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ABSTRACT A secondary loop cooling battery thermal management system is designed, and then, a phased
control strategy for adjusting the compressor speed according to the battery temperature interval is proposed.
On this basis, the compressor speed as the decision variable, and the energy consumption of the compressor
and the aging losses of the battery are as the optimization goals, which constitute a multi-objective optimiza-
tion model, and a genetic algorithm is adopted to solve it. Under different weight coefficients, the Pareto
Frontier of the energy consumption of the compressor and the aging losses of the battery are established.
The simulation analysis is conducted on high speed dynamic conditions at an ambient temperature of 30
◦C. The effects of coolant flow rate and compressor speed on battery pack temperature rise and temperature
uniformity are analyzed. The simulation results show that the energy consumption of the phased control
strategy is reduced by 10.7% compared with the traditional constant compressor speed control strategy under
the same conditions. Under different weight coefficients, different simulation results and control strategies
can be obtained, and results show that the maximum temperature and temperature uniformity can meet the
requirements. There is a contradiction between the energy consumption of compressor and the aging losses
of battery, but both them are highly sensitive. According to the Pareto Frontier curve, when the weight
coefficient is 0.17, a balanced control strategy can be obtained, which can reduce the battery aging losses of
61.8% by only sacrificing 9.22% of the vehicle driving mileage.

INDEX TERMS Battery thermal management, control strategy, genetic algorithm, lithium-ion cell, multi-
objective optimization, secondary loop cooling.

I. INTRODUCTION
In recent years, energy and environmental problems have
become increasingly serious. Thus, electric vehicles have
received increasing attention. The power battery is one of
the core components of electric vehicles. Lithium-ion batter-
ies are widely used as power batteries for electric vehicles
because of their high energy and power densities, no mem-
ory effects, and long life [1]. However, lithium-ion batteries
are susceptible to temperature. Studies have shown that [2]
the suitable temperature range for lithium-ion batteries is
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20–40 ◦C, and the maximum temperature difference in the
battery pack should be less than 5 ◦C. Ramadass P et al.
experimented with a cylindrical 18650 lithium-ion battery
[3], and the results showed that the battery capacity decaywas
as high as 70% after 490 cycles at above 50 ◦C. Temperature
not only affects the performance and life of lithium-ion batter-
ies but also can cause safety problems. Therefore, it is very
important to design a suitable battery thermal management
system to control the temperature of the battery within a
suitable range.

The methods of battery cooling mainly include air cooling
[4], [5], liquid cooling [6], [7], phase change material cooling
[8], [9] and heat pipe cooling [10], [11]. Zhao et al. [12]
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studied the effects of the ventilation type, air flow rate, gap
spacing, number of single-row cells, and ambient temperature
on the heat dissipation performance of air-cooled systems.
It was determined that when the wind speed is less than 1 m/s,
the temperature difference of the battery pack will increase
with an increase in the wind speed, and when the wind speed
is greater than 2 m/s, the temperature difference will decrease
with an increase in the wind speed. Chen et al. [13] compared
the four methods of forced air cooling, fin cooling, direct
liquid cooling, and indirect liquid cooling and determined
that the power consumption of forced air cooling is greater
under the same temperature rise of the battery, which is
2-3 times that of several other methods. Direct liquid cooling
is generally performed via direct contact with a battery using
an insulating fluid, such as a cooling oil, to exchange the
heat via heat conduction. Hirano et al. [14] used a diele ctric
liquid containing 99.5% C3F7OCH3 (a kind of hydrofluo-
roether) to directly cool the battery module. Their results
showed that the battery’s temperature can be controlled at
35±2.5 ◦C, even at a high discharge c-rate (20 C). However,
high viscosity cooling oils result in higher pressure losses and
the oil pump consumes more energy [15]. For indirect liquid
cooling, the battery is not in direct contact with the liquid, and
the heat of the battery is transferred to the cooling duct or the
cold plate through heat conduction. Then, the heat of the
cooling duct or the cold plate is taken away by the cooling
liquid. Zhang et al. [16] designed a thermal management
system with a staggered aluminum flat tube-wrapped battery.
Aflexible graphite sheet with a high thermal conductivity was
inserted between the battery wall and the flat tube, which can
increase the thermal conductivity between battery and the flat
tube. The results show that this thermal management system
can greatly improve the temperature uniformity of the battery
pack and that the maximum temperature difference is reduced
from 7 ◦C to 2 ◦C. Pradyumna Goli et al. [17] proposed a
graphite-enhanced hybrid phase change material for use in
lithium-ion battery thermal management systems. Four dif-
ferent percentages of the mixed phase change materials were
prepared from 1% to 20%, depending on the percentage of
the graphene content. The experimental results indicated that
the temperature of the mixed material with 20% graphene is
lower than that of the other groups. Tran et al. [18] proposed a
cooling scheme that combined flat heat pipes with natural and
forced convection for the thermal management of lithium-
ion batteries in hybrid vehicles. The cooling performances
of the heat pipe under different heat pipe inclination angles
and fin inclination angles were analyzed. Tested under dif-
ferent conditions, the temperature was kept below 50 ◦C.
Hamut et al. [19] designed a secondary loop cooling scheme
in combination with the air conditioning system, where the
refrigerant is R134a. The heat of the battery is transferred to
the coolant through the cooling duct, and then, the coolant is
exchanged heat with the refrigerant through the chiller. A sec-
ond law analysis of the secondary loop cooling scheme was
performed at high ambient temperatures. It was determined
that the energetic COP (coefficient of performance) and exer-

getic COP ranges were 1.8–2.4 and 0.26–0.39, respectively.
Shen and Gao [20] proposed a refrigerant-based battery ther-
mal management system for electric vehicle. The energy
efficiency of the systemwas analyzed under high temperature
and extreme operating conditions. The PID controller was
used to control the temperature of battery and cabin The
results show that the refrigerant-based thermal management
system can effectively control the temperature rise of the sys-
tem, and the temperature difference is about 3 ◦C. However,
the proper temperature of battery is a range, not a definite
point. It is not necessary to control the battery temperature
near a very low point. This approach may increase the energy
consumption of the cooling system.

In terms of a cooling system control strategy, the rule-
based control methods are currently widely adopted, such as
the logic threshold method [21], [22] and the temperature
detector method [23]. Wei [24] divided the battery temper-
ature into four temperature ranges: the lower limit of the
temperature (20 ◦C), the passive cooling temperature (35 ◦C),
the active cooling temperature (38 ◦C), and the upper temper-
ature limit (40 ◦C). When the temperature reaches the active
cooling temperature, the refrigerant circuit is turned on, and
the battery is cooled by the air conditioning system. It was
determined that the temperature can be controlled within an
appropriate range. The rule-based control strategy is easy
to implement, simple to control, and effective. However,
this traditional rule-based control strategy does not have an
optimized theoretical basis and cannot optimize the problems
we care about, such as system energy consumption, battery
aging losses, and so on. Wang and Lukic [25] optimized the
three typical powertrains of the Toyota Prius HEV with a
dynamic programming (DP) algorithm with fuel economy
and battery health (SOH) as the cost function. The simulation
results show that there is a 30% potential improvement in
overall cost. Then real-time control algorithm was devel-
oped based on DP optimization results, and the overall cost
was improved by 27%, which is very close to the optimal
result. Li et al. [26] proposed a multi-objective optimization
approach to energy management strategies for extended-
range electric vehicles to match the fuel economy and the bat-
tery health (SOH). The multi-objective optimization problem
is solved by the DP algorithm. In addition, there are many
scholars using the optimal control strategy algorithm used in
electric vehicles, such as dynamic programming [27], [28],
pontryagin’s maximum principle [29], nonlinear program-
ming [30], the model prediction [31]. Dynamic programming
(DP) is a global optimization method for segmentation deci-
sion making, where the optimal decision in each time step is
obtained. It can achieve global optimization. However, as the
number of state variables and control variables increases,
and the time step size increases, the amount of computation
increases exponentially, resulting in a ‘‘dimension disaster’’,
thus limiting its application in complex systems. A genetic
algorithm can realize the group competition, natural selec-
tion, genetics and mutation based on biological evolution
through computer simulation. This is a global optimization
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FIGURE 1. Schematic diagram of the secondary loop cooling system.

algorithm and has a wide range of applications in combina-
torial optimization [32]. Therefore, this paper will adopt the
genetic algorithm to optimize the system’s control strategy.

In short, there are still some shortcomings in the cur-
rent research on battery thermal management systems. First,
the poor cooling performance of the air-cooling system,
the high cost of the heat pipe cooling system, and the phase
change material cooling system is complex and difficult to
control. Second, for the current research on liquid cooling
systems, usually only the temperature of the battery is consid-
ered, and the energy consumption of the system is not. Third,
current studies on the battery thermal management system
have barely considered the aging losses of the battery. Finally,
there are few studies which considered the coupling relation-
ship between the energy consumption of cooling system and
the aging losses of the battery.

Motivated by the aforementioned research defects, there
are four main contributions proposed in this paper. First,
based on a secondary loop cooling system, the compressor
speed as a decision variable and a phased control strategy
for adjusting the compressor speed according to the battery
temperature interval is proposed. Second, based on the first-
order RC equivalent circuit model, a thermoelectric aging
coupling model is established, which fully considers the cou-
pling relationships among the SOC, the temperature distri-
bution, and the heat generation, as well as the effect of the
electrical parameters and the temperature on the aging losses
of the battery. Third, both the aging losses of battery and the
energy consumption of compressor are as the optimization
goals, the genetic algorithm is adopted to solve the multi-
objective optimization model. Finally, the Pareto Frontier of
the energy consumption and the aging losses is established,
under different weight coefficients. A balance control strat-
egy is obtained, which can maximize the overall benefits.

The remainder of this paper is structured as follows.
Section II introduces the mathematical model of the battery
and the air conditioning system model. The validation of the
secondary loop cooling system is in section III. Section IV
describes the phased control strategy, and the multi-objective
optimization model. The results and analysis of the phased

control strategy are presented in section V. The final section
describes the main conclusions and future outlook.

II. MATHEMATICAL MODEL
The secondary loop cooling system designed in this paper
is shown in Fig. 1. It consists of a compressor, condenser,
evaporator, chiller, two electronic expansion valves (EXV),
and a battery pack cooling module. Based on the traditional
air conditioning system, the chiller of the battery circuit
is connected in parallel with the cabin evaporator to form
a dual evaporator thermal management system. The high-
temperature and high-pressure superheated gaseous refriger-
ant compressed by the compressor first exchanges heat with
the outside air through a condenser to form a low-temperature
and high-pressure subcooled liquid refrigerant. The liquid
refrigerant coming out from the condenser is divided into
two branches, which respectively pass through the electronic
expansion valves of the respective branches. After adiabatic
expansion, the refrigerant becomes a low-temperature and
low-pressure liquid, and then enters the chiller and or the
cabin evaporator to exchange heat with the object to be cooled
(coolant or air). After the heat exchange in the chiller and the
cabin evaporator, the refrigerant becomes low-temperature
and low-pressure gas, and thenmerges at the compressor inlet
and enters the cylinder to circulate again.

A. MODEL OF THE BATTERY
1) ELECTRIC MODEL OF THE BATTERY
Common battery models include neural network models,
electrochemical models, equivalent circuit models, etc. The
equivalent circuit model can well describe the electrical and
thermal characteristics of the cell. The first-order RC equiva-
lent circuit model [33] used in this paper is shown in Fig. 2. It
consists of a constant voltage source Uoc, an ohmic internal
resistance Ro, a polarization internal resistance capacitance
Rp and a polarization capacitor Cp,Ut is the terminal voltage.
Their calculation relationship is as shown in (1)-(4).

The terminal voltage Ut, the voltage Uo across the ohmic
internal resistance, and the voltageUp across the polarization

VOLUME 8, 2020 73477



X. Kuang et al.: Research on Control Strategy for a Battery Thermal Management System for Electric Vehicles

FIGURE 2. First-order equivalent circuit model.

internal resistance are calculated as (1)-(3):

Ut (t) = Uoc(SOC)+ Uo(t)+ Up(t) (1)

Uo(t) = I(t)Ro (T ,SOC) (2)

Up (t) = Up (0) exp−t/R1(T ,SOC)C1(T ,SOC)

+ I (t)R0 (T ,SOC)
(
1−exp−t/R1(T ,SOC)C1(T ,SOC)

)
(3)

The SOC (state of charge) can be obtained by the following
equation (Cbat is the cell capacity):

SOC (t) = 100
∫ t

t0

I
3600Cbat

dt (4)

In (1)-(4), I represents current, t represents time and T
represents the temperature of the battery. The above physical
quantities are functions related to the battery temperature T
and the battery SOC, and the functional relationship can be
obtained by nonlinear regression of the test data of the battery.

2) THERMAL MODEL OF THE BATTERY
Xie et al. [34] have shown that the total heat generation Q0
includes the irreversible heat generated by the ohmic internal
resistance and the polarization internal resistance, as well as
the reversible heat of reaction caused by the entropy increase
of electrochemical reaction itself, the total heat generation is
calculated as:

Q0 = I2(Ro + Rp)+ IT
(
dUoc

dT

)
soc

(5)

where Q0 is the total heat generated inside the battery, I is
the current, T is the temperature of the battery, Ro, Rp are
the ohmic internal resistance and the polarization internal
resistance of the battery, respectively. dUoc/dT is the entropy
change, and its value can be calculated according to the test
data of temperature rise and the open circuit voltage changes
under different SOC.

During the driving process, the heat generated by the
battery first transfers to the cooling duct through the heat
conduction form, and then, the coolant and the cooling duct
exchange heat in the form of convection, the temperature of
the coolant rises. And then, the coolant exchanges heat with
the refrigerant in the chiller, the temperature of the coolant

is lowered. The low temperature coolant from the chiller
again removes the heat from the cooling duct through the
pump circulation. For complex systems, the research focus
is on the interaction of the various components in the system,
focusing on the entire system, not the internal mechanisms of
the components. The lumped parameter method can do this
well done and can greatly simplify the amount of calculation.
So, in this paper, the lumped parameter method is adopted to
model the heat exchange between the battery and the outside,
and the battery is regarded as a uniform object, the established
heat transfer relationship is shown in Fig. 3. And the relevant
calculations are as follows:

dT
dt
=

Q0 − Q1

mcp,bat
(6)

Q1 =
A1(T − Tduct)

λbat/δbat + λduct/δduct
(7)

Q2 = hA2(T duct − Tcoolant) (8)

h = Nuλcoolant/dh (9)

The laminar flow forced convective heat transfer correla-
tion in-tube is [35]:

Nu = 1.86
(
RePr
l/dh

)1/3

(ct)0.14 (10)

The turbulent flow forced convective heat transfer correla-
tion in-tube is [35]:

Nu = 0.023Re0.8Pr0.4 (11)

In (6)-(11), T , Tduct, and Tcoolant are the cell temperature,
cooling duct temperature, and coolant temperature, respec-
tively. Q1 is the heat transfer rate between the cell and the
cooling duct, Q2 is the heat transfer rate between the cooling
duct and the coolant, and A1 and A2 are the contact area
between the cell and the cooling duct, and the heat exchange
area of the coolant and the cooling duct, respectively. h is
the convective heat transfer coefficient, and Nu, Re, Pr are
the Nusselt number, the Reynolds number, and the Prandtl
number, respectively. L is the length of the cooling duct, dh
is the hydraulic diameter of the cooling duct, and ct is the
temperature correction factor. λbat, λduct, and λcoolant are the
thermal conductivities of the cell, cooling duct and coolant,
respectively. λbat is the distances between the cell center point
and the contact surface, λduct is the distances between the duct
center point and the contact surface.

The heat transfer between the coolant and the refrigerant
in the chiller can be calculated based on the flow rate and the
boundary conditions of the fluid on both sides. The model
of the chiller will be given in the air conditioning system and
experimentally verified. Therefore, the temperature rise of the
cell can be calculated from (5)-(11).

3) AGING LOSS MODEL OF THE BATTERY
When the battery is placed for a long time or cyclically used,
the maximum capacity attenuation will inevitably occur, this
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FIGURE 3. Schematic diagram of heat transfer relationship.

TABLE 1. Parameters of the empirical aging model.

phenomenon is the aging losses of the battery. The work-
ing environment of the battery, the charging and discharg-
ing conditions, and the depth of discharge all affect the
degree of attenuation of the maximum capacity of the battery.
Wang et al. [36] conducted a large number of experiments
to study the cycle life of a cell under different temperatures
(from -30 ◦C to 60 ◦C), depths of discharge (from 10% to
90%) and discharge C-rates (from 0.5 C to 10 C). On this
base, Petit et al. [37] calibrated and validated for a NCA/C
Li-ion cell. The fitting formula for the aging losses of the cell
is obtained based on the experimental results as follows:

Qloss = B · e
−Ea+α|I |

RT (Ah)z (12)

where B is a pre exponential factor which depends on current
I , Ea is an activation energy for cycle aging, α is a coefficient
for aging acceleration due to current, R is the gas constant,
T is the cell temperature (Kelvin), z is an exponent constant
that should be around 0.5 for diffusion limited process, and
Ah stands for Ah throughput, that is the amount of charge sent
into the cell. The parameters used for these technologies are
indicated in Table 1.

For a power battery, when the battery capacity losses reach
20%, the battery cycle life is generally considered to be
exhausted. That is, when Qloss = 20%, the battery cycle life
SOH (state of health)= 0. When the battery is newQloss = 0,
which corresponds to SOH = 1. Therefore, the cycle life of
the power battery is expressed as SOH = 1−Qloss/20%, and
the aging losses Qloss’ of the power battery can be expressed
by (13):

Q′loss = 1− SOH = Qloss/20% (13)

The aging losses calculation described above is for a cell,
and the actual battery pack is composed of many single cells
in series and parallel. In general, the cycle life of a battery
pack is determined by the cell with the worst state. In this

paper, the aging losses of the battery module with the worst
state will be used as the aging losses of the entire battery pack.
The schematic diagram of the thermoelectric aging cou-

pling model of the battery is shown in Fig. 4. The heat
generation Q0 calculated from the electrical parameters of
the first-order RC equivalent circuit model is transferred to
the thermal model, and the battery temperature calculated by
the thermal model is fed back to the equivalent circuit model
to calculate the impedance and capacitive reactance of the
electrical model. The electrical parameters of the equivalent
circuit model and the temperature of the thermal model are
fed back to the aging model to calculate the aging losses of
the battery.

B. MODEL OF AIR CONDITIONING SYSTEM
1) MODEL OF THE COMPRESSOR
The function of the compressor is to compress the low-
temperature and low-pressure gaseous R134a refrigerant into
high-temperature and high-pressure gas. The focus of this
paper is on the overall system’s simulation, not on the
compressor’s components. Therefore, in the modeling, it is
based on three parameters that affect the performance of
the compressor. The performance parameters affecting the
compressor mainly include volumetric efficiency, isentropic
efficiency and mechanical efficiency. The relevant calcula-
tion formula is as follows:

ηv =
dm

ρsucNdisp
(14)

ηis =
hdis − hs
hd − hs

(15)

ηm =
dm(hd − hs)

τN
(16)

where ηv, ηis, ηm are volumetric efficiency, isentropic effi-
ciency and mechanical efficiency respectively. dm is the mass
flow rate, ρsuc is the suction density, N is the compressor
speed, disp is the compressor displacement, hdis is the isen-
tropic discharge specific enthalpy, hd is discharge specific
enthalpy, hs is the suction specific enthalpy, τ is the torque.
Therefore, the mass flow, suction enthalpy flow, exhaust

enthalpy flow, and output torque are calculated as follows:

dm = ηvρsucNdisp (17)
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FIGURE 4. Thermoelectric aging coupling model.

h1 = −dmhs (18)

h2 = −h1 + dm(hdis − hs)/ηis (19)

τ =
dm− (hdis − hs)/ηis

Nηm
(20)

2) MODEL OF THE CONDENSER
The condenser is a tube-fin heat exchanger. Its role is to cool
the high-temperature and high-pressure gaseous refrigerant
from the compressor to a low-temperature and high-pressure
liquid. The heat exchanger model established in this paper
fully considers the internal heat transfer of refrigerant and
the external heat transfer of moist air. The condenser model
mainly includes three parts: the refrigerant side’s heat transfer
(internal flow), the geometry parameters of the microchannel
and fins, and the moist air side’s heat transfer (external flow).
The microchannel are discretely divided into several module
units, where each unit includes a resistive unit and a capaci-
tive unit, as shown in Fig. 5.

In Fig. 5, dh represents the heat exchange and t represents
the temperature. Resistive unit variables include Re, Pr, and
ff, which represent the Reynolds number, Prandtl number, and
friction factor, respectively. Capacitive unit variables include
dp and droh, which represent changes in the pressure and
density, respectively.

The internal heat exchange of the refrigerant, that is,
the heat exchange between the refrigerant and the wall of the
condenser microchannel, is calculated by (21).

φint = hc,intSint(Tref − Twall) (21)

The condensation process of the refrigerant in the condenser
has a single-phase heat transfer and a two-phase heat transfer.
Here, the convective heat transfer coefficient hc,int, which
is the calculation formula of the two-phase heat transfer,
as shown in (22). For the single-phase heat transfer, refer to
the literature [38].

hc,int = hLO

[
(1− x)0.8 + (3.8

x0.76(1− x)0.04

P0.38red

)

]
(22)

In (21)-(22), hc,int is the internal convective heat transfer
coefficient, Sint is the heat exchange area, Tref is the tem-
perature of the refrigerant, Twall is the temperature of the
microchannel wall, hLO is the convective heat transfer coef-
ficient of the refrigerant’s single-phase liquid heat exchange,
Pred is the corresponding pressure drop, and x is the refriger-
ant gas mass fraction.

For the heat transfer of the outer surface of the condenser
microchannel and the moist air, the calculation formula is as
follows:

φext = hc,extSext(Tmo − Twall) (23)

hc,ext = Nuλmo/(dh) (24)

Nu = aRebPrc (25)

where hc,ext is the external heat transfer coefficient, Sext is
the external heat exchange area, and Tmo and Twall are tem-
peratures of the moist air and the wall, respectively. λmo is the
thermal conductivity of moist air, and dh is the moist air side’s
hydraulic diameter. Nu is calculated by (25), and Re and Pr
are the Reynolds number and Prandtl number, respectively,
which are related to the moist air flow state. The coefficients
a, b, and c are verified by experimental and simulation data.

The heat exchange between the microchannel wall and the
fins depends on the internal and external heat exchange for
the unit. The wall temperature are state variables and can be
computed from the time derivatives as follows:

dTwall
dt
=
φint + φext

mcp
(26)

where m is the mass of the calculated unit, and cp is the
specific heat of the wall material.

3) MODEL OF THE EVAPORATOR
The evaporator is also a tube-fin heat exchanger. The low-
temperature condensed liquid refrigerant passes through the
evaporator, exchanges heat with the outside moist air, vapor-
izes and absorbs heat, and achieves the cooling effect. The
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FIGURE 5. Schematic diagram of the heat exchange unit of the condenser.

TABLE 2. Parameters of cell.

heat exchanger model of the evaporator fully considers the
internal heat transfer of refrigerant and the external heat
transfer of moist air. It is similar to the condenser. The
main parameters include the internal heat transfer between
the refrigerant and the microchannel wall, the external heat
transfer between the moist air and the outside wall, and the
geometric parameters of the microchannel and the fins. The
modeling process is similar to the condenser and will not be
described here.

4) MODEL OF THE CHILLER
The chiller is a plate heat exchanger with a coolant and
refrigerant on both sides. The role of chiller is to transfer
the cooling capacity of the air conditioning system to the
coolant circuit. In chiller, the refrigerant absorbs the heat
of the coolant to reduce the temperature of the coolant,
thereby cooling the battery. The main parameters include the
geometry parameters of chiller, the heat transfer between the
refrigerant and the plate wall, and the heat transfer between
the coolant and the plate wall. Themodeling process is similar
to the condenser.

The heat transfer calculation of the refrigerant and the
wall is similar to the internal flow heat transfer between the
refrigerant and the wall of the condenser model, so it will
not be described here. The difference is the heat transfer
between the coolant and the wall. The heat transfer between
the coolant and the wall is calculated as follows:

φTHH = hTHH1TTHH (27)

hTHH = hconvkTHH (28)

hconv = Nuλcoolant/dh (29)

Nu = aRebPrc (30)

where hconv is the heat transfer coefficient calculated by Nu,
kTHH is the heat transfer gain, hTHH is the corrected heat
exchange coefficient on the coolant side, and 1TTHH is the
temperature difference between the coolant and the wall. The
corrected coefficients a, b, and c are verified based on the
experimental data and the simulation data.

The wall temperature Tp depends on the heat exchange of
the fluid on both sides of the component. As state variables,
they can be computed from the time derivatives as follows:

dTp
dt
=
φTPF + φTHH

mcp,p
(31)

where φTPF and φTHH are the heat transfer rates between
the refrigerant side and the coolant side and the wall,
respectively, m is the mass of the calculated unit, and
cp,p is the constant pressure specific heat of the wall
material.

5) MODEL OF THE EXV
The function of the electronic expansion valve is to adjust the
valve opening degree by collecting the superheat signal of
the evaporator outlet. The electronic expansion valve model
used in this paper is a variable aperture throttle model, and
the valve opening is determined according to the input signal.
The cross-sectional area, hydraulic diameter and mass flow
rate are calculated as follows:

Scarea = sig× Amax (32)

dh = sig× dmax (33)

dm = CqScarea
√
21Pρup/kdp (34)

where sig is the valve opening signal, Amax and dmax are the
maximum cross-sectional area and diameter of the throttle
valve, respectively, and Scarea and dh are the cross-sectional
area and hydraulic diameter of the refrigerant currently flow-
ing, respectively. dm is the mass flow rate of the refrigerant,
1P is the pressure difference of the import and export, ρup
and kdp are the density of the refrigerant at the upstream and
the pressure loss gain, respectively. Finally, Cq is the flow
coefficient [39].
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FIGURE 6. Electrical parameters under different temperatures and SOC: (a) open circuit voltage Uoc, (b) ohmic
internal resistance Ro, (c) polarization internal resistance Rp, (d) polarization capacitance Cp.

III. VALIDATION OF THE SECONDARY LOOP COOLING
SYSTEM
Considering the complexity of the whole system, only carried
out experimental verification on important components of the
cooling system, only the cell and air-conditioning systems
were experimentally verified for simulation.

A. VALIDATION OF THE BATTERY MODEL
The battery used in this paper is NCA (nickel-cobalt-
aluminum) ternary lithium battery. The model is 18650B, and
the battery parameters are shown in Table 2. In this paper,
the battery model is a first-order RC equivalent circuit model.
The main parameters include open circuit voltageUoc, ohmic
internal resistance Ro, polarization internal resistance Rp,
and polarization capacitance Cp. The Uoc can be measured
directly under different SOC. TheHPPC (Hybrid Pulse Power
Characteristic) experimental method can be used to measure
the internal resistance characteristics of the battery, and then
the value of the polarization capacitor can be calculated
according to (3). The experimentally measured parameters
are shown in Fig. 6.

The thermoelectric model of the battery was verified. In the
experiment, the battery was placed in an adjustable charging
tank, and the tank was placed in the thermostat (CK-150G,
Dongguan Qinzhuo Environmental Testing Equipment Co.,
Ltd). The temperature range of the thermostat is from−20 ◦C
to 150 ◦C, and its temperature departure is ±0.5 ◦C. The
temperature of the thermostat was set to 27 ◦C, a K-type

thermocouple was placed on the surface of the battery, and the
battery temperature was measured using the Agilent 34972A.
A Neware BTS4000 battery testing system was applied to
measure the current and terminal voltage, and its measured
accuracy with 0.01%. The battery was first charged by con-
stant current of 1 C, charged to a cut-off voltage of 4.2 V, and
then charged by constant voltage. The experimental equip-
ment is shown in Fig. 7.
During the charging process, the comparison between the

experimental results and the simulation results of the battery
voltage and temperature with the charging time is shown
in Fig. 8. It can be seen that the overall trends of experimental
and simulation are similar. The maximum relative error of
voltage between experimental and simulation is 1.00 %, and
the maximum relative error of temperature is 2.53 %, which
are acceptable.

B. VALIDATION OF AIR CONDITIONING SYSTEM MODEL
The electric compressor and heat exchanger of the air-
conditioning system were experimentally verified. For elec-
tric compressor, experiments were performed at different
pressure ratios (exhaust pressure ratio to suction pressure) and
speeds. The volumetric efficiency and isentropic efficiency
of the compressor were tested experimentally. The results are
shown in Fig. 9. The mechanical efficiency of the compressor
is generally 0.9.
For the three heat exchangers, the experimental conditions

of the heat exchanger are shown in Table 3. The calibration of
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FIGURE 7. Sketch of experiment platform.

the heat exchanger model is to correct the three coefficients
a, b, and c in (25) and (30), so that the relative errors between
the experimental results and simulated results are mini-
mized. The picture of the experimental validation is shown
in Figure 10.

The comparison of the experimental results and simulation
results of the calibrated condenser, evaporator, and chiller are
shown in Fig. 11. The maximum relative errors are 2.82%,
0.65%, and 3.26%, respectively, which are acceptable.

IV. MULTI-OBJECTIVE OPTIMIZATION MODEL AND
CONTROL STRATEGY
A. MULTI-OBJECEIVE OPTIMIZATION MODEL
Both The energy consumption of the compressor and the
aging losses of the battery as optimization goals, which con-
stitute a multi-objective optimization model.

The power of the compressor is denoted by P and the
energy consumption is denoted by W . The power P of the
compressor can be calculated by the enthalpy difference of
the refrigerant inlet and outlet of the compressor, and the
energy consumptionW is calculated by integrating the power
P in the corresponding working time.

P = h2 − h1 (35)

W =
∫
Pdt (36)

where h1 represents the compressor refrigerant inlet enthalpy
and h2 represents the compressor refrigerant outlet enthalpy.
The aging loss model for batteries has been given in

Section II, and the battery aging losses are expressed asQloss’,
and it can be calculated by (12)-(13).

Therefore, the multi-objective optimization model can be
expressed as:

J = min f = β
W
Wmax

+ (1− β)Q′loss,

s. t.20◦C ≤ Tmax ≤ 40◦C. (37)

where f is the sum of two optimization goals under cer-
tain weighting coefficient, β represents the weighting coef-
ficient of the compressor energy consumption, Wmax repre-
sents the energy consumption at the maximum compressor
speed, in order to make both optimization goals between 0-1,
W /Wmax is used to represent the optimization goal of energy
consumption, and Qloss’ represent the optimization goal of
the aging losses of the battery. Tmax represents the maximum
temperature of the battery, it was constrained between 20 ◦C
and 40 ◦C.

B. PHASED CONTROL STRATEGY AND OPTIMIZATION
The phased control strategy proposed in this paper is based
on the temperature of the battery. The decision variable
of the simulation system, that is, the compressor speed n,
is determined according to the current battery temperature
value T . Considering the performance of the control and
optimization, the smaller the temperature interval, the better
the performance may be. However, as the number of tem-
perature intervals increases, the amount of calculation will
increase greatly. In this paper, the battery temperature interval
is divided into five, that is, T ≤ T1, T1 < T ≤ T2,
T2 < T ≤ T3, T3 < T ≤ T4, and T4 < T ≤ T5. Their
corresponding decisions are the compressor speeds ni(i=1,
2, 3, . . . , 5). During simulation, when the battery temperature
value meets one of the above temperature ranges, a certain
control is applied, that is, a certain speed signal ni is inputted.
Then, the genetic algorithm is adopted to optimize the ni
value. So, it is worthmentioning that each decision variable ni
is optimized by the genetic algorithm under a certain control
strategy.

The essence of genetic algorithm is to evolve from gener-
ation to generation according to the principle of survival of
the fittest through group search technology, and finally get
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TABLE 3. Experimental conditions of heat exchangers.

FIGURE 8. Battery thermoelectric model verification: (a) terminal voltage,
(b) temperature.

the optimal solution or quasi-optimal solution. In this paper,
the genetic algorithm is used to optimize the abovementioned
phased control strategy, that is, to optimize the decision vari-
able ni(i=1, 2, 3, . . . , 5). The number of populations of the
genetic algorithm is 50, that is, 50 sets of ni (i=1, 2, 3, . . . , 5)
values are randomly given at the time of initialization, and the
maximum number of iterations is 1620 times. To ensure the
full evolution of the population and large-scale optimization
exploration, the regeneration rate is set to 0.8, the mutation
probability is set to 0.1, and the mutation amplitude is set to

FIGURE 9. Performance parameters of the compressor: (a) volume
efficiency, (b) isentropic efficiency.

0.8. The schematic diagram of the phased control strategy is
shown in Fig. 12.

V. RESULTS AND DISCUSSION
The battery pack’s design is given in reference [40]. The bat-
tery capacity of electric vehicles is generally 50∼100 Ah, and
the discharge voltage is generally approximately 350 V. The
battery pack designed in this paper is divided into 5 modules
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FIGURE 10. The experimental validation of heat exchangers.

in series. Each module consists of 3000 cells connected in
20 series and 15 parallel. The capacity of the battery pack is
51 Ah and the voltage is 360 V.

In order to test the battery temperature control effect of the
secondary loop cooling system and the optimization effect
of the control strategy, a higher ambient temperature of 30
◦C and an extreme operating condition of 3 consecutive
US06 cycles are selected. The initial temperature of the bat-
tery is the same as the ambient temperature is 30 ◦C. It is
worthmentioning that the research object and control strategy
are for battery packs, so the temperature control of the cabin is
not considered. The simulation conditions are shown in table
4, and the driving cycle conditions are shown in Fig. 13. In the
following simulation analysis, TH represents the temperature
of the battery module with the highest temperature in battery
pack, and 1T represents the temperature difference between
modules in battery pack.

A. EFFECT OF THE COOLANT FLOW RATE AND THE
COMPRESSOR
The two important evaluation indexes of the battery ther-
mal management system are the maximum temperature and
temperature uniformity of the battery pack. In the secondary
loop cooling system, the factors affecting the maximum tem-
perature (TH)max and the maximum temperature difference
(1T )max are mainly the coolant flow rate of the coolant
circuit and the compressor speed of the refrigerant circuit.

The effects of the coolant flow rate on the cooling per-
formance of the cooling system were analyzed by simula-
tion, under the conditions of the compressor speeds of 1000,
3000 and 5000 r/min. Fig. 14 shows the (TH)max and (1T )max
throughout the simulation under different coolant flow rates.
Fig. 14 (a) shows the change of (TH)max with different coolant

FIGURE 11. The Comparison of experimental results and simulation
results: (a) heat transfer of condenser, (b) heat transfer of evaporator,
(c) heat transfer of chiller.

flow rates at a certain compressor speed, (TH)max decreases
with increasing coolant flow rate. What’s more, the larger the
compressor speed, themore obvious the declining trend of the
(TH)max. However, when the compressor speed is constant,
the (TH)max will not keep falling and will reach a minimum
value as the coolant flow rate increases. Fig. 14 (b) shows
the change of the (1T )max with different coolant flow rates
at a certain compressor speed. Under the condition that the
compressor speed is constant, the downward trend is very
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TABLE 4. Driving conditions.

FIGURE 12. Schematic diagram of the phased control strategy.

significant with the increase of the coolant flow rate. More-
over, same trend as (TH)max, when the coolant flow rate is
greater than 8 L/min, (1T )max and (TH)max are no longer
reduced.

The influence of the compressor speed on the cooling
performance of the battery pack was analyzed by simulation

under the conditions of the coolant flow rate of 6, 8, and
10 L/min. Fig. 15 (a) shows the (TH)max throughout the
simulation under different compressor speeds. It can be seen
that the (TH)max decreases obviously with the increase of
the compressor speed, which indicates that the compressor
speed has a significant influence on (TH)max. Fig. 15 (b)
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FIGURE 13. Driving cycle.

FIGURE 14. The variation of the (TH)max and (1T )max with different flow
rate of coolant: (a) The maximum temperature of the battery module with
the highest temperature in battery pack (TH)max, (b) the maximum
temperature difference (1T )max.

shows the (1T )max throughout the simulation under differ-
ent compressor speeds. Unlike the change trend of (TH)max,
the (1T )max increase significantly as the compressor speed

FIGURE 15. The variation of the (TH)max and (1T )max with different
compressor speeds: (a) The maximum temperature of the battery module
with the highest temperature in battery pack (TH)max, (b) the maximum
temperature difference (1T )max.

increases. The larger the compressor speed, the larger the
cooling capacity of the air conditioning system, and the larger
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FIGURE 16. The comparison between the phased control strategy and the constant speed control strategy: (a) The temperature (TH) of the
battery module with the highest temperature in battery pack and the temperature difference 1T , (b) compressor speed.

FIGURE 17. Optimization results of the minimum energy consumption control strategy: (a) The temperature (TH) of the battery module with the
highest temperature in battery pack and the temperature difference 1T , (b) compressor speed, (c) battery aging losses Qloss’.

the heat transfer rate in the chiller, so, the greater the temper-
ature difference between the inlet and outlet of the coolant.
Therefore, the temperature difference between the modules
will increase.

B. COMPARISON OF THE PHASED CONTROL STRATEGY
AND THE CONSTANT SPEED CONTROL STRATEGY
It can be seen from Fig. 14 that under the condition of
a constant compressor speed, when the coolant flow rate
is greater than 8 L/min, (TH)max and (1T )max no longer
decrease obviously, which indicates that the cooling perfor-
mance has reached saturation. Therefore, in the following
simulation analysis, the coolant flow rate was selected to be
8 L/min.

The temperature interval in the phased control strategy of
Section IV can be divided into five intervals: T1 ≤ 30◦C,
T2 = 30◦C, T3 = 32◦C, T4 = 34◦C, and T5 = 36◦C;
that is, T ≤ 30◦C, 30 ◦C< T ≤ 32◦C, 32◦C< T ≤
34◦C, 34◦C< T ≤ 36◦C, and T > 36◦C. The decision
variables corresponding to the five intervals are n1, n2, n3,
n4, and n5, respectively. In addition, each decision variable ni
is optimized by genetic algorithm.

The phased control strategy and the traditional constant
speed control strategy are adopted to cool the battery pack.
Under the same conditions, the average temperature of the
TH as the optimization parameter, and it was set to about
32.5 ◦C. The reason why the average temperature was chosen
as the optimization parameter was because the Qloss’ was
calculated using the average temperature. The simulation
results of the two control strategies are shown in Fig. 16,
which respectively shows the change of the TH (temper-
ature of the battery module with the highest temperature
in battery pack), the change of the 1T (temperature dif-
ference between modules in battery pack.), and the change
of compressor speed. On constant speed control strategy,
the compressor speed is kept at 2300 r/min, the maximum
temperature is 34.9 ◦C, the maximum temperature differ-
ence is 1.23 ◦C, and the energy consumption of compressor
is 0.449 KW·h. On phased control strategy, the compres-
sor speed varies according to the battery temperature, the
maximum temperature is 34.8 ◦C, the maximum tempera-
ture difference is 1.22 ◦C, and the energy consumption is
0.401 KW·h. As can be seen from Fig. 16 (b), the heat
accumulation in battery pack is small at the early period,
so the smaller compressor speed canmeet the cooling require-
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FIGURE 18. Optimization results of the minimum aging losses control strategy: (a) The temperature (TH) of the battery module with the highest
temperature in battery pack and the temperature difference 1T , (b) compressor speed, (c) battery aging losses Qloss’.

TABLE 5. The comparison of simulation results between the phased control strategy and the constant speed control strategy.

FIGURE 19. Pareto Frontier under different weight coefficients.

ments. At 1536 s, the compressor speed of the phased control
strategy reaches 2332 r/min, and the temperature begins to
fall below the constant speed control strategy’s temperature.
Under the same conditions, the energy consumption of the
phased control strategy is reduced by 10.7% compared to the
constant speed control strategy. Therefore, the phased control
strategy proposed in this paper can effectively decrease the
system’s energy consumption. The comparison of the simula-
tion results of the phased control strategy and constant speed
control strategy is shown in table 5.

C. MULTI-OBJECTIVE OPTIMIZATION SIMULATION
RESULTS
The energy consumption of the compressor and the aging
losses of the battery are both optimization goals, which

constitutes a multi-objective optimization problem. The
genetic algorithm is used for the optimization. When the
weight coefficient β takes different values, different control
strategies can be obtained.

1) MINIMUM ENERGY CONSUMPTION CONTROL STRATEGY
β is the weight coefficient for compressor energy con-
sumption, when β = 1, the system’s energy consump-
tion is minimum, so the optimization goal becomes: J =
min f = min W/Wmax, that is, the aging losses of the
battery are not considered. The optimization results of the
genetic algorithm are shown in Fig. 17. When only pursuing
the lowest energy consumption, the compressor will keep
running at the lowest speed, regardless of the temperature
range, as shown in Fig. 17 (b), where compressor speed n
is 1000 r/min. To achieve the goal of minimum energy con-
sumption, the compressor speed does not change according to
the temperature intervals, and the final energy consumption
W/Wmax = 0.047, and W = 0.073 KW·h. In this case,
the temperature will always rise, the maximum temperature
reaches 39.3 ◦C, the maximum temperature difference is
0.57 ◦C, and the final aging losses Q′loss = 0.9869%.

2) MINIMUM AGING LOSSES CONTROL STRATEGY
When β = 0, that is, the weight coefficient of the energy
consumption is 0, the energy consumption is not consid-
ered. Therefore, the optimization goal becomes: J = min
f = min Qloss’, only pursuing the lowest aging losses. The
optimization results are shown in Fig. 18, where the max-
imum temperature of the battery is 31.1 ◦C, the maximum
temperature difference is 2.70 ◦C, and the final aging losses
Q′loss = 0.7714%. It can be seen from (12) that, under certain
conditions, the aging losses and the temperature are inversely
related. Therefore, in this case, where the battery aging losses
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FIGURE 20. Optimization results of the balanced control strategy: (a) The temperature (TH) of the battery module with the highest
temperature in battery pack and the temperature difference 1T , (b) compressor speed, (c) battery aging losses Qloss’.

FIGURE 21. Vehicle power and energy consumption during driving.

are minimized, the system will operate at the maximum
compressor speed, so that the battery temperature is as low
as possible. Therefore, as seen from Fig. 18 (b), the com-
pressor speed is not switched according to different temper-
ature intervals but is kept at 5000 r/min. The final energy
consumption of the compressor is therefore W/Wmax = 1,
W = 1.553 KW·h.

3) BALANCED CONTROL STRATEGY
Under different weight coefficients, different control strate-
gies and different optimization results will be obtained.When
taking differentβ values, the compressor energy consumption
W /Wmax and the aging losses Qloss’ under the current weight
coefficient are obtained, and then, they are drawn into a curve,
which is the Pareto Frontier, as shown in Fig. 19. The points
on the Pareto Frontier are the best results under the current
weight coefficient, and it is no longer possible to obtain
a gain in an optimization goal without damaging another
optimization goal. It can be seen from Fig. 19 that the two
optimization goals W /Wmax and Qloss’ are conflicting, so it

is impossible for both to reach the optimal value. However,
these two optimization goals have higher sensitivities, as long
as the pursuit of the lower energy consumption gain can
obtain more aging losses gain, that is, at the expense of less
energy consumption, more battery cycle life can be obtained.
Therefore, there is an optimal weighting coefficient, which
makes both optimization goalsW/Wmax and Qloss’ relatively
better and the overall benefits the highest.

From the Pareto Frontier, the optimal β value can be
obtained. It can be seen from Fig. 19 that when β = 0.17,
the overall benefits are the highest, the control strategy
obtained at this case is called the balanced control strategy.
The balanced control strategy’s simulation results are shown
in Fig. 20, where the energy consumption W /Wmax is 0.387,
w = 0.601 KW·h, the battery aging losses Q′loss = 0.8538%,
the maximum temperature is 32.8 ◦C, the maximum tem-
perature difference is 1.79 ◦C, and the compressor speed
change as shown in Fig. 20 (b). Compared with the minimum
energy consumption control strategy W/Wmax = 0.047,
the W/Wmax of the balance control strategy is 0.387, which
increases by 34.0%. But the aging loss Qloss’ of the latter
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is reduced by 0.1331%. Therefore, the Qloss’ of the balance
control strategy is reduced by 61.8% compared with the total
reduction of aging losses, that is, the difference in Qloss’
between the minimum energy consumption control strategy
and the minimum aging losses control strategy.

Fig. 21 shows the vehicle power and the energy consump-
tion of the whole driving cycle under the balance control
strategy. Negative power indicates energy consumption, and
positive power indicates vehicle braking energy recovery.
The final energy consumption is 5.729 KW·h. As mentioned
earlier, the balanced control strategy increased the compres-
sor energy consumption by 34.0%, 0.528 KW·h, compared
with the minimum energy consumption control strategy. This
increased compressor energy consumption is only 9.22% of
the energy consumption of vehicle whole driving cycle, that
is, only 9.22% of driving mileage is sacrificed, and 61.8% of
battery aging losses can be reduced. It is worth mentioning
that the aging loss of the battery is an irreversible and perma-
nent attenuation of the maximum battery capacity. Reducing
the aging loss of the battery is of great significance for the
long-term use of electric vehicles. Therefore, the balanced
control strategy can make the two optimization goals have the
highest overall gain, increase the small energy consumption,
and obtain a large battery life gain.

VI. CONCLUSION
A secondary loop cooling scheme is used for the battery
thermal management system in this paper, and the research
object is the battery pack, so the temperature control of the
cabin is not mentioned. Mathematical models of key com-
ponents in the thermal management system are established
and experimentally verified. Based on this, a phased control
strategy for adjusting the compressor speed according to the
battery temperature interval is proposed. The compressor
speed as the decision variable, and the compressor energy
consumption and battery aging loss are used as the optimiza-
tion goals. Then the genetic algorithm is adopted to solve the
multi-objective optimization model.

The following key findings are observed:

1) The influence of compressor speed and coolant flow
rate on battery maximum temperature and temperature
difference are analyzed. Simulation results show that
the compressor speed has a significant effect on max-
imum temperature and temperature difference. Under
a certain compressor speed, the maximum temperature
and temperature difference will reach a minimum value
instead of decreasing all the time increases with coolant
flow rate.

2) Under the same conditions, the battery average tem-
perature was controlled at 32.5 ◦C, the energy con-
sumption of the phased control strategy was reduced by
10.7% compared to the constant speed control strategy.

3) The Pareto Frontier under different weight coefficients
is established. The minimum energy consumption con-
trol strategy (β = 1), the minimum aging losses control

strategy (β = 0) and the balance control strategy
(β = 0.17) are analyzed specially. The simulation
results show that the maximum temperature in battery
pack of the three control strategies is less than 40 ◦C,
and the maximum temperature difference is less than
5 ◦C.

4) On the balance control strategy, the compressor energy
consumption W = 0.601 KW·h, and the battery aging
losses Q′loss = 0.8538%. Under the balance con-
trol strategy, only sacrificing 9.22% of the mileage of
the vehicle, the battery aging losses can be reduced
by 61.8%, and a substantial battery life gain can be
obtained. Overall considering vehicle mileage and bat-
tery life, the balance control strategy can get higher
overall benefits.

Based on the above researching achievements, the experi-
mental verification for the phased control strategy will be
carried out in next step. In addition, in order to obtain a more
accurate thermoelectric aging coupling model, considering
the feedback effect of the aging model on the electrical and
thermal models will be done in the next step.
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