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Abstract

Electric vehicles will become an inevitable part of future transportation, because of the increas-
ing concerns of global warming and climate change effects, caused by gasoline and diesel vehicles.
Lithium-ion cells are the primary candidates for energy storage in electric vehicles. Lithium-ion cells
are sensitive to operating temperatures. Operating them beyond the optimum temperatures, reduces
their lifetime and can lead to thermal runaway, at extreme conditions. Hence, a thermal manage-
ment system is required. In this work, a simple ‘On-Off’ control is used and the upper and lower
thresholds are optimized, to reduce the energy consumption and the temperature difference between
the cells. 3 coolant flow rates are selected and are analyzed for each upper and lower threshold.
A MATLAB Simulink model and spreadsheet are used for analysis. The models are validated by
experiments. It is found that a control strategy of '32°C' to 35°C", with a coolant flow rate of 0.67
kg s7!, among the selected strategies, is better in reducing energy consumption and temperature
difference. Running the cells at relatively higher temperatures, within the optimum range, helps in
reducing energy consumption and temperature difference.
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1. Introduction

Lithium-ion cells are better candidates for electric vehicles as they combine the advantage of high
power density and high energy density [I5]. In addition, they have high nominal voltage and a low
self-discharge rate [22]. They also have a long cycle life and no memory effect [33]. However, the
lifetime and safety of these cells depend upon operating temperatures. The lifetime of these cells
is an important factor in the ownership cost of electric vehicles. The battery pack accounts for a
major portion of the entire vehicle’s cost [20]. Repeated operation of the cells above 45°C, degrades
the electrodes and reduces the lifetime [12) 31], 17, [30]. The optimum operating temperature for
lithium-ion cells is between 25°C' to 40°C' [I8, 21]. This temperature range ensures better balance
between lifetime and performance of the cells. Also, the initial temperature of the battery has to
be within 40°C, to ensure better charging efficiency at 1C rate [24]. In case of short circuits, a
huge amount of heat is liberated in a short span of time. This may lead to thermal runaway. Also,
overcharged cycling of lithium-ion batteries, can lead to earlier thermal runaway [19]. Although
the battery management system (BMS) prevents over-charging and over-discharging, it can become
faulty due to electromagnetic interference. To maintain the optimum temperature range of the cells
and to ensure safety, a battery thermal management system (BTMS) is often required.

The BTMS can be either passive or active. Passive cooling takes place by natural convection,
conduction or radiation. Whereas, active cooling spends energy to a fluid (air, water, etc.), to achieve
desired cooling rate. In many cases, passive cooling is not sufficient to achieve desired performance,
especially when the discharge rates are higher [23] 9]. Out of these, the most common and frequent
methods are liquid cooling [14] 34, 28], air cooling [4], phase change material cooling [13, 1] or a
combination of these [32].

Large temperature difference between the cells in a battery pack causes an unbalanced ageing of the
battery. This can lead to an uneven mismatch of the internal resistances between cells. Generally,
in a battery pack, all cells must have a similar charging and discharging rate. But, due to this
mismatch, the overall life of the battery is reduced [30, [3]. Therefore, the temperature difference
between the cells is also an important factor. The temperature difference between the cells should
be maintained within 5°C' [25]. In this work, active liquid cooling is considered, because it performs
better in reducing the temperature difference between the cells [6].

Haoting Wang et al. [29] compared the energy consumptions of the BTMS, when operated normally
and when operated with a simple ‘On-Off’ control. The results show that the ‘On-Off” control can
significantly reduce the energy consumptions of the system.

Although it has been already proposed that an ‘On-Off’ control can reduce energy consumption,
there is a lack of investigation on the effects of upper and lower thresholds. Also, selecting a proper
coolant flow rate is a trade-off between energy saving and temperature uniformity. This work will
focus on how to select optimum upper and lower thresholds for the ‘On-Off” control, along with the
coolant flow rate.

1.1. Battery Sizing

The work starts with sizing the battery pack for Maruti Suzuki Alto car and designing a BTMS
for it. The cell considered for this work is Samsung INR 18650-25R, which is a cylindrical lithium-ion
cell. 18650 cylindrical cells are chosen, because they are easier to arrange and their lower volume
and radius results in lower internal cell temperature difference and lower thermal inertia [27]. The
parameters of the cell are given in table [II The battery is sized according to the New European
Driving cycle (NEDC). The resistive forces to the vehicle’s motion are calculated and multiplied
with instantaneous speed, to get the instantaneous power. The power is integrated over the operating
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Table 1: Model and Experiment results for coolant pump operation time

Nominal Voltage | Nominal Weight | Cathode Anode Cell Dimensions
Capacity
32V 2.5 Ah 45 grams | Nickel Graphite-carbon | Height:64.85 + 0.15
Cobalt Diameter:18.33 £ 0.07
Manganese
Oxide
(NMC)

time, to get the energy required. The resistances considered are the drag resistance, rolling resistance
and the inertial resistance. The values of drag co-efficient and frontal area are obtained from the
work of Abdul Razaqque Anzari [2]. The respective formulas are listed below. The values of distance,
speed and acceleration are taken from the NEDC.

Energy required = (Drag resistance + Rolling resistance + Inertial resistance) x Range (1.1)

Drag resistance = 0.5 % Avf « Cd % vv2 * p (1.2)
Rolling resistance = C'r x mv * g (1.3)
Inertial resistance = mv x a (1.4)

The density of air, p, is kept constant at 1.225 kg m-2. The rolling resistance co-efficient, Cr,
is also considered as a constant, as the variations are negligible. The energy required for a range
of 350 km is identified. It is divided by the driveline efficiency, which is assumed to be 80 percent.
That energy is divided by the energy capacity of a single cylindrical cell, to get the total number of
cells. The energy capacity of a cell is found by multiplying the nominal voltage (3.6 V) of the cell
with the capacity (2.5Ah) and the available range of state of charge (80%). The total number of
cells required is 4032. They are divided into 16 modules, with each module consisting of 252 cells,
with 14 connected in series and 18 in parallel. The series-parallel arrangement is compact and is
best suitable for the performance of BTMS [5]. The voltage output of each module is 50.4 V and
nominal capacity is 45 Ah. 8 modules are connected in series, to make the entire battery voltage as
403.2 V and 2 such series strings are connected in parallel to make the battery capacity as 90 Ah.
This is done, considering that, power-converters operating at 400 V, are available in the market.

2. Battery Assembly

Each module consists of 252 cylindrical cells, which are connected by 12P and 6P holders. The
module assembly is shown in figures [T and [2] One 12P and one 6P holder cells are connected in
parallel. This makes 18 cells connected in parallel. 14 such combinations are placed in 7 * 2 manner,
such that these 14 combinations are connected in series. Aluminium plates containing copper tube, is
placed in between these cells, in a serpentine manner. A thermal paste is used in between the cell and
the aluminium plate, in order to maximize the area of contact. The cells are electrically connected
by nickel strips. The nickel strips are spot welded to individual cell terminals. The assembled cells
are placed in a battery fixture, during spot welding.
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Figure 1: Battery_(Top)

Figure 2: Battery_(Bottom)

Figure 3: Spot Welding of cell terminals
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3. Simulink Model

3.1. Heat Generation

The heat generation in a lithium-ion cell can be divided into irreversible and reversible heat
[T, 8, [7]. The irreversible heat is the product of the square of the current and the internal resistance
of the cell. The internal resistance of the cell is taken from the works of Artur Kopczynski [10]. The
reversible heat is due to the entropy of the reactions at the anode and the cathode. Reversible heat
should also be considered, when the battery is cycled at lower C rates. [16]. They are found using
the equations and . The entropy of the cathode and anode is taken from the works of
Viswanathan et al. [26].

qgen = qirr + qrev (3.1)

girr = I2 % Rin (3.2)
grev = IT(DE/IT) (3.3)
AS =nF(0FE/0T) (3.4)

In the above equations, Rin is the internal resistance, (OE/OT) is the change of cell potential
with respect to temperature, AS is the entropy change of the electrodes, n is the number of electrons
during the experiment (n = 1 in this case) and F' is the Faraday’s constant. [ is the current and it
is positive during discharge and negative during charge.

3.2. Heat carried by coolant
The heat carried by the coolant, can be calculated using the relations ({3.5),(3.6)) and (3.7)

qout = U x Acl x (Tbatt — Tcl) (3.5)
U =1/[(1/h) + (ri *In(ri/ro)/kcu) (3.6)
h = (Nux* kcl)/D (3.7)

Here, U is the overall heat transfer co-efficient. Acl is the inner curved surface area of the coolant
channel. Tcl is the temperature of the coolant. The initial temperature of the coolant is assumed
to be 25°C', at the entry. The thermal resistance offered by the aluminium blocks are too low.
Hence, they are neglected while identifying the total heat transfer co-efficient. kcu is the thermal
conductivity of the copper tube.

The h is the convective heat transfer co-efficient and it is directly proportional to the Nusselt’s
number, Nu, and thermal conductivity of the coolant, kcl, and inversely proportional to the inner
diameter of the coolant channel, D. The coolant is 50% ethylene glycol solution. ri and ro are the
inner and outer radii of the coolant channel and kcu is the thermal conductivity of the copper tube.
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3.3. Battery Temperature

The instantaneous battery temperature is identified by adding the initial temperature of the
battery with the change in battery temperature caused by heat variations. The change in battery
temperature is equal to the product of mass of the battery, specific heat capacity of the battery and
the net heat generated or rejected.

Tbhatt = Tini + ATbatt (3.8)

Thatt = Tini + mbatt x C'p, batt x (qgen — qout) (3.9)

qgen is always present, as the battery is discharged constantly and qout is present when the
coolant is passed and is equal to zero, when the coolant is not passed.

3.4. Energy Consumption

The energy consumption is the product of time, for which the coolant pump is operated, and the
power required by the coolant pump. The coolant pump’s operating time is identified by a Simulink
model. The battery is discharged constantly at 0.2 C, 0.3 C, 0.4 C and the simulation is performed for
a time period, corresponding to 80% depth of discharge of the battery. The simulation is performed
for all the selected upper and lower thresholds and coolant flow rates. The initial temperature of the
battery and the coolant temperature are kept at 25°C'.

The pump power can be identified by finding out the pressure losses in the system and kinetic
energy required, for the respective flow rates. The pressure loss in metre, can be obtained using the
Darcy-Weisbach equation,

hmajor = f* (L/D) * (vel2/2g) (3.10)
f=64/Re (3.11)
Re = pel xvel « D/ (3.12)

f is the friction factor and is equal to 64 divided by Re, for laminar flows, where Re is the
Reynolds number. pcl is the density of the coolant, vcl is the velocity of the coolant, L is the length
of the coolant channel, D is the inner diameter and g is the acceleration due to gravity.

This pressure loss, along with the kinetic energy in metre (vcl2/2g), represents the head required by
the pump. The head required by the pump can be converted into the pump power using the relation
(13.13)).

P=pclxgxQxH/n (3.13)

H = hmagjor + vcl2/2g (3.14)

where, @) is the volumetric flow rate of the coolant in m3 s-1 and H is the head required by the
pump in m.
Energy Consumption = (Pump power) x (Operation time) (3.15)
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3.5. Temperature Difference

The temperature difference between the cells can be identified approximately, by performing the
heat transfer and battery temperature relations, separately for the 16 modules. In other words, the
temperature of the coolant is adjusted for successive battery modules. The temperature rise of the
coolant through one module can be identified by equation (3.16]).

qout = mcl x Cp, cl x (T'cl, out=Tcl,in) (3.16)

gout can be obtained from equation . Tcl, out and T'cl, in are the temperatures of the coolant
exiting and entering the particular module. mcl is the mass flow rate and C'p, ¢l is the specific heat
capacity of the coolant respectively. T'cl, out is found using the above equation and it is again used
in equation to find the heat rejected by the successive module. This process is repeated for all
the modules, until the battery temperature of the first module reaches the lower limit of the selected
control strategy. The battery temperature of the module, near to the coolant exit will be maximum,
because of the increased coolant temperature. The temperature difference is identified by subtracting
the last battery module temperature by the first battery module temperature.

3.6. Experimental Setup

The battery modules are connected and are maintained at a room temperature of 25°C. A
circulating pump is used, along with the coolant reservoir. The coolant pump is connected to another
battery. The pump’s volumetric discharge rate is approximately 0.22 kg s~!. A thermistor is placed
in the nearest cell to the coolant entry and also, in the farthest cell to the coolant entry. These
thermistors are connected to a controller. The upper and lower thresholds of the control strategy
are programmed in the controller and are set at 35°C to 28°C' and 34°C' to 27°C'. The controller
also records the data of temperature versus time, from which the pumping time, for different lower
thresholds can be assessed. The temperature difference can also be found from the data of the 2
thermistors. The battery is connected to a load of 0.3C, 0.4C and 0.5C. The coolant is passed into
a condenser, after exiting from the battery pack.

4. Results and Discussion

4.1. Model Validation

The Simulink model and spreadsheet analysis are validated by comparing the results of the model
with the experiment. The experiment is performed for 10 combinations of upper and lower thresh-
olds, with a coolant flow rate of 0.22 kg s1. The coolant pump operation time and the temperature
difference between the cells are recorded. The results of coolant pump operation time and temper-
ature difference are provided in figures flj][7] and [§] Two experiments are done for the two different
upper thresholds of 35°C' and 34°C.

The root mean square deviation for both the results are identified. The values of root mean
square deviations are 15.17 and 0.05 for coolant pump operation time and temperature difference
respectively. The deviation of 15.17 seconds for the coolant pump operation time is acceptable, as the
energy requirements do not vary much for this value of deviation. Similarly, the deviation of 0.05°C
for the temperature difference between the cells is also acceptable, as they might be caused due to
the slight inaccuracy of the thermistor. The slight deviation can also be caused by the approximate
modular level analysis and non-linearities of parameters like thermal conductivity and specific heat
capacities. However, the model is still accurate for the purpose of ranking the strategies.

The coolant pump operation time and temperature difference are simulated for a number of different
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upper and lower thresholds, and for different coolant flow rates. An example of battery temperature
oscillation between upper and lower thresholds of ‘32°C't035°C", '31°C'to35°C’, ‘31°Ct034°C" and
‘30°C't034°C" are represented in figures and [12]

In the above figures, the battery temperature rises sharply for higher discharge rates and vice
versa. This is in accordance with the fact that, higher currents lead to higher heat generation and
hence, higher temperature rise of the battery. When the coolant is passed, the battery temperature
drops quickly for lower discharge rates and vice versa.

4.2. Scoring

‘On-Off” control of different upper and lower thresholds, with 3 different coolant flow rates are
simulated. The results of energy consumption and temperature difference between the cells are
calculated, for each strategy. Based on the results, each strategy is awarded a score. Both the
parameters (energy consumption, temperature difference between cells), are given equal weightages.
The scoring is made in such a way that, higher energy consumption and higher temperature difference
between cells, gets the highest score. Therefore, the strategy with the least score implies that, it
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Table 2: Score chart for different strategies at 0.2C discharge

e ENERGY CONSUMPTION (KWh) TEMPERATURE DIFFERENCE (°C) SCORE
STRATEGY 0.68kgs' | 045kgs' | 022kgs® | 068kgs' | 045kgs' | 022kgs' | 068kgs' | 045kgs' | 022kgs
35t032°C 062 028 0.07 012 018 036 92 122 298
35to31°C 089 041 0.10 015 022 043 16.2 185 307
35t030°C 123 056 014 017 025 049 228 240 473
3510 20°C 166 076 019 018 026 052 294 276 515
350 28°C 226 103 0.26 017 025 05 358 299 500
35t 27°C 325 148 038 014 0 042 47 308 419
3to31°C 071 033 0.08 012 018 035 104 127 29
3410 30°C 105 048 012 014 0 042 170 18.2 387
3410 29°C 148 067 017 016 023 046 248 230 441
3410 28°C 208 095 024 016 023 046 23 %5 450
3Mto27°C 308 140 036 013 0.2 04 413 2856 303
3310 30°C 169 077 0.20 012 017 03 27 171 301
3310 20°C 128 058 015 014 02 04 199 183 367
33to 28°C 188 0.86 0.22 0.14 021 042 274 229 399
3t 27°C 287 131 033 013 019 038 w7 263 365
3210 29°C 208 095 0.24 011 017 033 %4 194 295
3210 28°C 233 106 027 013 019 037 319 231 346
3210 27°C 264 120 0.31 012 018 035 M6 237 327
3110 28°C 273 125 032 0.11 0.16 031 36 219 281
3Mto27°C 403 184 047 01 016 032 509 293 312
30to27°C 406 185 047 01 014 028 500 271 %4

consumes less energy and ensures better temperature uniformity than the other strategies. The results
are provided in the tabled2|3| and [ for the discharge rates of 0.2 C, 0.3 C and 0.4 C respectively.
Some of the worst performing strategies are 30°C to 2°C, with a flow rate of 0.68 kg s~* and 34°C
to 29°C, with a flow rate of 0.22 kg s~!. Lower operating temperatures reduces the heat rejection
rate and hence, the system operation time increases. Also, a big difference between the upper and
lower thresholds, result in increased operation time.
However, the results may vary, if the two parameters used for estimation (energy consumption,
temperature difference between cells), are given different weightages. But it can be said that the
results of this comparison, can be used to obtain a better balance between performance and lifetime
of the battery.
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Table 3: Score chart for different strategies at 0.3c discharge

ENERGY GONSUMPTION (KWh) | TEMPERATURE DIFFERENGE (°C) SCORE
CONTROL

STRATEGY o_s;"g 0-1'“:"9 022 k93| ggakgst | 045kgs' | 022kgs' | 083kgs 045 kg & 022 kg 8-
35t032°C 161 0.73 0.19 0.5 0.22 0.43 12.9 144 33.0
3to31°C 230 105 027 018 0.27 052 207 M3 42
3to30°C 174 0.7% 020 0.2 03 0.58 19.1 233 49.1
35t029°C 258 1.18 0.30 02 03 0.59 247 259 50.8
35t028°C 456 208 053 0.18 0.25 0.49 33.8 %7 417
35to27°C 165 212 054 012 0417 0.35 30.2 184 29
34to31°C 195 0.89 023 015 0.22 043 15.2 155 333
34t030°C 152 0.69 0.18 0.18 0.26 052 154 184 426
34t029°C 235 1.07 027 0.19 0.28 0.55 221 231 454
34t028°C 133 198 050 018 0.24 0.48 323 29 405
34ta27°C 524 239 081 012 017 0.3 M1 203 74
33to30°C 251 145 029 015 022 044 18.9 172 M8
33to29°C 347 158 040 047 0.25 05 278 233 420
33to28°C 407 186 047 0.16 0.23 0.46 305 23.1 38.2
33to27°C 582 266 068 0.12 017 0.35 38.1 221 278
32t029°C 355 162 041 015 022 0.44 26.0 204 356
32t028°C 406 185 047 015 0.22 045 294 220 37
32te27°C 641 292 074 0.12 017 0.35 421 239 23
3to28°C 524 2.39 061 0.14 0.21 0.42 36.3 245 38
3to27°C 7.00 319 0581 012 017 0.35 460 %57 288
30to27°C 758 346 088 012 047 0.35 50.0 75 22

1787
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Table 4: Score chart for different strategies at 0.4C discharge

ENERGY CONSUMPTION (KWh) | TEMPERATURE DIFFERENCE (°C) SCORE
CONTROL STRATEGY
0-535_"‘9 “-“:4"9 022 K391 nggiget | 045kgst | 022kget | D88 kgs 0.45kgs 022 kgs'
35to32°C 137 053 016 013 02 038 59 151 314
35to31°C 1M 046 012 016 0.24 047 136 182 411
3t 30°C 141 064 016 018 027 053 189 230 481
35t029°C 195 089 0.23 019 0.28 055 243 260 509
3510 28°C 281 128 033 018 0.26 051 298 %8 472
3to27°C 47 215 0.55 013 0.18 037 390 247 333
3 t031°C 162 074 019 0.14 02 038 16.1 159 317
34t030°C 193 088 0.2 0.16 0.23 046 07 204 408
341029°C 176 080 0.20 017 0.25 05 05 20 451
3410 28°C 262 119 0.30 017 0.24 048 272 239 437
341027°C 473 216 055 012 018 036 380 247 322
33t030°C 197 090 023 013 019 038 1T 16.1 320
3Bto28°C 285 130 033 015 022 044 %8 25 394
33to28°C 230 108 0.28 016 0.23 045 243 220 404
3to27°C 450 205 052 0.12 017 035 363 228 309
321029°C 254 1146 0.29 0.13 0.19 037 21 18.1 314
320 28°C 378 172 0.4 0.14 0.21 041 320 %7 369
32t027°C 424 193 049 0.12 017 0.34 342 219 296
2ii0 26°C 361 165 042 012 018 036 204 208 312
31to27°C 470 215 055 0.1 017 032 367 235 278
30to27°C 6.56 299 076 0.1 016 0.3 500 290 272
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5. Conclusion

The battery is sized for an approximate range of 350 km, for Maruti Suzuki Alto car, according
to NEDC and the cells are assembled in a series-parallel configuration. ‘On-Off” control of different
upper and lower thresholds, with 3 different coolant flow rates are analyzed. A Simulink model is
created to estimate the coolant pump operation time and the energy consumed by the system. The
temperature difference between the cells within the pack is estimated using a spreadsheet analysis.
The models are validated by comparing some of the results with the experimental results. Based
on the model results, scores are given to each strategy. The strategy with the least score performs
better. Upper and lower thresholds of 35°C' and 32°C, with a coolant flow rate of 0.68 kg s71,
performs better than the other selected strategies. By interpreting the results of the strategies, the
following can be concluded:

e Operating the cells at higher temperatures, within the optimum temperature limits, can greatly
help in reducing the energy consumption of the system.

e Higher coolant flow rates can be used to keep the temperature difference between the cells
as minimum as possible and higher upper and lower thresholds can be used to minimize the
energy consumption.

e The difference between the upper and the lower threshold should be minimum and the thresh-
olds should be closest to the highest temperature that is acceptable, to reduce the system
operation time.

e Equal importance should be given to the design of radiator or condenser, to ensure minimum
initial coolant temperature, which helps in reducing the energy consumption of the system.
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