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Abstract—The connected and automated hybrid electric
vehicles (CAHEVs) have the potential to improve safety by
mitigating traffic accidents. A crucial problem of the CAHEV:s is
that the Lithium-ion batteries are highly temperature-sensitive
and may be premature aging at high working temperatures.
Consequently, an effective and efficient battery thermal
management (BTM) system is required with the minimum
possible cooling energy consumption. To achieve the multiple
objectives, a finite-set model-based (FSMB) predictive control
strategy for the BTM in a CAHEV is presented, in which an
improved cost function is proposed for better performances.
Based on the predictive model of battery temperatures, the
optimum cooling approach is determined with consideration of
the future road information and battery charge/discharge power.
The hardware-in-the-loop (HIL) test based on a Toyota Prius
HEV model and the UDDS road cycle is conducted, and the
results demonstrate the effectiveness of the proposed BTM
strategy in both temperature control and energy saving.

Keywords—connected and automated hybrid electric vehicles
(CAHEVs), battery thermal management, model predictive
control, energy saving.

L INTRODUCTION

Hybrid electric vehicles (HEVs) are more energy efficient
and cleaner than conventional vehicles [1]. Recently, the
implementation of connected and automated driving system
has been applied to HEVs to further reduce fuel consumption
with the improvement of safety and traffic congestion [2, 3].
However, CAHEVs involve several technical challenges.
Among them the battery thermal management (BTM) is crucial
because battery packs have to operate within a certain
temperature range to ensure safety, optimum performance, and
long service life [4-7].

To maintain optimum working temperatures, the BTM
solutions for Lithium-ion battery packs are usually based on air
cooling and liquid cooling systems. Since the implementation
of cooling systems contributes to a further decrease in vehicle
autonomy, optimal control methods are urgent for effective and
efficient BTM. The widely implemented strategy is to simply
use two PID controllers to regulate the air and liquid cooling
power separately, combined with a state-machine mechanism
to determine whether the liquid cooling should be cut in or off
according to predefined battery temperature levels [8].
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Although this classical method can effectively maintain the
battery temperature to a reasonable range, the controllability of
the consumed energy is unavailable due to the single degree of
freedom of the PID controller. Therefore, the conventional
BTM method is hard to realize the energy optimization.

Compared to the classical scheme of using PID controllers
and finite-state machines, some advanced strategies exploit
their potentials with multiple-object optimization on both
battery temperature control and energy saving. Ref. [9-11]
utilize the dynamic programming (DP) method to calculate the
global optimized input variables of the BTM system at each
time stamp, achieving the required battery temperature with the
minimum BTM system energy cost. However, the global
optimization of DP method is based on the entire road profile
of the driving cycle, which is unavailable and not practical for
CAHEVs. Also, the tremendous computational burden of the
DP method reduces its feasibility in real-time applications.
Model predictive control (MPC) strategy is implemented on
BTM system to solve the real-time application issue by using
the receding horizon optimization [11, 12]. The proposed MPC
strategies neglected the thermoelectric dynamics of the battery
cells, leading to a considerable error in a long prediction
horizon. Meanwhile, the future driving cycle information of the
CAHEYV is not sufficiently utilized in the MPC strategy, which
decreases the potential performance of the BTM system.

In this paper, a finite-set model-based predictive control
strategy is proposed to improve the efficiency of the BTM for
CAHEVs. A thermoelectric model of Lithium-ion battery pack
is first established with consideration of parameter dynamics.
Then, predictive equations for battery temperature concerning
two cooling systems are obtained, in which future information
of the CAHEV is fully considered. Based on the predictive
model, an improved cost function is proposed to evaluate the
finite possible solutions, leading to an optimum approach for
BTM. Hardware-in-the-loop (HIL) test results validate the
effectiveness and efficiency of the proposed BTM method.

II. MODEL OF THE BTM SYSTEM IN HEVS

A. System Configuration

The heat transfer approaches in BTM system of HEVs can
be seen in Fig. 1. The battery internal heat Q. is generated
due to the charge/discharge current, resulting in the
temperature rising. Meanwhile, the ambient temperature also
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Fig. 3 Test-data-based model of the battery parameters
has an effect on the battery temperature, providing a non-
negligible heat Qums transferred to the battery. The purpose of
the BTM system is to keep the battery modules in the
temperature range that assure safety and reduce aging. With the
BTM system containing both air and liquid cooling equipment,
the heat Q.- and Qi can be dissipated to the air and coolant

0

flow to maintain an acceptable battery temperature. It should
be noted that the air flow in the air cooling system is from the
cabinet whose temperature is different from the ambient.

B. Equivalent Circuit Model of the Battery

The thermoelectric model in this study is an equivalent
circuit model using a combination of voltage sources,
resistances, and capacitors to determine the Lithium-ion battery
voltage under current solicitations [13, 14]. As shown in Fig. 2,
Voe and Vie denote the open circuit voltage and output voltage
of the battery, respectively. R, denotes the internal resistance
of the Lithium-ion battery, while R, and C, describe the
polarization effect of the battery. According to the
electrochemistry characteristics, these parameters are variants
on the state of charge (SOC) and the battery temperature Tpq;.

As the SOC and the battery temperature are varied during
the driving cycle, their effects on the electrical and thermal
performances of the battery module cannot be neglected. One
of the effective approaches to is to obtain the equivalent
electrical parameters through offline test under different SOCs
and temperatures, and then proper curve fitting methods can be
used for establishing the function. In this study, a test-data
based parametric model of the power battery module in the
Prius HEV is built according to the experimental results
provided by The Idaho National Laboratory [15], as shown in
Fig. 3. Through a 4th-order polynomial curve fitting methods,
the parametric model of the battery module can be obtained to
calculate the charge/discharge current [, and output voltage
Vbar used in the HEV battery thermal model under different
scenarios.

C. Thermal Model of the Battery

A lumped parameter thermal model is chosen for its
effectiveness on representing the temperature dynamics
without too much computational efforts in real-time
applications. In the battery thermal model, both the Joule effect
and the entropy should be taken into account for heat
generation. Thus, the heat generation rate QOg., of the battery
can be presented as:

av,
Qgen = Ibat (V;:c - Vbat ) - Ibarj;)az ﬁ(soc) (1)

bat
where 0V,./0Tp denotes the coefficient of the heat generated
in the chemical reactions, which is related to the SOC and also
can be obtained through experimental test.

The heat dissipation model can be established using the theory
of uniform wall [16]; thus the three approaches of heat transfer
can be expressed as

g[r = Cpl”"l . [Era/ — ];ab](l _eh ) (2)
0.~ [T ] .
Oy = Cyty [T = T, ](1 —e" ) (€]

where C,1, Cp2, and C,, denote the equivalent heat capacities of
the air, the coolant, and the battery pack, respectively. m; and
my are equivalent thermal mass flow of the air flow and the
coolant, while m; represents the thermal mass of the battery
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body. 71, 7, and 73 are heat transfer time constants and are
expressed by (5)-(7):

T =h4 /Cplml ®)
T, =h4 /szmz (6)
n,=hd4/C,m, @)

where /1, h; denote the equivalent heat transfer coefficient
from the battery pack to the air flow, the coolant, and the
ambient respectively. A1, A2, and A3 denote the corresponding
heat dissipation areas. Note that the time constants are
determined by the thermal mass rates of the air and coolant
flow m; and m,, which are defined as the control variants of the
BTM system.

1 t o
TM,=@L[Qﬂn(ﬂ—Q,,q<r>—Qu,-r(r)}(1—e Jar  (8)

Based on the law of thermodynamics, the temperature of
the battery pack can be expressed by (8), in which the time
constant 7, describes the heat transfer between the battery
internal and shell. The thermoelectric model of the battery pack
in HEVs is described by (1)-(8) in time domain, in which the
input variables m; and mj can be controlled by the BTM
system for optimum temperature with reduced energy cost.

III.  FINITE-SET MODEL-BASED PREDICTIVE BATTERY
THERMAL MANAGEMENT

A. Battery Temperature Prediction

According to the battery thermal model presented by (8), a
discrete prediction model for battery temperature in CAHEVs
can be built, as shown in (9).

0, (k+1) =0, (k+1) =0, (k+1) =0, (k+1)]
(Tb +T ) Cphmh

T, (k-1
(1_'_ Tb jz;’m(k)_ Tb baz(k )
7, +T

7,41,
Performing a simple Ist-order approximation on (9), the
temperautre prediction funciton can be presented as

[
L, (k+1)= +

®

T [ Oy () = 0y, (k) = Q,,, (k) = O, () ] N
(Tb +T ) Cpbmb
7, _
[HM]W

50 (k1)
5+ T

In (10), the generated heat Qgen(k) can be estimated by the

future charge/discharge power of the battery according to (1):

Bu(k+1)=
(10)

0.~ (-1 6+ (0 FeTs0c )]

where the battery electrical parameters are all related to the
battery temperature and the state of charge. Based on the
integral estimation method, the SOC of the battery can be
predicted as
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Fig. 4. Proposed FSMPC scheme for BTM system in CAHEVs

s0c(k)=s0c(0)- 3= JVMZ(;') —R:uz,,,(nR,,m (k)

The dissipated heat rates Qui{(k) and Qiy(k) depend on the
BTM system inputs mi(k) and ma(k); thus they can be directly
calculated by (2)-(7).

(12)

From (9)-(12), it is concluded that the battery temperature
at the next time step is determined by the ambient temperature,
output power of the cooling system (air cooling, liquid cooling,
or both). For CAHEVs, there is an outstanding feature that the
future information of the drive cycle can be obtained from the
intelligence ECU in advance. Therefore, the future propulsion
power of the vehicle can be used for predicting the potential
charge/discharge battery power considering the optimized
powertrain system, then Qgn(k) can be easily predicted by the
proposed thermoelectric model. Consequently, a long
prediction horizon for the BTM system in CAHEVs, e.g. 30
seconds or even | minute, is able to be implemented to
significantly improve the system efficiency. The battery
temperature and consumed cooling power during the prediction
horizon are available by using the proposed prediction
functions (9)-(12).

B. Finite-Set Based Control Strategy

It should be noted that the liquid cooling system is more
powerful than the air cooling system and can cool the battery
pack within reduced time, though more electric power is
consumed. To achieve reasonable battery temperature ranges
with minimum consumed power, the optimized combination of
the air and liquid cooling system is of vital importance.

As the BTM model described by (1)-(8) is a nonlinear
system, it is not applicable for directly solving the optimum
values. Thus, a finite-set based control strategy is proposed in
this study, in which complicated resolving process can be
avoided. As the mass rates of the air and liquid flow are
linearly related to the corresponding cooling power, it is
reasonable to choose several combinations of the air and liquid
cooling powers to a finite solution set with some constraints.
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Then, each solution is substituted in the long-horizon
prediction model to predict the battery temperature at the
destination. Then, a suitable cost function is used to evaluate
the related performances of these possible solutions, in which
the optimized combination of the cooling powers are selected
for improving both the battery temperature and energy saving.

The control structure of the proposed finite-set model-based
BTM prediction control is shown in Fig. 4. Unlike the dynamic
programming method, the state variable Tyq.(k) is able to be
predicted at each time interval in the prediction horizon.
Therefore, the gridding and interpolation of the state variable
Tra(k) are no longer required at each prediction interval, in
which the computational burden is greatly released. Moreover,
for better adaption in the real-time application, further
simplification method is applied in the proposed scheme. Due
to the large time constant, the battery temperature change
slowly during a prediction horizon, such as 30 seconds.
Therefore, the constant cooling mass rates of mi(k) and ma(k)
are assumed within the prediction horizon. This reasonable
assumption can reduce the iteration times to only 30n (n is the
number of the possible solutions in the finite set) in each
control period. In addition, a basic rule is considered in the
BTM system, which is that the liquid cooling system only
operates after the full power of the air cooling system turns on.
This common rule can reduce the number of solutions in the
finite set, .which further alleviate the computational burden of
the ECU for BTM system.

C. Improved Cost Function

In order to obtain the optimum battery temperature with the
minimum required energy cost, a cost function should be used
to evaluate the performances of the possible solutions in the
finite set. Since the battery temperature and the energy saving
are both the control targets, these two facts should be
considered in the cost function at the same time.

As the high temperatures accelerate the aging of the battery
cells, the cost function should provide the punishment against
high temperature values. Meanwhile, under the Ilow
temperatures such as the subzero, the battery capacity is
severely deteriorated, resulting in the limited output power.
Thus, the cost function should also provide the punishment
against low temperature values. Considering the critically high
or low temperature values have irreversible effects on the
battery cells, the BTM system should recover the battery
temperature from these critical scenarios as soon as possible. In
the proposed strategy, a temperature punishment function is set
up based on the aging parameters provided by the battery
manufacturers, which is presented as

SCALEXIO

Fig. 5. HIL test bench for the BTM system development in CAHEVs
F=%_qz;mr(k)_'—%Ygi/(k)_%ni/(k)+%7;1/(k) (13)

where ao, a1, az, a3, and a4 are aging coefficients. The aging
curve against battery temperature is shown in Fig. 4. It is
obvious the punishment function can effectively exclude the
critically high or low battery temperatures for better aging
performance, while the optimum operating temperature range
between 20 and 35°C is acceptable.

As to the energy consumption, a very simple and straight
evaluation approach is to calculate the consumed SOC.
Consequently, the cost function for the FSMPC is derived as

ky+H

J:min;n{F(k)+ﬁ[1-soc(k)]} (14)

where H is the prediction horizon. From (14), it is concluded
the proposed cost function can effectively evaluate both the
battery temperature and the energy cost, which is applicable for
the proposed FSMPC method for BTM system in CAHEVs.

IV. HARDWARE-IN-THE-LOOP TEST RESULTS

A. Test Configuration

The HIL simulation test bench for the BTM system
development is constructed, as shown in Fig. 5. The real-time
optimized BTM strategy obtained above is implemented in a
dSPACE MicroAutoBox, which is utilized as the core of the
real ECU. The dSPACE SCALEXIO hardware is used to
emulate the physical model of the BTM system in a real-time
HEV environment. The HIL simulation for the BTM strategy
verification is implemented through the analog I/O ports of the
hardware and bidirectional communication between the virtual
HEV and the real ECU, where a simulation step size of 0.2 s is
utilized. Moreover, the generation and flow of the signals of
the HIL simulation system are exactly the same as those of the
real HEV.

B. HIL Simulation Test Results

HIL simulation test is proposed to validate the effectiveness
of the proposed strategy. The UDDS drive cycle shown in Fig.
6 is implemented as the test drive cycle, and the Toyota Prius
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TABLE 1. SIMULATION PARAMETERS OF BTM SYSTEM FOR CAHEV

Cpi 1005 J/(kg*K) A> 5 m?
Cpn 3140 J/(kg*K) As 1 m?
Cpp 1350 J/(kg*K) my, 40 kg
h 32 W/(m?*K) T 100 s
hy 25 W/(m?*K) Teab 25°C
hs3 10 W/(m?*K) Tiiq 25°C
A 1 m? Tomb 40 °C
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Fig. 9. Simulated results of battery temperatures
2010 HEV model is selected as the test vehicle model. The
related parameters in simulation are listed in Table I.

The full powers of the air and liquid cooling systems are
150 W and 700 W, respectively. The standard PID control
strategy is also simulated to provide the comparison. The initial
battery temperature is set to 50 °C and the ambient temperature
is set to 40 °C. The simulation results shown in Figs. 7-10
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Fig. 10. Simulated results of energy cost for BTM system
present the proposed finite-set model-based predictive BTM
strategy provides similar battery temperature dynamical and
steady-state performances to the PID method. Meanwhile, the
consumed cooling power of the proposed strategy is reduced to
45% compared to the conventional method. The simulation
results validate the BTM system for CAHEVs becomes more
efficiency by using the proposed predictive control strategy.
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V. CONCLUSION

A finite-set model-based predictive strategy for CAHEVs is
proposed in this paper to improve the efficiency of the BTM
system without any performance degrades. A simplified
approach is utilized to reduce the number of solutions in the
finite set to reduce the computational burden for better
implementation in real-time system. Meanwhile, an improved
cost function is proposed to balance the evaluation of the
battery temperature and the energy cost. The HIL simulation
test is conducted on a Prius HEV under the USDD driving
cycle. The test results show the implementation of the FSMPC
can achieves 55% cooling energy reduction compared to the
conventional method, which is suitable for the BTM system in
CAHEVs.
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