current of ±10 A.
The cells were first discharged at -10 A for 240 seconds and then charged at +10A for
240 seconds. This discharging/charging process was then repeated 20 cycles and the
whole process lasted 9600 seconds. The state of charge (SOC) varied in the range of
69.3% to 72.6% as shown in Figure 4-2b. The charging/discharging at high current rates
lead to heat generation inside the cells and caused cell temperature to rise. The heat
generation rate of the dummy cells was actively adjusted to match that of the real cells,
which was 5040 W/m3. The following subsections will describe these experiments and
results in detail.
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Figure 4-2: Cycling current profile and SOC change of Li-ion cells during tests

4.3.1 Unidirectional cooling
Experiments using the unidirectional cooling strategy were first performed to
provide benchmarking results for this work. Figure 4-3 shows the temperature results
with unidirectional cooling, where the cooling flow was always applied and the direction
was from fan 1 to fan 2. Panels (a) to (d) in Figure 4-3 show the surface and core
temperatures of the 4 real cells. The dotted blue lines show the core temperatures
measured by the thermocouples T12 to T15 placed inside the Li-ion cells. The dashed red
and solid black lines show the surface temperatures measured by the thermocouples on
the surface of cells. The initial temperatures of all cells were 22.3 oC before the start of
the experiments, and the room temperature remained the same during these tests. The
cycling pattern described above was applied to the battery pack when the test started at
time zero. The temperature then started rising until reaching a quasi-steady state. As seen,
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at the end of the experiments, the temperatures of a downstream cell (e.g., C25) was
about 5.0 oC higher than an upstream cell (e.g., C22), illustrating the temperature nonuniformity than can occur within a pack. For all cells, the core temperature was about 0.5
o

C higher than the surface temperature at the end of cycling (as seen more clearly from

the zoomed insert of Fig. 3a). The temperature difference within one cell was
significantly smaller than those across different cells in this work, mainly because the
thermal resistance (primarily convective) between the cooling air flow and the cells was
significantly larger than the thermal resistance inside each cell (primarily conductive)
under the conditions of this work. Also, notice that the temperature rising pattern was not
a smooth line but displayed a sawtooth pattern, again as more clearly illustrated by the
zoomed insert in panel (a), caused by the periodic discharging/charging current profile
discussed in Figure 2. The reason is that the charging process caused more heat
generation than the discharging process since the reversible entropic heat was positive
during charging and negative during discharging [32, 36]. As a result, the temperature
rose more sharply during the charging process, and rose many slows or even fell during
the discharging process.
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Figure 4-3: Experimental results of real Li-ion cell temperature under unidirectional
cooling condition

4.3.2 Reciprocating cooling without constant reciprocation periods
Figure 4-4 shows the temperature measurements and corresponding fan signal
under reciprocating cooling condition with a fixed reciprocating period of 1200 s. As
mentioned before, three tests with different reciprocating periods of 600 s, 1200 s and
2400 s were performed for the reciprocating cooling condition. Though the reciprocating
period has an effect on the cooling performance, the temperature rise data showed a very
similar pattern for different reciprocating periods. Therefore, for the sake of simplicity,
only temperature measurements with 1200 s reciprocating period are presented here in
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Figure 4a to d. Figure 4-4e shows the fan signal during the test where a fan signal of 1
meant that fan 1 was on and fan 2 off, and a fan signal of -1 meant the opposite. As a
result of such reciprocating scheme, the cooling flow direction altered every 600 s during
the tests.

Figure 4-4: Experimental results of real Li-ion cell temperature under reciprocating
cooling condition with a reciprocating period of 1200 s
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The reciprocating flow created a larger fluctuating temperature pattern on top of
the overall increasing trend of the pack, and resulted in the reduced maximum
temperature rise of the Li-ion cells. Panels (a) to (d) of Figure 4-4 show the temperature
variation of the four Li-ion cells. The initial temperatures of all cells were 21.3 oC and the
cell temperatures started rising when the cycling began at t=0 s. The room temperature
was the same as the initial temperature of the cells. Comparing to unidirectional cooling
as shown in Figure 4-3, the periodic flow direction change of reciprocating cooling flow,
coupled with the charging/discharging cycling, created a larger temperature fluctuation,
especially for the cells close to the two ends of the pack, i.e. C22 and C25. Examining
panel (d) and (e) of Figure 4-4, except the initial starting phase, the temperature of C25
dropped fast when it was at upstream of the cooling flow (i.e. fan 2 was on, fan signal
was “-1”), and its temperature rose when it was at downstream of the cooling flow. Due
to the flow direction change, the cooling condition of C25 was improved compared to
unidirectional cooling where the incoming flow of C25 was always heated by the
upstream cells. Under the unidirectional condition, the maximum temperature rise
occurred at cell C25, rising from 22.3 oC to 31.6 oC. And the maximum temperature rise
under the reciprocating cooling condition, which occurred at C24, was from 21.3 oC to
30.0 oC. The maximum temperature increase of the Li-ion cells was reduced from 9.3 oC
under the unidirectional cooling condition to 8.7 oC under reciprocating cooling condition.
Considering the accuracy of the temperature measurements (estimated to be better than
0.2 oC), the thermocouples successfully captured the decreasing trend of the maximum
temperature rise caused by the reciprocating flow. Also note, in practical applications, the
charging and discharging is typically more aggressive than those used in this work, and
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the reciprocation flow is expected to produce a more dramatic reduction in temperature
rise under more aggressive charging and discharging.
Figure 4-5 shows the maximum temperature rise of all thermocouples inside the
battery pack under different cooling conditions. As seen, the maximum temperature rise
was about 10.1 oC under the unidirectional cooling condition. When reciprocating
cooling was applied, the maximum temperature rise decreased to 9.3 oC, 8.7 oC, and 8.6
o

C, for reciprocating periods of 2400 s, 1200 s, and 600 s, respectively. Therefore, a 15%

reduction of the maximum temperature rise was achieved at a reciprocating period of 600
s (i.e., the “W=600 s” case) compare to the unidirectional cooling. Overall, these results
shown here suggest that reciprocation helped to reduce the maximum temperature rise
under a variety of conditions.

Figure 4-5: Maximum temperature rise of all thermocouples under different reciprocating
periods

4.3.3 Actively controlled reciprocation
After the study of reciprocating cooling using constant periods, this section
discusses actively controlled reciprocating cooling strategies. To illustrate the
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effectiveness of actively controlled reciprocating cooling, we chose the maximum surface
temperature as the control variable in this work. Under this choice, the cooling flow rate
and flow direction were controlled by the maximum surface temperature of the entire
battery pack as shown in Figure 4-6a, following the control scheme described in Figure
4-1b. The corresponding fan signal was shown in Figure 4-6b. The interplay between the
temperature variation shown in Figure 4-6a and the fan signal in Figure 4-6b illustrates
the effectiveness of the actively controlled strategy. The room temperature and initial
temperatures of all cells were 21.9 oC. At the beginning, the maximum surface
temperature rose rapidly when both fans were turned off. When the maximum surface
temperature reached the upper limit setting temperature of 32.0 oC at ~4340 s, fan 1 was
turned on. As a result, the maximum surface temperature decreased. Under the active
control scheme, fan 1 and fan 2 were turned on and off alternatively and the maximum
surface temperature fluctuated in a small range as shown. When the maximum surface
temperature was reduced to the lower limit setting temperature of 31.3 oC at ~6520 s,
both fans were turned off and the temperature rose again until it reached the upper limit
and one of the fans was turned on again. As seen from Figure 6b, the active control
scheme was able to adjust the flow direction and duration of the reciprocation
dynamically, while always maintaining the maximum temperature within the set range to
avoid overheating.
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Figure 4-6: Maximum surface temperature and fan signal under actively controlled
reciprocating cooling.
An important advantage of the above ability to adjust the flow direction and
duration of the reciprocation dynamically is to reduce the consumption of the cooling
flows, which is directly linked to the parasitic power consumption of the cooling system
(e.g., the power to produce the cooling flow). The consumption of the cooling flow was
proportional to the time when one of the fans was turned on. After obtaining this time, the
cooling flow consumption was calculated as the product of the fan time, the flow velocity
(which was measured by a hotwire anemometer), and the cross-section area of the wind
tunnel, as shown in Figure 4-7a. Figure 7a summarizes the cooling flow consumption
under the unidirectional and actively controlled reciprocating cooling conditions. When
either one of the fans was on, the average flow velocity was measured to be 0.4 m/s,
resulting in a cooling flow rate of 6.4x10-3 m3/s. In Figure 4-7a, the cooling flow
consumption of the unidirectional cooling condition was 61.6 m3, while the active control
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of reciprocating flow reduced the cooling flow consumption to 30.5 m3, resulting in a
reduction of more than 50%. Figure 4-7b shows the maximum temperature rise of all
cells for the both the unidirectional cooling and reciprocating cooling cases. It can be
seen that the temperature rise of the actively controlled reciprocating cooling case was
10.8 oC, which was only slightly higher (0.7 oC) than the unidirectional cooling.
Therefore, in summary, these results illustrate that the actively controlled reciprocating
cooling can significantly reduce the cooling power consumption at the cost of a slightly
higher temperature rise.

Figure 4-7: Comparison of maximum temperature rise and cooling flow consumption
between unidirectional and actively controlled reciprocating cooling conditions

4.3.4 Effectiveness of reciprocating flow on reducing temperature nonuniformity
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Another significant advantage of the reciprocating cooling is the reduction of
temperature non-uniformity. Two sets of measurements were examined in this study to
analyze the reduction of temperature non-uniformity: the core temperature and the
surface temperature. Correspondingly, this study quantified the temperature nonuniformity as the difference between the maximum and minimum surface temperature, or
the difference between the maximum and minimum core temperature. Panel (a), (b) and
(c) of Figure 4-8 plots the core temperature rise of the four Li-ion cells under different
cooling conditions, including unidirectional, constant period reciprocating, and actively
controlled reciprocating cooling. As seen, the unidirectional cooling flow created a
significant temperature difference between the upstream (T12) and downstream (T15)
cells. The core temperature rise of the cell downstream rose to ~9.0 oC while that of
upstream cell rose only by ~4.0 oC. The temperature difference was ~5 oC. For the
reciprocating cooling with a constant reciprocating period of 1200 s as shown in panel
(b), the core temperature difference between each cell was apparently smaller than the
unidirectional cooling case. At the end of cycling, the core temperature difference was
~2.0 oC. For the active controlled reciprocating cooling case as shown in panel (c), the
core temperature difference was further reduced to be smaller than ~1.5 oC. To illustrate
the temperature non-uniformity variation more clearly, panel (a) and (b) of Figure 4-9
plots the time history of the maximum core temperature non-uniformity and surface
temperature non-uniformity of all cells. As seen from panel (a), the core temperature nonuniformity of the unidirectional cooling condition rose quickly when the test started and
finally stabilized at around 5.0 oC. For the constant period reciprocating condition, only
W=1200 s case was plotted for clarity. Under this condition, the flow changed its direction
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every 600 s. As seen, when t<600 s, the core temperature non-uniformity was exactly the
same between the unidirectional and reciprocating cooling condition since the flow and
cycling conditions were the same during this time period. When the cooling flow
alternated its direction regularly, the temperature difference of the reciprocating cooling
case was not rising as much as the unidirectional case. The core temperature nonuniformity was limited to around 1.8 oC, which was much lower than the unidirectional
cooling case. The actively controlled reciprocating cooling flow further reduced the core
temperature non-uniformity to around 1.0 oC. The surface temperature non-uniformity
plotted in Figure 4-9b showed a similar pattern as the core temperature non-uniformity.
The unidirectional cooling created the largest surface temperature non-uniformity of 6.3
C. The reciprocating cooling with a period of W=1200 s reduced the surface temperature
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non-uniformity to around 3.2 oC. And the actively controlled reciprocating flow further
reduced it to around 3.0 oC. As seen from the core and surface temperature nonuniformity, the actively controlled reciprocating cooling yielded the best performance in
maintaining a more uniform temperature in the entire pack.
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Figure 4-8: Core temperature rise of Li-ion cells under different cooling conditions
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Figure 4-9: Time history of maximum surface and core temperature non-uniformity under
different cooling conditions
To further evaluate different cooling strategies, Figure 4-10 summarizes the
temperature non-uniformity under all the test conditions. In Figure 4-10, the red, blue and
pink column shows the maximum surface temperature non-uniformity, core temperature
non-uniformity, and the overall temperature non-uniformity. In this work, the overall
temperature non-uniformity was defined as the difference between the maximum
temperature and the minimum temperature measured from all the thermocouple,
regardless if the thermocouple was used to measure the surface or the core temperature.
Several observations can be made from Figure 4-10. First, the unidirectional cooling
condition created the largest temperature non-uniformity. The surface, core, and overall
temperature non-uniformity were 6.3 oC, 5.3 oC, and 7.2 oC, respectively. Second, the
temperature non-uniformity can be effectively reduced by reciprocating cooling, either
with a constant period or actively controlled. For example, the surface, core, and overall
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temperature non-uniformity under a reciprocating period of W=600 s were 3.7 oC, 2.1 oC,
and 3.8 oC, respectively. These results were reduced by 42%, 60%, and 47% respectively,
compared to the unidirectional cooling. Lastly, actively controlled reciprocating can
further reduce the temperature non-uniformity. Through active control of the
reciprocating cooling flow, the surface, core, and overall temperature non-uniformity
were further reduced to 3.3 oC, 1.2 oC, and 3.5 oC for the surface, core and overall
temperature non-uniformity, respectively. These results represented a 47%, 77% and 50%
of reduction compared to the unidirectional cooling condition.

Figure 4-10: Summary of temperature non-uniformity under different cooling conditions

4.4 Summary
In summary, this paper investigated the reciprocating cooling method on a
prismatic battery pack of practical size, consisting of a total of 18 cells. An experimental
platform, including a customized wind tunnel, data acquisition devices, control system,
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and the battery module, has been constructed to study the effect of different cooling flow
strategies. The strategies investigated included unidirectional cooling, reciprocating
cooling with constant cooling periods, and actively controlled reciprocating cooling. The
major contributions of this study are threefold. First, this work experimentally
demonstrated that the maximum temperature rise in a battery pack of practical size can be
significantly reduced through regular reciprocating cooling (up to by 15% under the
conditions in this work). Second, actively controlled reciprocating flow was demonstrated
to be effective in reducing the cooling flow consumption. Through active control of the
reciprocating flow, the cooling flow consumption was reduced by up to 50% at the cost
of a slightly increased maximum temperature rise. Third, reciprocating flow, either
uncontrolled or actively controlled, was demonstrated to be effective in reducing the
temperature non-uniformity in a battery pack. Compared to unidirectional cooling,
actively controlled reciprocating cooling was demonstrated to reduce temperature nonuniformity by 47%, 77%, and 50%, respectively, in terms of the surface temperature nonuniformity, core temperature non-uniformity, and the overall temperature non-uniformity.
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Chapter 5 Two dimensional lumped parameter thermal modeling and
experimental validation of Li-ion battery pack
(Manuscript under review at Applied Energy)
Haoting Wang, Lin Ma

Abstract
This paper reports a two dimensional lumped parameter thermal model of a Li-ion
battery pack and its validation by two experiments. The battery pack modeled in this
paper consists of 18 prismatic cells arranged in 3 by 6 array in the aligned mode. The
core and surface temperatures of each cell are treated as two states and solved in the
model. The conduction heat transfer in cell and the convection heat transfer between the
cells and the coolant are considered in this model. By modeling each cell separately, the
thermal interactions between cells was considered and the temperature distribution was
calculated accurately in the battery pack. Two experiments including a wind tunnel test
and a benchtop test were designed to validate the thermal model for its static and
transient performance. The results show the model can accurately capture the
temperatures information in the pack. This new 2D lumped parameter thermal model
combines the advantages of the existing thermal models (detailed thermal models and 1D
lumped thermal models) and avoids their limitations. The merit of this new thermal
model are twofold, which no existing models of Li-ion battery packs possess at the same
time. First, this new model provides the accurate surface and core temperature
information of every cell in the battery pack like a detailed thermal model. Second, this
model runs fast compared to the detailed thermal model but avoid oversimplification like
a 1D lumped thermal model does. Due to these advantages, the model shows its potential
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in onboard diagnosis and control for a large scale battery pack thus save the cost of a
large number of thermocouples required in a large pack.

5.1 Introduction
Thermal management is a key issue in the applications of Lithium-ion (Li-ion)
batteries. The Li-ion batteries are important power sources in the electrical vehicles (EV),
hybrid electrical vehicles (HEV) [1, 2], robots [3], energy storage systems and other
applications [4-6]. They are widely used due to their superior properties such as high
efficiency, high power density and low self-discharge rate. To ensure the working
performance, the Li-ion batteries have to work in a narrow temperature range of 20 oC to
40 oC [7-9]. Li-ion battery working at higher temperature degrades fast and has a lower
capacity over time, and thermal runaway happens in extreme cases causing safety issues
[10]; and Li-ion battery working at low temperature has the significantly reduced
capacity and power [11]. However, the actual temperature of the working environment of
the Li-ion batteries varies from subzero to extreme hot [10, 12]. Also, the thermal
condition further deteriorates since the Li-ion batteries generate a large amount of heat
during the charging/discharging process, especially when cycled at higher current rates.
This poses significant difficulty for maintaining the optimal working temperature range.
Thus a properly designed thermal management system is important to the functionality of
the Li-ion power batteries.
Thermal modeling is an important part in the process of designing a proper
thermal management system for the Li-ion battery pack. First, thermal modeling provides
more comprehensive temperature information of cells in the pack than experiments. The
experimental methods are limited by the number of sensors or configuration of the pack,
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not the temperature of all cells can be directly measured. So the maximum or minimum
temperatures measured by the limited number of sensors may not represent the actual
maximum/minimum temperatures, but the thermal models can provide the detailed
temperature distribution in a pack. Second, some data, such as the core temperatures, are
of special interest but impractical to measure without destroying the cell structure, which
is too dangerous and expensive to do in a practical battery pack. The thermal models can
easily calculate these data based on the heat transfer principles. Third, the thermal models
are fast compared to experiments. A well instrumented experimental platform takes
weeks to construct, but the thermal models calculate in hours even in seconds depending
on the details needed in the model. In the primary design phase, a good thermal model
provides the necessary parameters needed in the thermal management system, and it is
more adaptive and responses fast to the design change than experiments. The experiment
cost can be saved by fast thermal model simulations. Last, the thermal modeling can
simulate some extreme conditions which cannot or unsafe to be performed
experimentally.
Current thermal modeling of Li-ion batteries can be categorized into two types,
the detailed thermal modeling and the simplified lumped thermal modeling, both have
their own advantages and limitations. The detailed thermal models include finite element
analysis (FEA) models [13, 14] and computational fluid dynamic (CFD) models [15-18].
The detailed thermal models divide the computational domain into small elements or
volumes and discretize the governing equations on each small control volume [19, 20].
The advantages of the detailed thermal modeling are twofold. First, it provides detailed
thermal and aerodynamic information across the computational domain. The temperature
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distribution inside each cell and across the whole pack can be calculated. And the
velocity and pressure variation along the cooling path can also be calculated, which can
be used to calculate the pumping power requirement of the cooling system.

The

resolution of the thermal and aerodynamic information only depends on the size of the
elements or control volumes. Second, the accuracy of a properly designed detailed
thermal modeling is high. Previous studies show that the results calculated by the detailed
thermal modeling agree well with the experimental results [21, 22]. Despite the
advantages of the detailed thermal modeling, the disadvantage of this modeling method is
also obvious. Due to a large number of the elements or control volumes, discretizing and
solving the governing equations on each small units requires a large amount of simulation
time. It takes hours for the solution to converge even for a simple 2D model on a multiprocessor workstation. The time-consuming characteristics prevents the detailed thermal
models from being used for the onboard diagnosis and control.
The other type of thermal model is the lumped parameter thermal model. The
lumped parameter thermal model simplifies the temperatures of a thermal system into
several different lumped states and assumes the temperature variations within each
lumped states are negligible. Current lumped parameter thermal models are primarily 1D
thermal models, which means that the model includes only one cell [23-27] or a single
row of cells [21, 22, 28, 29]. The primary advantage of the lumped parameter thermal
model is that it runs fast compared to the detailed thermal models. Even using only one
processor, the lumped thermal model can calculate the temperature of cells in real time as
the input data (flow rate, heating load etc.) were obtained. This property makes the model
ideal for online diagnosis and control purposes [23]. However, since the current 1D
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lumped parameter thermal models either considering only one cell or assuming each row
of cells in a pack identical, the temperature distribution in a large Li-ion battery pack
cannot be revealed accurately. Cells at different positions have different temperatures,
and the different cooling flow rate in different cooling channels may also cause a
difference in temperatures. This temperature non-uniformity or 2D temperature
distribution obviously cannot be captured by a 1D lumped parameter thermal model.
To retain the advantages and overcome their limitations of existing thermal
models, a two-dimensional lumped parameter thermal model is proposed in this paper.
This 2D lumped parameter thermal model treats each cell in the pack as a single unit and
considers the thermal interactions between cells. Like a detailed thermal model, the
temperatures of each cell in the pack are calculated thus the temperature distribution in
the pack is more accurate than 1D lumped thermal model. At the same time, the
simulation speed of the 2D lumped thermal model is real-time, at the same level of the
1D lumped thermal model. So the 2D lumped thermal model combines the advantages of
the two types of current existing thermal models. Besides, since each cell temperature is
calculated by the 2D thermal model at a fast speed, in an online diagnosis and control
situation, the number of the thermocouples needed in a large scale battery pack can be
significantly reduced thus save the cost.
The rest of the paper is organized as follows. Section 2 describes the experimental
setup. Section 3 introduces the 2D lumped parameter thermal modeling. Section 4
describes the experimental validation of the model. Section 5 reports some extended
applications in different working scenarios. At last, section 6 concludes and summarizes
the paper.
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5.2 Experimental setup
A thermal model needs proper validation to claim its accuracy. Before introducing
the 2D lumped thermal model, this section describes the battery pack modeled in this
paper and the two experiments designed to validate the 2D lumped thermal model,
including the wind tunnel test and a benchtop cooling fan test. Figure 5-1 shows the
schematic of the two experiments and the configuration of the battery module tested. The
details will be introduced in the following subsections.

5.2.1 Battery module
The battery module modeled in this paper consists of 18 cells arranged in a 3 by 6
array as shown in top view in Figure 5-1a. The battery module which included 4 real
prismatic Li-ion cells (LiFePO4 cell from Bioenno Power) and 14 dummy cells, was
housed in a customized enclosure. The cells were labeled as Cij as shown in Figure 5-1a
where i indicates the row and j indicates the column. The real Li-ion cells (C22, C23,
C24 and C25) located at the center of the pack. The nominal capacity of each cell is 20
Ah and the nominal voltage of the cell is 3.2 V. The cell length L is 70 mm, the width W
is 27 mm and the height H is 167 mm without considering the terminal. The dummy cells
were fabricated with aluminum blocks embedded with controllable heating elements
inside to simulate the thermal behavior of the real cells. The outside geometry of the
dummy cells was the same with the real cells to simulate their fluid dynamic behavior.
During the tests, the cooling flow passed by the battery module through 4 cooling
channels from left to right as shown in Figure 5-1a. The cell to cell distances d can be
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adjusted in different tests. In the wind tunnel test, d was 15 mm and in the benchtop test,
d was 3mm.

Figure 5-1: Experimental setup and the battery module configuration

5.2.2 Wind tunnel test
To provide a well-controlled flow condition for validation purpose, an experiment
was first performed in the open jet wind tunnel. The experimental platform consists of
three components: the battery pack, the wind tunnel and the data acquisition and control
devices as shown in Figure 5-1b. The battery pack is described in the previous
subsection. The wind tunnel used in this test is a subsonic open jet wind tunnel [8], which
can provide well controlled cooling flow up to 30 m/s. The flow is conditioned by a

102

diffuser, settling chamber and turbulence reduction screenings and then enters the 0.7 m x
0.7 m test section. The resulting turbulence intensity of the cooling flow is less than 1%.
The last component of the experimental platform is the data acquisition and control
devices which include the battery cycling units, the flow velocity and temperature
sensors, and the signal processing units. The battery cycling units include the battery
cycler and the solid state relays (SSR), which were used to cycle the real and dummy
cells respectively with desired heating load. The heating load was then used as one input
of the thermal model. During the test, a hot wire anemometer (Fieldpiece STA2) was
used to measure the flow velocities to provide the cooling flow rate, which was used as
the other input for the model. The temperature sensors include 16 K-type thermocouples
and an infrared (IR) camera (FLIR C2). The thermocouples were attached to the surface
and inserted in the core of the cells to monitor the temperature variation during the
cycling process. The IR camera was mounted above the battery module to provide the
surface temperature distribution in the pack. The measured temperature data were then
compared to the temperature calculated by the model for validation purpose. To provide a
high-quality image and reduce the effect of reflection, the cells were coated with a thin
layer of black paint with the emissivity of 0.95 during the test. At last, all the signals and
data were transmitted to the signal processing units including two DAQ cards (National
Instruments) and centralized in a computer.

5.2.3 Benchtop test
To mimic the actual working situation of a real battery pack cooled by onboard
fans, another test was performed using a benchtop wind tunnel as shown in Figure 5-1c.
The battery pack and the data processing devices are essentially the same with the
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previous wind tunnel tests. The differences are that the cell to cell distances were
decreased to 3 mm and the cooling flow was driven by an onboard cooling fan instead of
a wind tunnel. The changes were made to mimic the actual working situation where the
battery pack has a more compact configuration due to space limitations in the actual
application (i.e. the demand for more power in limited space in actual application).

5.3 Two-dimensional lumped thermal modeling of battery pack
5.3.1 Model description
The schematic of the two-dimensional lumped parameter thermal model is shown
in Figure 5-2 in the top view of the battery pack. The cells are arranged in 3 by 6 array in
the aligned mode with 4 channels allowing cooling flow passing through the pack from
left to right. The temperature of the cooling flow at different location is lumped into Tf,ij
where i indicates the cooling channel number and j indicates the location in the cooling
channel. In the pack, each cell is treated as a unique unit and modeled separately. The
surface and core temperatures of the cell are lumped into two independent states Ts and
Tc. The heat was generated in the core and then transfers from the core to the surface
through heat conduction, and then the energy transferred to the surface is taken away by
the cooling flow through convection. The conductive and convective thermal resistances
are modeled as Rc and Ru respectively. For simplicity, only cell C23 is labeled in Figure
5-2. During the heat transfer process, both the core and surface store part of the energy
and cause the temperature rise in cell. The energy balance in each cell is described by the
following ordinary differential equations:
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Cc Tc ,ij

Cs Ts ,ij

Q

Tc ,ij  Ts ,ij

(1)

Rc

Tc ,ij  Ts ,ij
Rc

 Qf

(2)

Equations (1) and (2) are first order linear differential equations. In equations (1), the left
hand side indicates the energy stored in the core, and the right hand side represents the
energy flows in and out of the core. Equation (2) is similar but represents the energy
balance of the cell surface. In these equations, i and j are the index of the cells, Tc and Ts
are the core and surface temperatures [K] of the cells respectively. Cc and Cs are the
lumped heat capacity [J/K] of the core and surface respectively where

Cc

Cpc UcVc

(3)

Cs

Cps UsVs

(4)

in which Cpc and Cps are the specific heat capacity [J/kg/K] of the core and surface
materials, U c and U s are the density [kg/m3] of the core and surface materials, Vc and Vs
are the volume [m3] of the surface and core materials. Rc is conductive and contact
thermal resistance [K/W] of the material inside a cell. Q is the heat generation [W] in cell
which will be described in detail in the next subsection. Q f is the heat removed by the
cooling flow where
Q f =Q fi , j  Q f (i 1), j

Q f ,ij

(5)

Ts,ij  T f ,i , j 1

(6)

Ru
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For each cell, the heat is removed by the cooling flow passing by the cell. The heat
removed by the upper channel cooling flow is Q f ,ij and the heat removed by the lower
channel cooling flow is Q f ,(i 1) j . In equation (6), T f ,i ( j 1) is the bulk cooling flow
temperature [T] upstream of the cell. Ru is the convective thermal resistance [K/W]
between the cell surface and the cooling flow. At last, the heat removed from the battery
cell is absorbed by the cooling flow and caused temperature rise in the cooling flow thus
affect the cooling effect of the downstream cells. The heat absorbed by the cooling flow
is
Q f ,ij

Cf m
m((Tf ,i ( j 1))  Tf ,ij )

(7)

Where C f is the specific heat capacity [J/kg/K] of the coolant, m is the mass flow rate
[kg/s] in the cooling flow, T f ,ij and T f ,i ( j 1) are the bulk flow temperature [T] upstream
and downstream of the cell Cij respectively.

Figure 5-2: Schematic of the 2D lumped parameter thermal model of a 3 by 6 prismatic
battery pack
In the above lumped thermal model, certain assumptions are made. First, the 2D
lumped thermal model assumes a uniform temperature along the vertical direction of the
cell and neglects the heat dissipation at the top and bottom sides of the cell. This
assumption is based on the fact that the cell conductivity is high along the vertical
direction [30] and the adiabatic conditions at the top and bottom surface due to poor
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convection compared to side surfaces [28]. Second, the heat generation is assumed to be
uniform inside the core of a cell. Detailed heat generation phenomena in cell like the
current collection effect near the terminals [31] is neglected. Third, the lumped model
assumes the uniform value in the same state in each cell, i.e. the core and surface
temperatures are assumed to be the same in the core and surface respectively. Fourth, the
Rc, Cc, Cs are assumed to the same for the same type of cell (real Li-ion or dummy cells),
and Ru is assumed to be the same in the pack. And last, the radiative heat transfer is not
considered in the current model.

5.3.2 Heat generation rate
Accurate heat generation inputs to the model are very important to the accurate
modeling of a battery pack. The heat generation of the Li-ion cell is described by the
following equation:

Q I (U  Eoc )  IT

wEoc
wT

(8)

where Q is the heat generation [W], I is the current [A], U is the working terminal
voltage [V] during the charging/discharging process, Eoc is the equilibrium voltage or
open circuit voltage [V] and T is the ambient temperature [K]. The first term on the right
hand side of the equation is the irreversible heat generation. While the cells are being
charged, the terminal voltage U is higher than the equilibrium voltage Eoc and the current
is a positive value. While the cells are being discharged, the terminal voltage U is lower
than the equilibrium voltage Eoc and the current is a negative value. So the irreversible
heat generation is always positive when the cell is being cycled. The second term on the
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right hand side of the equation is the reversible heat generation.

wEoc
is the reversible
wT

heat coefficient [V/K] calculated by measuring the cell’s equilibrium voltage at different
temperatures. This coefficient is different at different state of charge (SOC) for one cell.
It is positive in most of the SOC range, which means the reversible heat generation is
positive during charging and negative during discharging.
In this paper, heat generations of the Li-ion and dummy cells in the two validation
experiments are shown in Figure 5-3. Panel a shows the heat generation of the cell C23 as
an example of Li-ion cell’s heat generation and the rest of the Li-ion cells were cycled at
the same condition. During the experiments, the cells were cycled at 10 A near the SOC
of 70%. The cells were first discharged for 240 s then charged for 240 s and the cycle
repeats during the whole test. Since the current rate is constant during cycling, the
irreversible heat generation is a constant value of around 1.72 W as shown in black line
in Figure 5-3a. The cell’s reversible heat coefficient is measured to be 0.2 mV/K near the
cycling SOC range. At the environmental temperature of ~295K during the experiments,
the reversible heat generation IT

wEoc
is calculated to be -0.59 W while discharging and
wT

0.59 W during charging as shown in blue line in Figure 5-3a. The overall heat generation
shown in red line in Figure 5-3a is the sum of the irreversible and reversible heat
generations. Panel b shows the heat generation of the dummy cell during the tests, which
is controlled to be constantly ~1.69 W. The value was chosen to be at the same level of
the Li-ion cell’s average heat generation rates thus mimic the thermal and aerodynamic
behavior in the large pack.
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Figure 5-3: Sample heat generations of the Li-ion and dummy cells in the validation
experiments

5.3.3 Parameter identification
To obtain accurate results from the model, the parameters used in model need to
be identified properly. Parameter identification can be performed through experimental
method [25, 27], empirical method [22, 28] or online parameterization method [24]. In
this paper, the experimental method has been used to identify the parameters.
Among all the parameters, Cc and Cs are the properties of the battery itself, which
can be calculated from the material properties of the cell. Cc and Cs of the Li-ion cells
are 731.47 J/K and 43.17 J/K respectively. Cc and Cs of the dummy cells are 56.40 J/K
and 679.30 J/K respectively. The reason dummy cell has a smaller lumped core heat
capacity (Cc) is that the heating elements in dummy cell have a much smaller mass than
the aluminum case. In contrary, the Li-ion cells have more mass on the heating core than
the thin aluminum case.
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Rc is conductive and contact thermal resistance between the cell surface and core,
which is also a property of the cell itself. Since the conductive and contact thermal
resistance is a cell property, it does not change with the cycling rates or the cooling
conditions. So it can be identified by heating the cell at a constant heat generation rate
and constant cooling flow. From equation (1), when the cell reaches steady state, the
differential of core temperature will be 0, thus

Q=

Tc  Ts
Rc

(9)

where Q is the setting heat generation rate, Tc and Ts are the steady state core and surface
temperatures which can be measured by thermocouples. In this way, Rc can be calculated
from equation (9). Figure 5-4a shows the core and surface temperatures of the dummy
cell cooled by constant cooling flow. The difference between the steady state surface and
core temperatures is 0.59 oC. The heating power of the dummy cell is ~1.69 W. So the
conductive thermal resistance of the dummy cell is 0.35 K/W. Figure 5-4b shows the core
and surface temperatures of the real Li-ion cell cooled by constant cooling flow. The
irreversible heating power inside the Li-ion cell is ~1.72 W. Notice that the Li-ion cell is
cycled at the profile shown in Figure 5-3a. The reversible heat caused a fluctuation
pattern in the temperature rising curve. The exponential equations are used to fit the
temperature rising curve:
T

a * et / b  c

(10)

where T is the temperature, t is the current time, a, b and c are constants. The reversible
heat generation is positive during charge and negative during discharge, so it cancels out
during the cycling process. The fitted temperature curves, which are plotted in the dashed
lines in Figure 5-4b, shows the effect of irreversible heat generation. The difference
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between the steady state surface and core temperatures is 0.60 oC. With the heat
generation and temperature data, the Rc can be calculated by equation (9). The conductive
and contact resistance of the Li-ion cell is also 0.35 K/W.

Figure 5-4: Conductive thermal resistance identification
The convective thermal resistance Ru can be identified through equation (1), (2),
(5) and (6). When the battery pack reaches the thermal equilibrium state, the differentials
of the core and surface temperature are both 0, and the heat generation equals to the heat
removed by the cooling flow. The cooling flow rate of each channel are the same so Ru is
the same for each cell. From the above equations:

Ru

2*

Ts  T f

(11)

Q
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Figure 5-5: Convective thermal resistance identification
Figure 5-5 plots the surface and coming flow temperature of C11 at the two experiments
described in section 5.2 . Panel (a) shows the temperatures under the enclosure test
condition, the difference between the steady state surface and cooling flow temperature is
2.87 oC. The heat generation is maintained at 1.69 W. So the convective thermal
resistance Ru during the benchtop test is calculated to be 3.40 K/W from equation (11).
Panel (b) shows the temperatures under the wind tunnel test condition, the difference
between the steady state surface and cooling flow temperature is 1.77 oC. The heat
generation is also 1.69 W. So the convective thermal resistance Ru during the wind tunnel
test is calculated to be 2.09 K/W from equation (11). At last, the parameters used in this
model are summarized in Table 1.
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Cc (J/K)

Cs (J/K)

Rc (K/W)

Li-ion cell

731.47

43.17

0.35

Dummy cell

56.40

679.30

0.35

Ru of WT
test (K/W)

Ru of benchtop
test (K/W)

2.09

3.40

Table 1: Parameters of the 2D lumped thermal model

5.4 Experiment validation of model
The previous section described the modeling process of the 2D lumped parameter
thermal model, in this section the experimental data obtained from the two tests described
in section 2 will be used to validate the thermal model. The validation process includes
two parts, the static status validation which is performed through the wind tunnel test, and
the transient status validation which is performed through the benchtop test. In the
validation process, the inputs to the model including the flow rates and the heat
generation rates were the same with the conditions measured in the experiments. The
outputs of the model (i.e. the cell temperatures) were then compared with the
experimental measurements. The static validation was primarily used to examine the
temperature distribution accuracy while the transient validation was primarily used to
examine the accuracy of temperature variation over time. The results show that the model
is capable of accurately capturing both the static and transient status of the battery
module.

5.4.1 Static status validation
To test the modeling accuracy of each cell in pack, the surface temperatures in the
static status validation were measured by the IR camera described in section 2 so that the
surface temperatures of all cells can be compared with the modeling results.
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To ensure the accuracy of the IR camera, the IR camera was first calibrated with
the thermocouple measurements. Figure 5-6 shows the IR image of the battery module
and the comparison between the IR and thermocouple data. During the test, the cells were
cycled at the thermal load shown in Figure 5-3 while the constant cooling flow rate of
4.3x10-3 m3/s was applied through each cooling channel. The IR camera took the
measurement shown in Figure 5-6a while the cell temperature reached a quasi-steady
state at ~5000 s. The average value of all the pixel readings on one cell was chosen as the
surface temperature of that cell, and then the IR measured surface temperatures were
compared with the thermocouple measurements at the same time. Figure 5-6b plots the
thermocouple and IR camera measurement at the same time. Limited by the number of
thermocouples, only eight cells were compared. But these cells locate from upstream to
downstream in different rows, which is a good representation of the temperature
distribution in pack. The comparison result plotted in Figure 5-6b shows that the IR
measurement agrees well with the thermocouple measurement across the pack. The error
between the two measurement methods is smaller than 0.5 oC. So the IR measurement
data can be trusted to validate the 2D lumped parameter model.
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Figure 5-6: Surface temperature distribution measured by IR camera and compared with
thermocouple measurements
Figure 5-7 plots the surface temperature measured by the IR camera and
calculated by the 2D lumped parameter model. The result shows that the thermal model
can capture the static surface temperatures of the cells accurately. Same with Figure 5-6,
the data calculated in the model and measured in the experiment were taken at the same
time at 5000 s. In Figure 5-7, panel a, b and c plots the temperatures of the cells in row 1,
2 and 3 respectively. And the horizontal axis shows the column number of the cells. As
seen, the maximum difference between the IR imaging measurement and the model
prediction is smaller than 0.4 oC, which shows that the model accurately revealed the
surface temperature distribution of the battery pack.
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Figure 5-7: Surface temperature comparison between model predicted data and IR
measured data
Beside surface temperature, an accurate model also needs to provide the core
temperature information accurately. Figure 5-8 compares the core temperature calculated
by the model and measured by the thermocouples inserted in the cells. Core temperature
calculation is very important since the core temperature is not easy to measure in a
practical situation and it can also be much higher than the measured surface temperature
data when the cells are cycled with extreme thermal loads [23]. In this experiment, 5
thermocouples were inserted in the four real Li-ion cells (C22, C23, C24 and C25) and
one dummy cell (C26). Figure 5-8 plots the core temperatures of these cells measured in
the experiment and calculated by the model. The data were taken at the same time at
5000 s when the cell temperature are stable. As seen, the error between the model
calculation and the measurements was smaller than 0.5 oC, which shows that the model
can accurately predict the core temperatures in a pack.
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Figure 5-8: Core temperature comparison between model predicted data and
thermocouple measured data

5.4.2 Transient status validation
The transient performance of the model still needs to be validated since the
heating load in cell varies with current and voltage change in practical applications,
which can be highly dynamic. The result plotted in Figure 5-9 shows that the model
predicts the transient temperature rising process very accurately. Panel a and b of Figure
5-9 plots the surface and core temperatures rise of Li-ion cells C23 and C24 respectively
in a 9600 s time span. The cells were cycled at the heat generation rate described in
Figure 5-3 and cooled by constant cooling flow during cycling. The flow rate of each
cooling channel is measured to be 1.1x10-3 m3/s. The solid black line shows the measured
core temperature and the solid red line shows the measured surface temperature. As seen,
the temperature increasing rate is different during charging and discharging process and
formed a fluctuation pattern. The black and red scattered circles show the surface and
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core temperatures calculated by the model. As seen, the model predicted data agree very
well with the experimental data for the whole loading process, and the model also
captured the temperature fluctuation pattern caused by different heat generation rates as
shown in Figure 5-3a during charging and discharging processes.

Figure 5-9: Temperature comparison between experiment and modeling data during the
transient process

5.5 Applications in different working scenarios
The 2D lumped thermal model has been validated through experiments in the
previous section, in this section two extended applications that are close to the realistic
scenarios are shown to demonstrate the simulation capability and two dimensional
property of the model.
Figure 5-10 shows the cell temperature variation under a highly dynamic driving
scenario of urban assault cycle (UAC) [24, 29]. Li-ion batteries usually endure highly
dynamic thermal loads while serving as the power source of EVs. During driving, the
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accelerations and brakes, which cause discharging and charging respectively, usually
alternate depends on the actual driving scenario. Figure 5-10c shows the heat generation
in cell under UAC profile. As seen, the heat generation varies dramatically from 0 to 10
W at different time. Such a highly dynamic thermal load can cause apparent temperature
fluctuation in cell which should be captured by an accurate thermal model. Figure 5-10a
and b show the core and surface temperatures of two cells C21 and C22 in pack. As seen,
the model captures the temperature fluctuation under the UAC profile. The temperatures
increased fast during the high heat generation periods and decreased during the low heat
generation periods. Notice that the temperatures did not fluctuate drastically as the
heating power did. This is due to the cell has mass and heat capacity (i.e. the lumped heat
capacity), which filtered the high frequency fluctuations. The results demonstrate the
simulation capability of the model at highly thermal loads.
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Figure 5-10: Cell temperatures under urban assault cycle (UAC)
To demonstrate the two dimensional property of the 2D thermal model, the one
cell overheating scenario was calculated using 1D and 2D lumped thermal model
respectively. The early phase of thermal runaway is usually an overheating problem and
the overheating can affect the adjacent cells and cause a chain reaction in the pack. Thus
it is important to show how one overheated cell affects the other cells in a battery pack.
Figure 5-11 plots the temperature distribution of the pack when only one cell (C22) was
overheated. In this scenario, the heat generation of cell C22 was 10 W, which is much
larger than the normal heat generation rate (~1.7 W) in other cells. The constant cooling
flow was applied during the cycling period in the same direction with previous tests. The
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flow rate of each cooling channel is 1.1x10-3 m3/s. Panel a and b of Figure 5-11 shows
the thermal map of the battery pack calculated by the 2D and 1D lumped parameter
model respectively when the cell temperature reached the steady state. And panel c and d
of Figure 5-11 shows the column plot of the surface temperatures rise of each cell
calculated by the 2D and 1D lumped thermal model respectively. In the overheating
scenario, the 1D lumped model calculated the exact same temperature rise for the three
cells in the same column of the overheated cell as shown in panel (b) and (d), since it
assumed each row to be exactly the same. The 2D lumped thermal model captures the
temperature distribution more accurately than the 1D lumped model where the
temperature difference in different rows can be clearly seen in the thermal map shown in
panel a and the column plot of surface temperature in panel c. This overheating example
shows the 2D lumped thermal model can provide more realistic and accurate temperature
distribution than the existing 1D lumped model, since the 2D model considers each cell
independently and avoid oversimplification problem in the 1D model.
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Figure 5-11: Temperature distribution at one cell overheating scenario calculated by 1D
and 2D lumped thermal model

5.6 Summary
In summary, this paper proposed a two dimensional lumped parameter thermal
model of a prismatic battery pack. The model treats each cell in the pack as an
independent unit and considers the thermal interactions between cells. The surface and
core temperatures of each cell were calculated in the model. Two experiments were
designed to validate the thermal model at static and transient conditions on an 18 cell
pack. The results demonstrated that the model could accurately capture the temperature
distribution in pack and the temperature variation in cell. Extended simulations of
practical scenarios show that the model is capable of calculating the cell temperatures
under highly dynamic thermal loads (UAC). Also the model captured the temperature
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distribution accurately in the one cell overheating scenario, which showed apparent
difference with 1D lumped thermal model that assumed each row of cells to be identical.
Overall, the 2D lumped parameter thermal model combined the merits of the detailed
thermal model and 1D lumped thermal model and overcame their limitations. The 2D
lumped thermal model provide detailed surface and core temperature information of each
cell in pack like the detailed thermal models, yet the simulation speed of the 2D lumped
thermal model is real time like the 1D lumped thermal model.
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Chapter 6 Conclusion and outlook
This chapter summarizes the dissertation and provides several suggestions for
future work.

6.1 Conclusions
In summary, this dissertation studied the thermal management of large Li-ion
battery pack using both experimental and numerical methods. The objective of this work
is to develop cooling strategies to reduce the parasitic energy consumption and the
temperature non-uniformity without increasing the maximum temperature rise in a large
scale battery pack. The approaches used in this work to accomplish these goals included
both new experimental platforms and models, both designed to provide comprehensive
core and surface temperatures of battery cells in a 2D array.
More specifically, chapter 2 reported the design of active control strategies to
reduce the parasitic energy of a small scale pack consisting of 4 cylindrical cells. The
development of the control strategies was accomplished in three steps. First, experiments
of different cooling schemes were performed under controlled conditions. Second, the
experimental data obtained from the first step were used to develop and validate the CFD
and ROM models. And third, the validated ROM was then used to simulate and evaluate
controller-based cooling strategies for battery modules under practical dynamic load
profiles such as the UAC profile. The results show that the proposed active control
strategy can reduce the parasitic power consumption by ~30% while maintaining almost
identical temperature rise for a small battery pack cycled at highly dynamic loadings.
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Chapter 3 demonstrated the effectiveness of the actively controlled thermal
management of Li-ion cells under elevated thermal environment with temperature above
40 oC. To defray the cost of performing the experimental study at elevated temperature
environment while obtaining meaningful data for a multi-cell battery pack with practical
relevance, this study developed an experimental setup using a combination of 4 real Liion cells and 12 dummy cells. The dummy cells were embedded with heating elements
inside to simulate the thermal behavior or real cells, and were designed to have the same
geometry with the real cells to simulate the aerodynamic behavior. The dummy cells can
help to create a local high temperature region surrounding the real cells, thusly
significantly reducing the cost of creating a high temperature environment experimentally.
The results show that the actively controlled cooling strategy effectively reduced the
parasitic power consumption by more than 80% at the cost of a marginal temperature
increase of ~1 oC.
Based on the above work conducted in a small scale pack, Chapter 4 reported the
thermal management of a prismatic Li-ion battery pack consisting of 18 cells using
reciprocating flow and active control strategies. An experimental platform was designed
and developed to perform controlled tests on several competing cooling strategies. These
strategies included unidirectional cooling, reciprocating cooling with constant period, and
actively controlled reciprocating cooling. The major observations are twofold. First, the
reciprocating cooling is effective in reducing the maximum temperature rise and the
temperature non-uniformity in a practical sized battery pack. Second, through the active
control of reciprocating cooling flow, the battery pack can reach a more uniform
temperature using the minimum parasitic energy consumption.
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Chapter 5 reported the development of a two-dimensional lumped parameter
thermal model and its validation through experiments. This new thermal model provides
both accurate surface and core temperatures of every individual cell in a large scale
battery pack. As a result, the temperature distribution in a large scale battery pack can be
analyzed accurately. Furthermore, the model requires significantly reduced computational
resources (e.g., compared to CFD models) and can run in real-time. Therefore, this model
shows great potential for applications in early stage design iteration, onboard diagnosis,
and active control. The accuracy of this model was validated by two sets of experiments,
both showing an agreement between the experimental data and the model simulation
within 0.5 oC.

6.2 Outlook
The thermal management of Li-ion battery pack in EV and HEV is a challenging
issue with many opening research and development questions, considering the
requirements of restrained temperature rise, low parasitic energy consumption, uniform
temperature distribution, and accurate temperature sensing in a large scale battery pack.
Based on this dissertation, some future research directions are recommended below.
First, a combination of active and passive thermal management strategy may
provide optimal thermal management performance. Passive thermal management system
usually achieves uniform temperature distribution and consumes no parasitic energy but
the cooling capability is limited. Active thermal management system using forced
convection consumes large amount of cooling power and creates significant temperature
non-uniformity. The work in this dissertation improved the performance of active thermal
management strategies through active control. For future investigation, the combination
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of passive thermal management with controlled active cooling may further reduce the
parasitic energy consumption and enhance the uniformity of temperature distribution.
Second, it is worthwhile to investigate the application and extension of the
experimental platforms and the models developed in this work for the study of thermal
management using liquid cooling, especially when battery packs were cycled under
extreme loading conditions. Under realistic operating conditions, batteries may undergo
extreme cycling loads, and such extreme loads even for a short duration can cause
significant battery degradation or failure. This work primarily focused on cooling
strategies based on air. Under extreme cycling loads, air-based cooling may not provide
the cooling capacity need due to air’s low thermal conductivity. Therefore, the
application of liquid cooling method should be studied to address situations like these.
The cooling strategies and models developed in this work already prepared the
groundwork to evaluate the performance of liquid-based cooling, in terms of constraining
temperature rise, reducing parasitic power consumption, and enhancing temperature
distribution uniformity.
Third, it is both of scientific and practical value to investigate the 2D lumped
parameter thermal model for onboard diagnosis and control, and to use the model for
optimal cell arrangement design in pack. The real-time simulation capacity of the model
presented in Chapter 5 makes it very attractive for such in situ purposes. Also, the realtime property makes the model response fast to design changes, so it can be used to
optimize the cell arrangement in the early design process.
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