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ABSTRACT As the only power source of pure electric vehicles, lithium-ion batteries play an important role
in vehicle powertrain systems. However, lithium-ion batteries have a significant reduction in capacity and
power capability at low temperatures, which results in a greatly shortened driving range and poor acceleration
of the vehicle. In this study, a rule-based battery external heating control strategy was developed to heat the
battery during driving. An electrothermal film was affixed to the surface of each cell as an external heating
material that was powered by the battery. An equivalent circuit model combined with a thermal model was
established to simulate the electrical and thermal dynamics of the system with sufficiently high accuracy, and
control rules were developed based on the model. The optimal solution was obtained by adopting the dynamic
programming algorithm to optimize the trade-off between temperature rise and energy consumption and
maximize the total driving range under different low temperature driving conditions. Simulation results on
the experimentally validated model show that the vehicle with the proposed control algorithm increased the
total driving range by 18.6% to 220% for different driving conditions at cold to extremely cold temperatures
compared with the vehicle without external heating. Furthermore, the rule-based control showed a 1.1% to
4.4% improvement compared with the maximum (constant) power heating method.

INDEX TERMS Lithium-ion battery, external heating, electric vehicle, driving range, rule-based control,

dynamic programming.

I. INTRODUCTION

As environmental issues and the energy crisis have con-
tinued to intensify, electric vehicles (EVs) have become a
promising alternative to greatly reduce emissions and fossil
fuel consumption. With their continuously improving energy
efficiency, safety and driving range, and promotion by gov-
ernment policies, the market share of EVs has increased sig-
nificantly during the last decades [1]. Under the requirements
of vehicle performance, lithium-ion batteries have become
increasingly widely used as traction batteries in EVs due to
their advantages of high energy density, low self-discharge,
and long cycle life [2], [3]. However, there is a nonnegligible
drawback of lithium-ion batteries in that their performance
is greatly reduced at low temperatures. This is mainly due
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to poor electrolyte conductivity, poor lithium intercalation
kinetics at the electrode surfaces, and poor ionic diffusion
in the electrode bulk [4]. The resulting poor performance
is reflected by the dramatically increased electrochemical
impedance [5], reduced capacity and derated charging and
discharging power limits at low temperatures. Because the
traction battery is the only power source of pure EVs, the
reduced performance has a significant impact on vehicle
behavior, leading to a shortened driving range, poor accel-
eration and loss of regenerative braking energy. A range loss
of approximately 40% to 60% at —20°C was reported com-
pared with normal temperature conditions [6], [7]. Therefore,
a battery heating system and strategy for cold weather con-
ditions are urgently needed to guarantee satisfactory vehicle
performance.

The two commonly used approaches for battery heating are
external and internal heating [8], [9]. External heating refers
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to heating the battery by external heating sources through heat
transfer, and the commonly used external heating methods
include air heating, liquid heating and electrothermal ele-
ment heating [10]. For air heating, a battery pack is usu-
ally equipped with a resistive heater powered by either an
onboard DC/DC converter or an external power source to
generate heat, and a fan to create a convective flow around
the pack [11], [12]. The main problem with air heating is that
the low thermal conductivity leads to a relatively long heating
time. Furthermore, convective heating may also cause a large
temperature gradient between different cells, which can be
harmful for pack operation. For liquid heating, the heating
system mainly consists of a heater, heat exchanger, pump
and circulation pipes. Heat is transferred from the liquid
to the battery through the heat exchanger. Because liquid
has a higher thermal conductivity than air, the heating rate
could be greatly increased; however, the sealing issue makes
the design of its system structure more challenging. There
are several different approaches to electrothermal element
heating. Zhang et al. [13] used a positive temperature coef-
ficient (PTC) material to form external heating plates. The
PTC plates were mounted under the battery modules and
powered by an external power supply. In addition, elec-
tric fans were installed to facilitate air circulation, thereby
improving the preheating effect. However, the major draw-
backs of PTC plate heating are the non-uniform temperature
distribution between the cells and the relatively slow heating
rate. Lei et al. [14] presented a wide-line metal film method
for battery heating in which the films were placed on the
surface of the cells. Compared with an electrothermal plate,
the electrothermal film has the advantage of a much smaller
thickness which makes it possible to attach it between the
cells and guarantees a more uniform temperature distribution.
Alaoui and Salameh [15] employed a Peltier effect element
as an electrothermal material that can transfer heat from the
heat sink to the battery cells. The advantage of Peltier element
heating is that the temperature rise rate can be controlled
by the amplitude of the electrical current passing through
the Peltier element, which enables accurate control of the
battery temperature. Chen and Li [16] constructed a heating
module using a pulsating heat pipe with TiO; nanofluid as the
working medium. It was confirmed that rapid preheating and
temperature uniformity can be achieved due to the highly effi-
cient bidirectional thermal transfer and thermal conductivity
characteristics of the pulsating heat pipe.

In contrast to external heating, the basic idea of internal
heating is to utilize the internal resistance of the battery to
generate heat by imposing a current through the battery. There
are two types of current sources, alternating current and direct
current. The sinusoidal alternating current heating method
has been widely investigated. It has a relatively fast heating
rate and less impact on battery life [8]. Ruan er al. [17]
developed a rapid AC heating strategy with an optimal fre-
quency based on a constant polarization voltage. An average
temperature rise rate of 3.73°C/min with an essentially uni-
form temperature distribution was reported. Zhang et al. [18]
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investigated the battery impedance spectrum at different tem-
peratures and developed a multi-stage AC heating strategy
in which the frequency of the alternating current remains
constant, but the magnitude changes based on the tempera-
ture. The proposed method can maximize the heat genera-
tion at different temperatures, thus minimizing the heating
time without incurring the Li-plating phenomenon. How-
ever, AC heating also has the limitation of requiring outside
AC generation facilities, leading to difficulty in onboard
implementation. Shang et al. [19] designed a high-frequency
sine-wave heater based on resonant LC converters on
an EV, which enables onboard self-heating of the batteries.
Li et al. [20] developed a novel driving circuit for EVs and
proposed a triple-module separated invert (TMSI) mode to
rapidly heat the battery pack. Heating can be performed
during parking and EV driving. Shang et al. [21] proposed
a high-frequency AC heater based on buck-boost conver-
sion and developed a heating strategy based on a thermo-
electric model. They verified that increasing the AC-heating
frequency can significantly improve the heating speed and
efficiency. However, in general, AC heating devices are bulky
and expensive.

The other internal heating method is DC heating, which
uses the battery discharge current to generate heat. How-
ever, due to the polarization phenomenon, a long discharge
current with a large rate can result in a significant voltage
drop in the battery and further reduce the battery’s life [22].
Du et al. [23] developed an optimal control method using
the weighted capacity fade rate and heating time as the cost
function. However, this strategy took a constant discharge
current limit as the hard constraint, which led to conserva-
tive results, and the battery temperature rise rate was rela-
tively slower than AC heating. Ruan et al. [24] considered
the discharge cut-off voltage as one of the constraints, for-
mulated the heating time and capacity degradation as dual
objectives, and used a multi-objective genetic algorithm to
solve the optimal control problem. It achieved a significantly
improved average temperature rise rate with no substantial
lifetime reduction. To reduce the impact on battery life,
Qin et al. [25] modified the one-direction current to a bidi-
rectional pulsed current, and found that bidirectional pulse
heating can fully utilize the internal resistance of the battery
and may reduce the impact on battery life through fast reverse
depolarization. Furthermore, Wang et al. [26] invented an
“All climate battery” (ACB) by embedding a nickel foil
inside the cell as a heating resistance and achieved a fast
temperature rise rate of approximately 1°C/s, consuming
only 3.8% of the cell capacity. This approach significantly
shortens the heating time, but it has to modify the internal
structure of the cell, which results in higher cost and system
complexity.

In summary, recent studies on battery heating at cold tem-
peratures have mainly focused on improving the heating effi-
ciency during preheating but they lack a heating strategy for
driving conditions. Although continuous progress has been
made in terms of higher heating rate, less battery capacity
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fade, and lower cost, there is always a trade-off between
shortening heating time and preventing battery life reduction.
In order to protect the battery from being overcharged or
overdischarged, and to avoid significant battery life reduc-
tion, the heating power could not be large regardless of the
heating strategy, and the resulting long preheating process
brings extreme inconvenience to the driver. Furthermore, the
required heating devices are usually not suitable for onboard
implementation.

In this study, a rule-based battery heating strategy to
optimize the heating process during driving is developed.
An external heating method with an electrothermal film
is adopted, and the battery provides the required power.
Instead of shortening the preheating time before driving,
this strategy employs an onboard heating control during
driving to recover the battery capacity and increase the
driving range. With the rule-based control strategy, the
heating power depends on the battery and environmental
conditions, and the vehicle’s traveling distance can be max-
imized before the battery is out of available energy. In addi-
tion, the duration of the external heating during driving
can be much longer than during preheating; therefore, the
required amount of heating power is significantly less than
during preheating, which brings significant benefits to battery
health.

The remainder of this paper is organized as follows.
Section Il introduces the battery heating system configuration
and presents a mathematical model, which includes an equiv-
alent circuit model of the battery and a thermal model for
the battery and heater. Section III proposes a rule-based con-
trol strategy and solves the optimal problem under a special
driving condition. The associated experimental validation and
simulation results are presented in Section IV, and several
conclusions are drawn in Section V.

Il. SYSTEM MODELING

A. SYSTEM CONFIGURATION

A lithium ferrous phosphate (LFP) pouch cell is taken
as the object in this study. The battery pack equipped
on the target vehicle consists of three parallels, and each
parallel has 100 cells in series connection. Under this
particular configuration, the target vehicle achieves approx-
imately 125 miles with a fully charged battery in
normal temperatures. The cell parameters are shown
in Table 1.

An electrothermal film with a polymide as the base mate-
rial was chosen as the external battery heater. The film was
affixed to the surface of each pouch, as shown in Figure 1 (a).
The films are connected in parallel in each battery module,
as shown in Figure 1 (b), and consume the energy from
the cells through a DC/DC converter which is controlled in
power mode by the Battery Management System (BMS).
In this study, we replaced BMS with a Speedgoat rapid
control prototype (RCP) for the purpose of control algorithm
development. The parameters of the electrothermal film are
listed in Table 2.
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TABLE 1. Cell parameters.

Parameter Value
Mass (kg) 1.2
Length (mm) 227
Width (mm) 161
Thickness (mm) 15
Nominal voltage (V) 3.29
Charge cut-off voltage (V) 3.65
Discharge cut-off voltage (V) 2.00
Capacity (Ah) 60
Energy capacity (Wh) 193.63
Operating range (‘C) -30-55
Specific heat capacity (J/Kg-K) 1130

Cells

a <€ »
Eletrothermal films

(b)

FIGURE 1. (a) Front view, a battery cell with electrothermal film affixed to
the surface; (b) Side view, a battery module equipped with the cells and
external heater.

TABLE 2. Electrothermal film parameters.

Parameter Value

Mass (g) 37.5

Length (mm) 150

Width (mm) 120
Thickness (mm) 0.15

Rated voltage (V) 12

Rated power (W) 20
Specific heat capacity (J/Kg-K) 1220

Operating range (‘C) -190-205

B. EQUIVALENT CIRCUIT MODEL
The battery cell is modeled using the equivalent circuit
method, as shown in Figure 2.

The equivalent circuit model uses the first-order RC cir-
cuit approach, which has satisfied accuracy and requires a
relatively low computational load for control design. In the
circuit, R, is the ohmic resistance; R, is the polarization
resistance, and C, is the polarization capacitance. Uocy
denotes the open-circuit voltage of the cell and U denotes
the output voltage of the cell. U, is the voltage drop on R,;
U, is the polarization voltage on Ry, and [ is the discharge
current. The dynamics of the equivalent circuit model can be
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FIGURE 2. Equivalent circuit model of the battery cell.
represented by (1).
dau, U
C—2+-L =1
dt R, @))

Uocy — IR, —Up =U

All these parameters could be temperature and State of
Charge (SOC) dependent. A set of modified hybrid pulse
power characteristic (HPPC) tests was performed to identify
the values of these parameters. First, a standard HPPC test set
both the charge and discharge pulses at 5C for 10s. Since at
low temperatures, the charge and discharge capability of the
cell is significantly degraded, the pulse was modified to 1C
for 50s. Second, normally, the testing points are chosen every
10% of SOC; however, the State of Energy (SOE) will be used
instead of SOC in this study for the purpose of control design.
Hence, the testing points were chosen every 10% of the SOE.
Third, the modified HPPC tests were performed from —30°C
to +30°C every 5°C to cover most of the operational temper-
ature range of the battery. Finally, each test was performed
on 10 cells and repeated three times. An average value was
taken as the final result to reduce the case-by-case variation
and part-by-part variation.

The testing data were analyzed using MATLAB parame-
ter estimation toolbox with the least squares approach. The
results showed that the variation of ohmic resistance at differ-
ent SOEs was negligible; thus, R, was treated as temperature
dependent only. Figure 3 shows the ohmic resistance as a
function of temperature. It can be seen that R, increases as
the temperature decreases, and increases dramatically when
the temperature decreases below 0°C.

0.025

-30 -20 -10 0 10 20 30
Temperature ('C)

FIGURE 3. Ohmic resistance at different temperatures.

Figure 4 shows the polarization resistance as a function
of the temperature and SOE. R, has a similar property
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0.25

FIGURE 4. Polarization resistance at different temperatures and SOE.

to R, with respect to temperature; that is, when the temper-
ature decreases, the resistance increases. This is one of the
essential reasons for the relatively low capacity of the cell
at low temperatures. However, unlike the ohmic resistance,
the polarization resistance exhibits a strong relationship with
the SOE. As the SOE decreases, R, increases gradually, and
it significantly increases when the SOE approaches 0%.

The cell energy capacity is defined as the total available
energy at a certain temperature. Note that in addition to the
temperature, the capacity also depends on the discharging
rate. At higher discharge rates, due to the polarization phe-
nomenon, the output voltage of the cell drops to a lower level
and will reach the cut-off voltage earlier. Here, the capacity
tests were performed at 0.3C rate to be consistent with our
control design case. Figure 5 shows the energy capacity of
the cell at different temperatures. It can be observed that
at 23°C the cell has the highest energy capacity. Below 0°C
the capacity shows a significant degradation, and at —30°C
the capacity decreases by more than 50%.

During discharging, the consumed energy E. is the integral
of the instantaneous total consumed power over time. The
instantaneous consumed power can be classified by three
types, as shown on the right side of (2). The first type is the
load power, which is the power consumed by the propulsion
system of the vehicle and accessory loads, denoted by Pjy4q.
The second type is the Joule heat generated by the internal
resistance of the cell, which includes the ohmic resistance
heat generation I2R,, and polarization resistance heat gener-
ation I;R,,. The third type is the heating power consumed by
the external heating system, denoted by Ppeq;.

E. = f Pdt = / (onad +I°Ry + IR, + th,)dt )

Once the total consumed energy is determined, the instan-
taneous SOE can be obtained using the following equation:

E
SOE = SOE, — Ec (3)

t
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FIGURE 5. Cell energy capacity.

where SOE) is the initial state of energy, and E; is the total
available energy capacity of the battery cell which can be
determined from Figure 6 if the instantaneous cell temper-
ature is available.

o]
]

heating power (kW)
~
!

40 ¢
SOE (4 20 20

FIGURE 6. Optimal heating power at —20°C.

C. THERMAL MODEL

The thermal model includes an internal heat generation model
and the external heating model. The simplified internal heat
generation model is given by the following equation:

dUocv

oT @
where Q is the total heat generated internally during charging
and discharging. Q; is the Joule heat generated by the current
flowing through the resistance, which is discussed in subsec-
tion B. Q, is the reversible entropic heat generated due to
entropy potential. The external heat generation model shows
the heat transfer between the cell and the electrothermal film
through thermal convection, and the transferred power Q.
can be expressed by (7):

OQn = AL (T —T) — haAr (T — Teo) &)

0=0i+0.,=1Upcy —U)+IT

where h is the heat transfer coefficient of the cell to the
electrothermal film and /4, is the heat transfer coefficient of
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the cell to the air. A; is the surface area of the electrothermal
film and A, is the area of the cell exposed to air. T is the
temperature of the cell; Ty is the temperature of the elec-
trothermal film, and T, is the environmental temperature.
Then, the complete thermal model of the system for a single
cell and heater can be described by (6) and (7):

dT 2 2 dUocv

dt
+mA (Th —T) — A2 (T —Too)  (6)
dTy,

mhchg = NPpear — AL (T —T) @)

where m is the mass of a cell, and my, is the mass of an elec-
trothermal film. C is the thermal capacity of the cell, and Cj, is
the thermal capacity of the electrothermal film. 7 is the heater
efficiency. Parameters C, Cp,, h1, and hy can be obtained by
constant-power heating and constant-temperature cold soak
tests, respectively.

D. MODEL DISCRETIZATION AND REDUCTION

Normally, the electric vehicle achieves less range on highway
driving than local driving because the driving resistance is
larger when the vehicle speed is higher, and the efficiency of
the traction motor does not vary significantly. The range issue
is more severe with highway driving in cold weather. In this
study, a special case of constant speed driving on a highway
was studied for the convenience of rule-based control design.
The chosen constant speed was the average vehicle speed
of the Highway Fuel Economy Driving Schedule (HWFET)
driving cycle, which is 48 mph. During constant speed driv-
ing, the load power is also constant, and was 17.6 kW for
the target vehicle. After a short period of time the dynamic
response of the RC circuit has achieved the approximate
steady state, which means that the current flowing through the
polarization resistor can be assumed to be equal to the current
flowing through the ohmic resistor, that is, I, = I. Hence the
equivalent circuit model can be reduced from first-order to
zero-order. To discretize the model, the current and the output
voltage of the cell at the k™ step can be obtained by solving
the following two equations:

_ Pload (k) ~+ Pheat (k)
I(k) = a0 (3)

U (k) = Uocv (k) =1 (k) (R, (k) + Ry (K)) (9

Then, equation (2) can be discretized to (10) with sampling
time At.

Ec (k+ D) =Ec () + [Pioad (6) + 12 ) (Ry (k) + Ry (K))

+ Prear (0) | Ar - (10)

Based on the open-circuit voltage test results, the value
of dUpcv/dT is in the range of 0.05~0.2 mV/°C. During
normal driving, the entropic heat does not contribute too
much compared with the other terms in equation (6) and
can be ignored for the convenience of calculation. Similarly,
because the mass of the electrothermal film is much smaller
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than that of the cell, the term containing my, can be ignored
when equations (6) and (7) are summed, which means that the
total net heat will contribute to the temperature rise of the cell.
Then the discrete-time state equation for the cell temperature
can be obtained (11), as shown at the bottom of the page.

Figure 6 shows that the cell’s energy capacity is a func-
tion of cell temperature. To linearize this function, the cell’s
energy capacity can be written as:

E; (k) =a(k)T (k) + b (k) 12)

where coefficients a(k) and b(k) depend on the cell tempera-
ture at the k™ step.

Finally, by combining equations (3), (10), (11) and (12),
the discrete-time state equation for cell SOE can be derived
in (13), as shown at the bottom of the page.

Note that the reduced-order discrete time system model
is only used for the control design in the following section.
For simulation validation, a continuous time model was
used.

Ill. EXTERNAL HEATING CONTROL

During driving, the battery is continuously discharged and
charged. Due to internal resistance, the generated Joule heat
will increase battery temperature gradually, even without
external heating. However, this internal heating rate is often
low meaning the battery will run out of the available energy
before it reaches the normal temperature. With the external
heating algorithm, a small portion of the discharging current
of the battery is utilized to generate extra heat with the
electrothermal film, which has a much larger resistance than
the cell, and the battery temperature rise rate can be greatly
increased.

However, there is a trade-off between the temperature
rise rate and the consumed heating energy. If the exter-
nal heating power is small, the battery heating process can
be slow, and by the end of driving, a certain amount of
“hidden” energy cannot be used because of the low cell
temperature. In contrast, if the external heating power is large,
the heating process could be fast, meaning the battery will
have a complete capacity recovery, but more energy will
be “wasted”” by the external heating. Furthermore, instan-
taneous power for propulsion could be limited. Hence there
exists an optimal choice of external heating power, and in
this study, the control target is chosen to maximize the range
of the vehicle. A rule-based control strategy was designed

to achieve the control target as illustrated in the following
subsections.

A. RULE-BASED CONTROL

As shown in Figure 6, the capacity of the cell has
almost reached the nominal value when its temperature is
above 15°C, hence, it is not necessary to continue heat-
ing the battery after the temperature reaches this point. For
rule-based control, Sj.qs is defined in (14) to denote the
heating status. When Sp.,; = 1, the heater is on and when
Shear = 0, the heater is off. A hysteresis of 1°C was taken to
avoid frequent switching on and off of the heating system.

0 ifT > 15°C and Spogy (k — 1) = 1
T >14°Cand Sy,..r (k — 1) =0

Spewr k) = § O T =19 C A Shea k= D=0y
| T < 15°C and Speas (k — 1) = 1

orT < 14°C and Spear (k — 1) =0

Then the rules for controlling heating power can be
expressed as

if Sheat =0
max (Pmin, Pais — Pioad)

if Speqr = land

Pioad > Pais — Popt

Phear (k) = { Fort (15)
if Shear = 1 and

Pen — Popt < Pload

< Pgis — Popt

min (Pmax, Pen — Pload)

if Speqr = 1 and

Pioad < Pei — Popy

When the heater is on, the heating power is determined by
the rules based on the level of demanded load power. These
rules can be explained by the following three cases:

Case 1. The load power is larger than the difference
between the maximum discharging power of the battery pack
and the optimal heating power, where the optimal heating
power is explained in Case 2. In this case, the performance
of the vehicle has a higher priority than heating the battery;
thus, the power for propulsion should be guaranteed first and
the remaining available discharging power can be used for

T(kk+1)=T(k) +

a (k) [12 (k) (Ro (0)+ Ry (K))+1Phear ()= oz (T (k)=Too) | Ec k)= [ Pioaa ()+1% (0) (Ro (k)+Rp () + Phear ()| Er k)

1% (k) (Ry (k) + Ry (k) + nPhear (k) — haA2 (T (k) = Tog) At

SOE (k+1)=SOE (k)+
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heating, unless the remaining part is less than the minimum
power of the heater.

Case 2. The load power is medium and the optimal heat-
ing power can be achieved without affecting the vehicle’s
performance. In this case, the heating power should follow
the optimal power, which can maximize the driving range of
the vehicle or minimize the energy loss of the battery. The
optimal solution is described in the following section.

Case 3. During regenerative braking, if the difference
between the load power (absolute value) and maximum
charging power (absolute value) of the battery is larger than
the optimal heating power, it does not make sense to throw the
remaining part of the regenerative power away. The regener-
ative power is taken to the greatest extent until it reaches the
maximum power of the heater.

B. SUBOPTIMAL CONTROL DESIGN

Our main purpose is to maximize the range of the vehicle
when driving in low temperatures. Note that maximizing
the vehicle’s range is equivalent to maximizing the available
energy of the battery, or in other words, minimizing the
battery’s energy loss. The battery’s energy loss consists of
two parts: internal loss and external loss. The internal loss
is the energy capacity fade at the end of discharge due to the
low temperature. The external loss is the consumed energy
that is not used for propelling the vehicle during driving. This
energy includes the energy consumed by the heater and the
thermal energy caused by the battery resistance. Hence, the
cost function of this optimal control problem is established
as follows:

J= Elossfin + Eloss?ex
N—-1
=0 = Er () + Y (1 (Ro + Ry) + Prcar ) At ()
j=0
(16)

where Ej s in denotes the internal energy loss and
Ejyss ex denotes the external energy loss. Eyq is the nominal
energy capacity of the cell at normal temperature. Note that
we assume that each cell in the battery pack is identical; thus,
the cost function is for a single cell unit in the pack.
Dynamic programming (DP) is a widely used approach for
solving discrete and multistage optimization problems and
achieving global optimality. However, the DP algorithm also
has drawbacks in real-world applications. For this particular
problem, due to the backward solution mechanism of DP,
the driving cycle must be predetermined, which makes it
difficult to apply the algorithm for online cases. However,
solving an offline optimal problem using the DP approach
is a good choice for rule-based control design. Therefore,
a constant- speed driving cycle was chosen here which can

further reduce the computational load. Because the control
problem is solved for a special case, the solution is not
globally optimal and will be named by suboptimal control.

Based on the cost function defined in (16), the heat-
ing process is divided into N phases, with every decrease
of 1% SOE in each phase and with Az(k) as the time interval
of phase k. In other words, the initial condition of SOE should
be N%.

SOE (k + 1) = SOE (k) — 0.01 (17)

Combining (13) and (17), it is not difficult to obtain the
time interval Az(k), as shown in (18), as shown at the bottom
of the page.

The terminal time ty is subject to the terminal condition
that

SOE (ty) = 0 (19)

Because the nominal energy capacity of a cell is a constant,
it is not necessary to include the E;( term in the cost function.
For the convenience of control design and implementation,
the control effort remains unchanged within each phase. Fur-
thermore, because the time interval is short, the current flow-
ing through the cell could also be considered as a constant
within each phase, as well as the resistances R, and R,,. Then
the cost function can be redefined as

N—-1
J==E )+ Y (1) (R, (k) +R, (k)

k=0
+ Prear (k) ) AL (K)  (20)

From (11) and (18), it can be seen that 7'(k+1) is a function
of T (k) and Ppeq (k) with a fixed environmental temperature.
By choosing T as the state variable and Pje,s as the control
input, the state equation can be written as

T'(k+1) =y (T &), Prear (k) 21

From (8), (9) and (18), the external energy loss in each
phase is also a function of 7'(k) and Ppeq (k), and we can
define

0 (k) = (12 ®) (Ro () + Ry (0)) + Prear ) A1 () (22)

Let V x(k, T (k)) be the optimal cost-to-go at step k for k =
N —1,N —2,...,0, and it can be defined by the following
equations:

VN, T (N)) = —E (T (N))

V*(k, T (k)) (23)
=min[V**k+1,Tk+1)+¢k, T k)]

0.01mC

At (k) =

149366

a (k) [1% (k) (Ro (k) + Rp (k) + nPpear (k) — hpAs (T (k) — Too)| Ec (k) — [Pioaa (k) + 12 (k) (Ro (k) + Ry (k)) + Pheqr (k)] Er (k)

(18)
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Then the optimal control P, (k) can be solved by back-
ward DP fork =N — 1,N — 2, ..., 0 as a function of T'(k)
and subject to the constraint

Popt (k) € [Pmin> Pmax] (24

The resulting sequence of P, (k) depends on the values
of N (initial SOE) and T'(0), which implies that for dif-
ferent initial SOE and temperature conditions, the optimal
heating power could vary. However, based on the principle
of optimality, the solution of P,,, at each point of the SOE
and temperature is unique despite the different initial condi-
tions. In other words, the instantaneous value of P,y only
depends on the battery SOE and temperature at the current
stage, which makes it convenient to control implementation
in real-time applications. Instead of being solved online, the
optimal control P, is computed offline for different cases,
and the values are stored in a lookup table. Note that the
environmental temperature also affects the results; thus, the
optimal control will be computed for several different T
cases and the final control P, is obtained by linear inter-
polation between lookup tables. Figure 6 shows the result
at —20°C environmental temperature.

IV. RESULTS AND DISCUSSIONS

A. TEST SETUP

The experimental platform is illustrated in Figure 7.
A Neware 8008 battery testing system was used to
charge/discharge the battery cells. The testing system has a
maximum 25V and 500A operating range and can perform
tests at the cell and module levels. The data acquisition
function is integrated into the testing system, and the voltage
and temperature information of the cells were captured and
recorded on a host computer. The tested cells were placed in
the temperature chamber, which has a temperature operating
range of —40°C to +150°C. In open loop tests, a DC power
supply was used to drive the external heater at constant power
levels to identify the thermal parameters.

B. MODEL VALIDATION
First, several short-distance real-world driving data with the
target vehicle were taken to validate the equivalent circuit
model. The data covered a wide SOE and temperature oper-
ating range, and two cases were chosen to show the results.
The data with respect to Figure 8 were taken with an ini-
tial condition of 92% SOE and —23°C with a smaller cur-
rent (due to the limited capability of the battery), while
in Figure 9 it was taken with an initial condition of 64% SOE
and —6°C with a larger current. It can be seen that for both
cases the simulated voltage by the equivalent circuit model
matches the experimental data very well, which implies that
the parameters of the battery were well calibrated, and this
model was sufficient to predict the internal heating behavior
of the battery.

Second, long-distance real-world driving data were used
to validate the thermal model. The target vehicle was soaked
overnight at —29°C environmental temperature. The driving
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FIGURE 9. Equivalent circuit model validation at —6°C.

cycle started with a battery initial condition of —24°C average
cell temperature and 70% SOE. The ambient temperature
was —4°C. The driving cycle took 2880 s with mixed driving
styles, such as mild acceleration and deceleration, aggressive
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FIGURE 10. Thermal model validation for long distance driving.

acceleration and braking, and long-time coasting. The aver-
age cell temperature was captured using a temperature sensor
with resolution of 1°C. Figure 10 compares the simulated
cell temperature to the experimental data and shows that the
proposed battery model can provide an accurate prediction
within a large operating range.

Third, an external heating test was performed to validate
the thermal model. A module equipped with the proposed
electrothermal films was soaked in the temperature chamber
and the temperature was stabilized at —20°C. The heater
was then operated at a constant power of 15 W for each
film. The heating procedure lasted for 2 h, followed by a
constant temperature soak for 2 h. Both the cell temperature
and film temperature were recorded by temperature sensors
embedded in the battery testing system. From Figure 11 it
can be seen that the temperature estimation error is less than
+0.5°C for most of the time, and the maximum error occurs
at the beginning of the heating mainly because of the dynamic
response of the sensor and the heat transfer inside the cell.

Based on the experimental validation listed above, it was
confirmed that the developed model has satisfactory fidelity
to simulate the electrical and thermal behavior of the bat-
tery, and it could be used in the simulation to validate the
rule-based external heating strategy as explained in the fol-
lowing section.

C. SIMULATION RESULT
The proposed rule-based control strategy was then evaluated
by simulation. A complete vehicle dynamic model was run
to obtain the total required power of the target battery pack,
along with the developed battery electrical and thermal model
to provide the SOE and temperature information. EPA driving
cycles were adopted to evaluate the benefits of the rule-based
control.

The first case was the HWFET driving cycle, and several
repeated HWFET cycles were connected because the range of
an EV with a fully charged battery is much longer than that
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FIGURE 12. Repeated HWFET driving cycle simulation.

of a single driving cycle. The initial battery SOE was 100%,
and both the initial cell temperature and environmental tem-
perature were —20°C. Simulation results show that by apply-
ing the rule-based heating control, the total range reached
126.3 miles, while it was 101.2 miles without heating, and
24.7% improvement was achieved.

From Figure 12, it can be seen that without heating, the cell
temperature rose to —10.5°C due to the internal resistance of
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FIGURE 13. UDDS driving cycle comparison with different initial SOE.

the battery; while with heating, the final temperature reached
+15.2°C and the battery recovered its full capacity. The
heating power is shown in the second subplot of Figure 12,
and several “spikes” before 4000 s denote the full use of
heating power when the battery was not capable of absorbing
all the regenerative power.

Second, different driving cycles with different initial con-
ditions were investigated. Figure 13 shows the comparison
between the three strategies for the UDDS driving cycle:
rule-based control, maximum (constant) power heating con-
trol and without external heating. The maximum power heat-
ing control is the strategy in which the heating power remains
constant at 6 kW, which is the maximum power of the heater
of the entire pack, until the cell temperature reaches the target.

Three cases with different initial SOEs were studied. When
the initial SOE of the battery was 100%, the total ranges under
the three strategies were 122, 118 and 99 miles, respectively.
Compared with the maximum power heating and non-heating
strategies, the proposed rule-based control achieved 4.3% and
23.2% improvement in the total range, respectively. When the
initial SOE was 50%, the corresponding improvements were
4.4% and 53.2%. When the initial SOE was 30%, the corre-
sponding improvements were 2.3% and 114.6%. Obviously,
a larger improvement can be obtained with a lower initial
SOE. The main reason is that starting with a lower initial
SOE without external heating causes the battery to run out of
available energy before it can be heated by internal resistance
heating. Starting with a higher initial SOE gives the battery a
longer time for internal heating, so it obtains a better capacity
recovery before the SOE drops to the end.

In addition, rule-based control also shows improvement
compared with maximum power heating control for two main
reasons: 1) maximum power heating requires more power
from the battery, which results in larger internal heat loss;
2) maximum power heating increases the temperature faster,
which results in more heat transfer to the cold environment.

Figure 14 shows a comparison for the HWFET driving
cycles. Similar results were observed: starting with 100%
SOE, the corresponding improvement was 4.1% and 24.7%.
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Starting with 50% SOE, the corresponding improvement was
2.5% and 58.4%; starting with 30% SOE, the corresponding
improvement was 1.1% and 119.5%.

In contrast to the UDDS driving cycle results, the improve-
ment between rule-based control and maximum power con-
trol is not significant, especially at lower initial SOEs. This
is mainly due to the faster average vehicle speed of the
HWEFET cycle, which requires a larger heating power to heat
the battery before the SOE drops to the end. The resulting
optimal power obtained from rule-based control is quite close
to the maximum power.

Figure 15 shows the same comparison for the US06 driving
cycle. The overall achieved range is much shorter than the
previous two driving cycles because of the high-speed and
aggressive driving style of the US06 cycle, which consumes
more energy per unit distance. Two phenomena can also be
observed. One is that the improvement between rule-based
control and non-heating control with higher initial SOE is not
as significant as that achieved in the other two driving cycles
(17.6% with 100% initial SOE). The lower capacity loss of
the non-heating battery system is attributed to the stronger
internal heating effect caused by the large power request
of the US06 driving cycle. The other is that for low initial
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SOE cases, the range has been greatly reduced again due to
the low final temperature. Furthermore, the highly limited
battery discharging capability cannot satisfy the requirement
of aggressive acceleration; thus the speed profile could not be
followed very well.

Finally, an overnight cold soak case was studied. It was
assumed that the car finished a day of driving with an ending
SOE of 50% and warm battery temperature and was cold
soaked in the garage without charging for a whole night
at different temperatures. The next day the car drove in a
medium cold environment at 0°C. Five cases with different
soaking temperatures were simulated, from —20°C to 0°C.
Figure 16 shows the results of a comparison between external
heating and non-heating. The largest difference occurred at
the lowest soaking temperature; at —20°C the vehicle only
got 14.2 miles range without external heating, while with
external heating, the total range increased to 45.6 miles and
220% improvement was achieved. Even at 0°C, external
heating can help gain 18.6% more range, and the total range
with external heating also increased to 53.4 miles. Note that in
warm temperatures the normal range with 50% initial SOE is
61.8 miles, which means that in extremely cold weather such
as —20°C, the range loss under the external heating control
is only one-third of that without the external heating.

V. CONCLUSION

A battery external heating system using electrothermal film
and a rule-based heating control strategy for electric vehicle
driving at low temperatures were developed in this study,
based on an equivalent circuit model and thermal model,
which were proven to have high fidelity through experimental
and real-world driving tests. Dynamic programming algo-
rithm was applied to maximize the total driving range of
the vehicle for a special case, and the suboptimal solution
was combined with other rules to deal with wide operat-
ing conditions. Simulation results show that the proposed
algorithm can significantly improve the ‘“‘shortened range”
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problem in cold weather. Compared with the vehicle without
external heating, the proposed approach increased the total
range by 18.6% to 220% for different driving conditions.
These improvements were gained by warming up the battery
during driving to recover the available energy capacity. Com-
pared with the maximum power heating control method, the
proposed approach showed an improvement of 1.1% to 4.4%
by optimizing the trade-off between temperature rise and
energy consumption/loss. In addition, owing to its small size
and low computational load, the developed external heating
system is suitable for onboard implementation.
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