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17  Abstract: This paper proposed an innovative thermal management framework and its control strategies
18 for cooling loop of electric drive system of electric vehicle to achieve a more refined thermal
19 management. The proposed innovative framework (IF) models of cooling loop of electric drive were
20 developed in KULI based on the heating principle of each key component and heat transfer theory. The
21 cooling loop model of electric drive system was composed of triad (High Voltage Junction Box, On-
22 Board Charger and DC/DC), motor controller, motor, radiator, cooling fan and pump. The rule-based
23 control strategies were established in MATLAB/Simulink based on the output coolant temperature of
24 triad, motor controller and motor. It is as a controller running with of VTMS models in KULI. To verify
25 performance, the conventional framework (CF) model derived from an electric vehicle was also
26 implemented. Then, the cooling performance of cooling loop of electric drive and the energy
27 consumption of the two frameworks were compared through co-simulation under steady-stage and
28 transient condition of high temperature. The results showed that new method has a better performance in
29 temperature control of key components, exit temperature of motor reduced at least 5.03 °C under 3 steady-
30 stage simulation condition, and efficiency of cooling pump, which is useful to thermal management

31 system design to decrease energy consumption.
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1. Introduction

Increasingly stringent legislations of emission have brought great challenges for the transportation.
Electric vehicle has captured wide attention due to the merits of zero emission, high efficiency as well
as quiet operation [1-3]. Compared to conventional vehicles, power source is substituted by electric
motors converting the electrical power provided by Li-batteries or fuel cell into mechanical energy [4-
6]. The working performance of electrical equipment (e.g., Li-battery, motor, motor controller, DC/DC)
is sensitive to operating thermal conditions. For example, in order to achieve the optimum performance
and long service life, the operating temperature range of Li-battery must be maintained at 15~35°C [2,
7]. In addition, the optimum operating temperature of various electrical devices (e.g., motor operating
temperature range is 10-70 °C, DC/DC operating temperature range is 10-55°C) deviate largely [8-10].
Only under the appropriate operating temperature, electronic components can have high efficiency and
durability. Therefore, cooling loop of electric drive needs to be deeply investigated.

Vehicle Thermal Management System (VTMS ) has attracted high attention in recent years, because
it has the ability to redistribute and reroute thermal energy around the vehicle and to enables quicker
component conditioning to optimal operating conditions [10, 11]. To alleviate energy loss during electric
vehicle operation process, several significant thermal management technics, control strategies and
thermal management schemes of VIMS are prompted in recent years, such as waste heat recovery
technic, heat pump technic and new materials [12-15]. Waste heat recovery technology is one of the
important technologies of VITMS to improve the performance of the thermal management system of new
energy vehicles [16]. It rationally uses the heat from the high temperature heat source on the new energy
vehicles to heat the vehicle battery pack, resulting in improving the driving range of new energy vehicles
[17-19]. Moreover, heat pump (HP) becomes a popular way to transfer thermal energy throughout vehicle
systems. The heat pump system with the utilization of refrigerant latent heat could achieve higher energy
efficiency and reduce electricity consumption [20-22]. With improvement of HP performance,
modifications have been proposed including vapor injection, refrigerant substitutes and mixtures,
combined defrost methods, integrated desiccant, and sorption [1, 11, 23-26]. In addition, more and more
control algorithms and control strategies are applied to VIMS, such as robust predictive strategy [27],
nonlinear model predictive control [28], fuzzy control and self-adaptive control etc. [8]. On careful
inspection, the aforementioned studies are aimed to increase the utilization rate of energy by reusing
waste heat or more precise control, and new thermal management technologies. And current research on
thermal management systems is mostly focused on battery packs or air-conditioning systems. However,

as the core power source of electric vehicle, it is also very important to realize the refined thermal
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management of the electric drive circuit. Not only the waste heat generated by the electric drive system
can be used as the heat source for waste heat recovery, but also the different working temperature range
of electronic components can be used to realize more refined thermal management of pump and fan
through VTMS.

The water-cooling pattern is adopted in cooling loop of electric drive in EVs, which is more than 50
times of air-cooling volume [29, 30]. At present, the research on thermal management of electric drive
system is mostly independent component research, such as the cooling performance of motor, etc., rarely
discussed the thermal management performance of electric drive system from the perspective of vehicle
loop [31-33]. On the other hand, the cooling loop of the electric drive adopts the one-way circulation
cooling mode, and the control research of the related thermal management system also focuses on the
optimal control of the water pump [8, 10]. In addition, in the formulation of the VTMS control strategy
of the electric drive circuit, when the operating temperature of an electric device in the circuit reaches its
threshold temperature, the speed of the pump or fan is increased to improve the heat dissipation. Those
are reasonable and effective methods, but it does not take full advantage of the differences in the working
temperature of components of cooling loop of electric drive. However, if the coolant flow ratio can be
distributed according to cooling demand of electric devices, operating temperature of the electric devices
can be guaranteed within the threshold without changing the speed of the pump and fan, which may
reduce the energy consumption of pump and fan.

Therefore, this paper proposed an innovative thermal management method for cooling loop of
automotive electric drive through changing the framework and control strategy of cooling loop of electric
drive of VTMS. Compared with the conventional framework (CF) of cooling loop of electric drive, the
innovative thermal management method includes an electrically controlled proportional valve and two
three-way valves, as well as a control strategy for the electrically controlled proportional valve to realize
fine thermal management of cooling loop of electric drive. Cooling loop of electric drive models, based
on a commercial electric vehicle, are established KULI and MATLAB/Simulink. The co-simulation
results show that the innovative thermal management control method realized the refined thermal
management of cooling loop of electric drive under several drive cycles, especially energy consumption

and temperature control.

2. Electric drive thermal management system

2.1 System description

Figure 1 shows a vehicle thermal management system (VITMS) of an EV, which include four cooling
or heating loops. In this VITMS, cooling pump, cooling fan and radiator are components used to cool the

loop of electric drive. The loop of lithium battery is cooled by a double channel chiller, and heated by a
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heater core body and a 50W pump. Besides, the refrigerant in air condition loop is 1,1,1,2-
tetrafluoroethane (R-134a), which generally used in automotive applications. And water/glycol
(50%/50%) mixture is adopted as coolant in other loops due to the mixture has a lower viscosity and
higher thermal conductivity than most oils, resulting in higher heat transfer coefficients more than 50

times higher than air [30, 34].
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Figure 1. Scheme of vehicle thermal management system

2.2 Conventional framework of cooling loop of electric drive

In view of the pith of this paper is cooling loop of electric drive, Figure 2 (a) shows the CF of cooling
loop of electric drive of the VITMS, which is composed of on-board charger (OBC), high voltage junction
box (HVIB), DC/DC, motor controller (MCU), motor, a 37W cooling pump, a 320W cooling fan and a
radiator. Due to different suitable temperature of MCU, motor and other electric components, the coolant
of cooling loop of electric drive in the conventional thermal management framework adopted a
unidirectional flow from low to high. Therefore, the volume flow rate in cooling loop of electric drive

can be considered to be equal everywhere.

Expansion
Tank

Pump
>
1 >
Radiatior
>
e

Fan

—
>
_> :
e H
H
i
i
\Té |
@ Three-way Three-way
Motor

Al Motor Controller ~ Valve

Motor Motor Controller

Figure 2. Framework of electric drive cooling loop of electric drive (a) Innovative framework (b)

Conventional framework

In Figure 2 (a), the triad (consisted of OBC, HVJIB and DC/DC), motor controller and motor dissipate
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heat when the vehicle is in motion. In this paper, the optimal operating temperature range of triad, MCU
and motor is -20-65°C, -40-65 °C and -40-70 °C respectively [8, 35]. Heat absorbed from the electronic
components is released by heat exchange between the air and the high temperature coolant through the
radiator. Fan and water pump are used as cooling power devices to enhance the cooling effect of the drive
circuit by increasing the flow of air and coolant through the radiator. The expansion tank was used to
compensate the thermal expansion of the fluid generated by the temperature rise, and at the same time

remove the air from the coolant.

2.3 The proposed framework of cooling loop of electric drive

Figure 2 (b) shows an innovative framework (IF) of cooling loop of electric drive by adding
proportional valve, three-way valves and pipes in the traditional VTMS. In this IF, the coolant flowing
through the proportional valve can be divided into three 3 parts, one-part through the Triad (OBC, HIBX
and DC/DC), MCU and motor, one-part through the MCU and motor only, and the last part through the
motor only. The function of three-way value is to converge the coolant. This framework of branch and
converging allows more precise control of cooling power of each electric component. In particular, heat
transfer theory shows that changing the cooling flow rate may affect the heat loss in the heat dissipation
process. Therefore, the fine thermal management of electric components may achieve by the control of

each branch coolant flow by a proportional valve.

3. System modelling

3.1 Heat generation model motor, MCU and triad

In this paper, an electric vehicle with the specification shown in Table 1 is investigated. In Vehicle
dynamics [3, 36], the equations (1)-(6) show the relationship between the driving force and the driving
resistance including rolling resistance Fy, grade resistance F;, air friction F, and acceleration
resistance F;. Besides, the driving force can be calculated by the motor torque T, the driving force F;
generated by the electric motor converting the electrical power provided by lithium battery into

mechanical energy for operating.

F,=F+F,+F +F (1)
F, = @ 2)
Fr =mgfcosa (3)
_ CpAvud (4)
W 2115

F; = mgsina (5)
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F; = om&a ©)
dt

where i, isthe vehicle transmission ratio; 1 is the transmission efficiency; r is the tire radius; m is
the vehicle mass; g is the acceleration of gravity; f is the rolling resistance coefficient; a is the
climbing angle; Cj, is the air drag coefficient; A, is the front area; u, is the vehicle velocity; § is

the correction coefficient of rotating mass. The motor speed and electric power can be calculated as

equation (7) and (8).
— (7)
2nr
Ty X1
=_m 8
m " 95500, (®)

where 7, is the motor efficiency obtained from the bench text of motor.

Table 1. Specification of the battery vehicle

Parameter Symbol Unit Value
Weight m Kg 1812.06
Transmission ratio i - 9.11
Transmission efficiency Nr - 95%
Tire radius r m 0.355
Acceleration of gravity g - 9.8
Rolling resistance coefficient f - 0.01
Air drag coefficient Cp 0.35
Front area A, m? 2.604
Correction coefficient of rotating mass ) - 1.04

In this paper, the motor was selected refer to the vehicle demand power calculated by equations (1) -
(8), as shown in Table 2. Heat in motor can be generated not only during operation due to iron loss,
copper loss, mechanical loss and additional loss [33, 37], but also during recovering the braking energy
[25]. Therefore, the motor efficiencies under different torques and revolutions were obtained through
experiments as shown in Figure (3), which represents the proportion of the above loss. Figure 4 (a) shows
the coupled 3D characteristic cloud map of the motor. The motor heat power P,,; can be calculated as
equation (9):

P = Pn(1 = 1) 9)
where the B, is the electrical power of the motor, 1, is the motor efficiency.

Table 2. Specification of the motor

Parameters Unit Value
Motor weight kg 54
Rated power kW 60
Maximum power kW 125
Rated torque Nm 120
Rated revolution Nm 280
Peak power duration S 30
Peak torque duration s 30

Maximum drive current A 468.2



Maximum generating current

A 470.7
Operating voltage range \" 240-451
Optimal coolant temperature °C -40-70
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Figure 3. Motor bench test
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165 Figure 4. 3D cloud maps of motor efficiency (a) 3D cloud maps of motor controller efficiency (b)
166 Specification of the motor controller (V0130-60kW) is shown in Table 3. The main heat source of the
167 motor controller comes from the IGBT (Insulated Gate Bipolar Transistor) module which generates
168 enormous amounts of heat during prolonged operation as well as switching on and off frequently.
169 Therefore, the heat power P, of the motor controller matched with the motor can be calculated as
170 equation (10) and (11):
Fre = Bn/Mme (10
Pmen = Pnc(1 = Nine) )
171 where P, is the motor controller input power, 1,,. is the motor controller efficiency. The data of
172  motor controller efficiency was also obtained through experiment as shown in Figure (3). And then the
173 efficiencies under different torque and revolution are coupled into a 3D characteristic cloud map shown
174  in Figure 4 (b).
175 Table 3. Specification of the motor controller
Parameters Unit Value
Motor controller weight kg 9.5
Rated power kW 60
Input voltage range \Y% 400-750
Speed control range Hz 0-600
Speed control accuracy % +0.02
Torque control accuracy % +5
Optimal coolant temperature °C -40-65
176 The heat dissipation of triad (OBC, HIBX and DC/DC) of the electric vehicle was measured in China
177  Automotive Engineering Research Institute Co., Ltd., which was averaged 300W under high-speed
178  condition, WLTC condition and high-speed climbing condition. Therefore, the heat power of OBC,
179

HJBX and DC/DC were regarded as a heat source with a heating power of 300W in this paper.
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3.2 Heat transfer

Figure 5 shows the tested thermal exchange power of radiator under various inner coolant volume flow

rate and outer air velocity.

13
—a— Volume flow rate = 8 L/min ' '

—e— Volume flow rate = 10L/min
12 | —a— Volume flow rate = 12L/min
—v— Volume flow rate = 16L/min

Thermal output (kW)

Air velocity (m/s)

Figure 5. The heat exchange of radiator
Radiator used in this paper is the cross-flow heat exchangers. The heat power P, of radiator model

[10] built in KULI can be calculated as equation (12)-(16) :
Py = tPgrp + (1 = T)Par

(12)
Pgrp = Wi(Tyin) — Tocin)) @ (13)
Par = hRA(Tygnean) — To@mean)) (14)
W, = mICpI (15)
Wy =nig CpO (16)

where Pgrp is thermal output based on entry temperature difference; W, is the minimum of W,
and Wy; ¢ is the operation characteristic; Ty is the inlet temperature of inner flow; Ty(;n) is the
inlet temperature of outer flow; h is the heat transfer coefficient, A is the heat transfer area, Tjnean)
is the mean temperature of inner flow, Tpmean) is the mean temperature of outer flow, mi; is the inner
mass flow, ni, is the outer mass flow, C,, is the specific heat capacity of the inner flow, C,q is the
specific heat capacity of the outer flow. The parameter 7 depends on the mass flow, T =1 for the
measure range of the radiator and some extrapolated range, T = 0 for very small flowrate and 0 < 7 <
1 (with a smooth transition) in between. In equation (15), the overall heat transfer coefficient h can be
expressed by equation (17) and considered as a combination of several heat transfer coefficients, which
are heat convection form the outer medium to the structure (@), heat conduction through the structure

(L/Ay,) and heat convection from the structure to the inner medium (a;y).
1

h=———7F—7 (7)

aoM Am aim

where L is the material thickness and A,, is the thermal conductivity of the material. For the g, and
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oy, they can be calculated as equation (18)-(19):

1
— 3
(ZOM - OOM + COMReOMPrOM

(18)

1

3 19
am = O + CiyRey Py, (19

where Re is the Reynolds number; Pr is the Prandtl number which could be obtained by looking up
the table. The coefficients Opy, O;y, Com, Ciy are calibrated with the measurement data of the
specific component. Re is represented equation (20):

R, = ke (20)

v

where u,, is the medium velocity; L. is the characteristic length; v is the dynamic viscosity.
And the operating characteristic ¢ of a cross-flow heat exchanger, the following expression are given

as equation (21)-(24):

4 1+S —
¢=w_;(1‘Txe syo) w, > W, (21)
¢=1—%xe"% W, < W,
S = N En _o(B)[1 — eR]™ x eP-mR gim (o) (22)
sy0=WW‘I)><N><(1—eR) (23)
R=— hxA (24)
NXWO

where N is the number of the tube rows of the heat exchanger.
Temperature of triad, motor controller and motor are increased under operation, the following
expression is given as equation (25):

Qin = cmAT (25)
where Q;, is absorbed heat; ¢ is heat capacity; m is weight of component and AT is temperature
difference of component.

Besides, the cooling of triad, motor controller and motor are based on Newton's law of cooling shown,
the following expression is given as equation (26):

¢s = asAs(T —Ty) (26)
where ¢, is convective heat transfer rate; ag is heat transfer rate; Ay is the heat transfer area; T is
coolant average temperature and T, is wall temperature in contact with the fluid.

Besides, since the heat dissipation of triad and motor controller between the pipe and the air is very
small, the heat dissipation of the pipe is not considered in this paper. While motor has a larger heat
transfer surface in this study, so the heat transfer coefficient h, of motor is speed-dependent, the

following expression is given as equation (27):
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hy = 7.14 x v°78 v =5m/s

3.3 Model of cooling fan and pump

A fan CL-B101 was adopted as cooling fan in this study, which has three levels: low, medium and
high. Volume flow used in this study is the experimental constant value of 1.026m3/s when high,
0.846m3/s when medium and 0.531m3/s when low. And the value of wind pressure was set to 80 Pa
according to the fan experiment data. At different modes, the fan supplies different air volumes by
consuming electrical energy converted it into mechanical energy for the blades to turn. The greater the
air volume, the greater the heat dissipation of the radiator. Therefore, the fan electric power Pfqp, the
following expression is given as equation (28):

dvfPfan (28)

P, =
fan = 3600+7,+1000

where q,f is fan volume flow; pg,, is wind pressure; 1y is fan efficiency.

A pump P621212D was adopted as water-cooling pump in this study. The pump realized forced
convection heat transfer by driving the coolant flow, which takes away heat generated by the electric
device during its operation. Besides, the resistance generated by the pipeline, motor controller, motor and
triad are overcome by the pump. Therefore, the volume flow gq,,,, the lift H,, and the electric power

Byump of the pump are expressed by equation (29)-(31):

Qvp = 4™ (29)

H,, = Hy — Soqu (30)
P8AvpHm

Py = 222 (31)

where g, is the pump displacement; n, is the pump revolution speed; H, is the lift of pump at flow
of 0 m3/h, S, is the friction within the pump; p is the specific gravity of cooling medium; g is the
gravitational acceleration; 1 is the pump efficiency.

Resistance loss of cooling loop is divided into two parts. First part is the along-path resistance loss and
local resistance loss generated by the pipeline, the other part is the resistance of the cooling grooves
inside the electric devices. In cooling loop of electric drive, there’re five parts of the tubes to connect the
radiator, triad, motor controller, motor and pump as a loop. The resistance loss AP, along-path resistance
loss AP; and the local resistance loss AP, of every pipeline, the following expression are given as

equation (32)-(34).

AP = AP; + AP, (32)
L.z 33
APy =g (33)

AP, = (- 5 (34)
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where A is the along-path resistance coefficient of the pipeline; ¢ is the local resistance coefficient; [
is the pipe length; d is the pipe diameter; v is the average velocity of tube section; g is the
gravitational acceleration. Since the pipeline is composed of straight and curved pipes with different
diameters, the total resistance loss ), AP of cooling loop of electric drive, the following expression are

given as equation (35),

TAP =Ty +6) o (35)

The physical properties of each section of the pipe were measured according to the 1:1 3D model. In
particular, the pipes include five parts in CF, pipe 1—from radiator to the triad (HIBX, DC/DC, OBC),
pipe 2—from the triad to motor controller, pipe 3—from motor controller to motor, pipe 4—from motor
to water pump and pipe 5S—from pump to radiator. In view of the augment of branch lines in IF shown
in Figure (3), assume that the pipe between the proportional valve and the motor controller is composed
of pipe 1 and pipe 2. In the same way, assuming that the pipe between the proportional valve and the
motor is composed of pipe 1, pipe 2 and pipe 3. The triad, motor controller, motor and radiator were

experimentally tested and their flow resistance curves were obtained and shown in Figure (6).
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Figure 6. (a) Pressure loss of triad (b) Pressure loss of motor controller (c¢) Pressure loss of motor at

different temperature and mass flow (d) Pressure loss of radiator

3.4 Rule-based control strategies of VITMS

As the generated heat of motor and motor controller model are highly nonlinear and time variant, the

rule based control strategies are needed. In this paper, the control strategies are consisted of two parts.
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One is used to regulate pump and fan based on signals of the input and output coolant temperature and
volume flow of different electric devices. Another is used to adjusted the proportional valve to control

the coolant volume flows of different devices. Figure (7) shows control strategies of fan and pump in CF.
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Figure 7. Conventional control strategy of fan and pump
Fan and pump work in mode-switch control strategy which is used in recently produced EVs [8]. Work
conditions of fan and pump have 3 modes in this paper. The detailed mode-switch control strategies are
shown in Table 4, which are based on the optimal operational temperature requirement of components
[8, 38, 39]. Each mode has entry and exit condition that are determined by the coolant outlet threshold
temperature of the triad, the motor controller and the motor.
Table 4. Mode-switch control strategies of cooling fan and cooling pump (7; represents triad outlet

temperature, T, represents motor controller outlet temperature and Ty, represents motor outlet temperature)

Mode Condition Fan and Pump Status

Npump = 800 rpm
Mode 1 on T, > 35°C or T, > 35°C or T, >40°C
qyr = 0.531m3/s
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Mode 1 off

Mode 2 on

Mode 2 off

Mode 3 on

Mode 3 off

T, < 30°C, Tppe < 30°C, T, < 35°C

T, > 47°C or Ty > 48°C or Ty, > 50°C

T, < 45°C, Tppe < 46°C, T, < 48°C

T, > 57°C or Tpe > 58°C or Ty > 60°C

T, < 55°C, Type < 56°C, Ty, < 58°C

Npyump = 0 rpm
qvs =0 m/s
Npump = 1500 rpm
gy = 0.846m3/s
Npump = 800 rpm
qyr = 0.531m3/s
Npump = 3000 rpm
qyr = 1.026m3/s

Npump = 1500 rpm

gy = 0.846m3/s

Due to the mode-switch strategies, when any component reaches the threshold temperature, the VTMS
system will increase the speed of the pump or fan to enhance heat dissipation. However, increasing
cooling ability may be unnecessary to other components, which increases energy consumption of pump
and fan. In addition, as temperature drops, so does the mode of pump and fan. Therefore, when driving
condition is more complicated, mode changes of pump and fan are more frequent. So, reducing coolant
flow in component with low heat dissipation requirements and increasing coolant flow in component
with high heat dissipation requirements is necessary, which would help components in cooling loop of
electric drive reach threshold temperature almost synchronous. Figure 8 shows strategies of pump, fan
and proportional valve in IF. The coolant inlet and outlet temperature, the coolant volume flow and

threshold temperature of all components are used to regulate the proportional valve to admeasure volume

flow rate.
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Figure 8. Control strategies of fan, pump and proportional valve

Next, 7, J and K are used to represent unknown objects of triad, motor controller or motor. Modes of
pump and fan are called i. Then the subscript ; is used to represent the moment. Besides, the subscript t,
mc and m represent the triad, motor controller and motor. In order to better regulate the flow distribution,
when the coolant outlet temperature of a component approaches a threshold value of upshifting, VTMS
recognizes mode i of pump and fan, then calculates temperature difference of triad, motor controller and
motor ATy, AT,,. and AT,,, which indicates the temperature stability margin of the component, so as
to determine the component [ that needs the most additional cooling flow by min(AT¢, ATy, AT,,),
which given as equation (36).

ATy = Tiim,ei — Tto (36)

AT, = Tlim,mc,i - Tmc,o

AT, = Tlim,m,i - Tm,o
where T, is exit temperature of triad; T,,,., is exit temperature of motor controller; T, , is exit
temperature of motor; Tjimei, Tiimme,i and Typmm; are threshold value of triad, motor controller
and motor under mode i, respectively.

The coolant heat exchange Q;; and Q ; ofJand K at the moment of j can be calculated as equation
(37) and (38),



300
301
302
303

304
305
306
307
308
309

310

311
312

313

Qs = m,jTrout,j — T)inj) (37)
Qk,j = ¢Ami,j Tk out,j — Tk in,j) (38)

where @y, ;; and qp ; are the mass flow rate of J and K at the moment of j; Tj oue j» Tjinjs Tkout,j
and Ty, ; are the inlet and outlet temperature of J and K at the moment of j respectively.
Assuming that the heat transfer at j+/ is the same as at j, then the coolant flow Gy ) j11, Gmp,j+1 Of

the other two components J and K can be calculated as equation (39) and (40),

= Q. (39)
Am.j.j+1 ¢(Ttim,j,i=M*(T1im,j,i=T Jout,j)—TJ,in,j)
Qk,j
Admk,j+1 = ! (40)

c(Tiim ki =m*(Timk,i—TK,0ut,j) ~ Tk in,j)
where 7 is a dimensionless coefficient, 0 <7 < 1. The closer 7 is to 0, the more heat is transferred
from /to J and K at j+/. And the closer 7 isto 1, the less heat is transferred.

Considering that the cooling flow is merged in the loop, it means that reducing the flow of the front
component will increase the inlet temperature of the rear component, which may cause the outlet
temperature of the rear component to exceed the threshold. Therefore, the increased mass flow Gy, j+1

of [ atj+1 is calculated as equation (41) — (43),

1

dmpj+1 = Gm1j T35 *(AGm,; + Aqmk) (41)
AGmy = Qm,,j — Gmjj+1 (42)
AQm,K =Aqmk,j — 9mkK,j+1 (43)

And the decreased mass flow @Gy, ;41 and qp g j+q1 atj+1 are calculated as equation (44) and (45),

’ 1
Umjj+1 = Amyj —3* Aqm,y (44)

(45)

I _ 1
Umkj+1 = Amk,j — 3 * Aqmk

At last, the proportional distribution values X; 41, Xzj41 and Xxj;.qof the flow rate of the

proportional valve are calculated as equation (46) — (51),

Xq,j41 = X1,j — P *x Axy (46)

Xgj41 = Xzj — P *Ax, 47)

X3 j+1 = X3j — P * Ax3 (48)

Ax1 — Am1,j—Am]l,j+1 (49)
dmK,j

Ax, = Am,J,j~Bm g, j+1 (50)
dmK,j

Ay = IOy (51)
dmK,j

where p is the proportional gain.
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3.5 Co-simulation model

In this paper, the co-simulation of KULI and Simulink was adopted in this paper. KULI is used to
solve complex heat dissipation and energy consumption calculation of this system, while Simulink is
used to identify system stage and control pump, fan and proportional valve.

In this study, all physical models derived from a commercial electric vehicle were established in KULI
based on experiment data, including the MAP of motor and motor controller (Figure 4), the heating
power of triad under different test conditions, the head, efficiency and power of the water pump, the air
supply and power of the fan (Table 4), the heating dissipation power of radiator (Figure 5), and the flow
resistance of all components (Figure 6) and every pipeline. Then all the components are connected to
each other according to the framework of the VTMS to form cooling loop of electric drive shown in
Figure (9). However, due to the trade secret information involved, more detailed parameter information
and experimental data cannot be disclosed.

On the other hand, control models of pump, fan and proportional valve were connected through SL
module in KULLI. Detailed strategies shown in table (4) and Figure (7) and (8) were devised based on

classified control strategies of multiple EVs and several references [8, 10, 33, 38].
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331 Figure 9. Conventional framework (a) and Innovative framework (b) models in KULI

332 4. Results and discussion

333 4.1 Model validation

334 In this study, VTMS model was validated by experimental results of climbing condition (climbing

335 angle is 9°, ambient temperature is 40 °C, inlet temperature of radiator is exit temperature of condenser
336  due to adifferent VITMS framework, coolant flow rate is in the range of 9.3-9.8L/min). The experimental
337 results are derived from another EV which combines OBC, HVJX, DCDC and motor controller. Then,
338 Figure (10) shows errors of motor controller (plus triad), motor and radiator between experimental results

339 and simulation results.
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341 Figure 10. Error (%) of VIMS simulation model (a) Triad and motor controller, (b) motor, (c) radiator
342 From Figure (10), errors for triad and motor controller is in the range of -0.9~6.29%. In addition, errors
343 for motor and radiator are in the range of -2.64~6.34% and -3.4~0.07%. The above data shows that

344  VTMS model in this study is rational.
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4.2 Steady-stage simulation

To compare the thermal management performance under three extreme high temperature conditions:
highest speed, high-speed climbing and low-speed climbing, the steady-stage simulation was conducted
for two electric drive thermal management framework. Steady-stage conditions parameters are shown in
Table 5. The heat generated by the motor and motor controller depend on the intensity of condition. High
speed and climbing undoubtedly increase the load of the motor, but high speed also brings more air intake
to the radiator. In addition, compared with CF of cooling loop of electric drive, the added pipelines in IF
have a smaller flow resistance due to less passing triad and motor controller, which indirectly increases
the flow without increasing the pump speed. Modes of pump and fan are controlled by the identical
control strategies.

Table 5. Steady-stage conditions parameters

Conditions Speed (km/h)  Slope  Ambient pressure (kPa) Ambient Temperature (°C)  Air humidity (%)
Highest speed 120 0 101.3 40 50
High-speed climbing 90 0.03 101.3 40 50
Low-speed climbing 50 0.08 101.3 40 50

According to the results from table 6, both frameworks have the ability to meet the cooling
requirements of components. The maximum permissible coolant temperature of motor controller and
motor could be checked from table 2 and table 3. Besides, the maximum permissible coolant temperature
of OBC, HVIB and DC/DC are set to 65°C, which shown in their instructions and reference [35].
Apparently, the inlet and outlet temperatures of components in the IF are lower than the conventional
ones. According to Equations (12) - (24), air flow and coolant flow increase the heat exchange ability.
Due to the same simulation conditions, the heating power, the air flow and the speed of pump of two

frameworks share the same values. Therefore, the IF has a better thermal management performance.

Table 6. Results of steady-stage simulations of CF

Controller ~ Controller Valve Valve
Triad entry Triad exit Motor entry Motor exit
entry exit 1 flow 2 flow
Conditions  Framework temperature temperature temperature temperature
temperature temperature ratio  ratio
(°0) (O ) (°O)
0 (0 (%) (%)
Highest
Conventional  53.09 53.59 54.09 58.79 - -
speed
Innovative 48.86 52.05 50.54 52.20 49.49 52.70 10 10
High-speed
Conventional  56.11 56.60 57.48 62.67 - -
climbing
Innovative 51.95 55.15 53.32 55.80 52.86 56.45 10 15
Low-speed
Conventional  48.34 49.09 50.02 53.20 - -

climbing
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Innovative 44.44 46.24 45.67 47.20 45.65 48.15 30 20

Working modes of pump and fan are set as 3 under highest speed (HS) and high-speed climbing (HSC)
condition. The exit temperature of IF under HS and HSC condition is lower than the exit temperature of
CF. Although the proportional valve admeasures 76.5% of the flow to motor, the exit temperature of traid
and motor controller of IF are also lower than the exit temperature of CF. And the lower exit temperature
of motor is achieved by proportional valve. The convective heat transfer mechanism, equation (25) shows
that the greater the temperature difference between the cooling fluid and the cooled object, the better the
heat transfer effect will be without changing the flow rate. Moreover, working modes of pump and fan
are set as 2 under low-speed climbing (LSC) condition. And exit temperature of IF under LSC condition
is also lower than exit temperature of CF.

It’s worth noting that VTMS recognizes that the exit temperature of IF under HS and HSC condition
is in mode 2 based on Table (4). If modes of pump and fan are set as 2, VITMS recognizes that the exit
temperature is in mode 3 under HSC condition and mode 2 under HS condition. Therefore, modes of
pump and fan of IF under HSC condition switch back and forth between mode 2 and 3 instead of staying
mode 3 like CF. Therefore, IF reduces energy consumption of pump and fan (fan consumes 135W and

pump consumes 1.2W in mode 1, fan consumes 227W and pump consumes 9.5W in mode 2, fan

consumes 312W and pump consumes 24.5W in mode 3).

4.3 Transient simulation

CF model and IF model adopted transient simulations under worldwide harmonized light vehicles test
cycle (WLTC) condition, highway fuel economy test (HWFET) cycles and US06 cycle respectively, to
compare the difference and investigate the control performance of strategies [40]. Four speed ranges of
low, medium, high and extra high are consisted in the Class 3a cycle of WLTC which replaced the new
European driving cycle (NEDC) based procedure for type approval testing of light-duty vehicles [41].
The HWFET is used to determine the highway fuel economy rating. In addition, the US06 Supplemental
Federal Test Procedure (SFTP) is developed to address the shortcomings with the FTP-75 test cycle in
the representation of aggressive, high speed and/or high acceleration driving behavior, rapid speed
fluctuations, and driving behavior following startup. Vehicle speed-time curves of cycles were shown in
Figure 11, where the blue lines represent two WLTC cycles, the red lines represent S HWFET cycles and
the green lines represent 6 US06 cycles. Besides, the ambient temperature is 40 °C, the atmospheric
pressure is 101.3kPa and the relative humidity is 50%. Figure (12)-(15) show results of transient

simulations.
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Figure 15. Proportional valve changes of innovative framework (a) under WLTC, (b) under HWFET,
(c) under US06

From Figure (12), exit temperature of the motor and motor controller of IF is lower than that of the
CF under WLTC, HWFET and US06 condition, while exit temperature of the triad is slightly higher.
Compared with CF, the exit temperature of IF was 1.12 °C lower on average in WLTC condition, 1.49°C
lower on average in HWFET condition, 1.46 °C lower on average in US06 condition. In addition,
combined with thresholds (black dash dot lines in Figure 12, 15) of triad, motor controller and motor in
Table (4), it can be seen that IF postponed time to reach the threshold. Mode of pump and fan in IF
changed from 1 to 2, with a delay of 190s under WLTC condition, a delay of 55.5s under HWFET
condition and a delay of 31.5s under US06 condition. In addition, the statistical results of Figure 12 (c)
show that mode 3 lasts 2494s under CF and 490.5s under IF, which reflected better thermal management
performance of IF.

Figure (13) shows the power variations of the cooling fan and cooling pump under the two frameworks
at the same heat generating power. On the one hand, it’s obvious that mode switch of VTMS is delayed.
On the other hand, power consumption of pump is slightly reduced due to a promoted efficiency.

In fact, the revolution of water pump is set as 800rpm, 2000rpm and 3000rpm in modes 1, 2 and 3,
respectively. However, Figure (14) show that the cooling volume flow and efficiency of the water pump
of IF are significantly higher than that of CF, while the power consumption of pump is slightly lower
than that of CF except mode 3. Although model 3 of IF increased pump power by 38%, it also increased
volume flow by 52%. Therefore, IF can increase the pump energy efficiency and volume flow under the
same mode. In particular, pump and fan reduce energy consumption by 13.4% (1374.4J), 5.2% (17525.4J)
under a single WLTC cycle (1802s), 4.1% (169.0J), 3.5% (5046.6J) under a single HWFET cycle (765s),
7.6% (334.6]) and 2.8% (3533.2]) under a single US06 cycle (600s). It is worth noting that energy
consumption of pump and fan was reduced by 19.3% and 12.0% respectively under 6 US06 cycle
conditions (3600s).

Mode switch of CF is caused by the motor first reaching the threshold of 50 °C in Figure 12 (a), (b)
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and (c), which indicates that the motor had a greater demand for heat dissipation under the current
working condition. Figure (15) shows two proportional valves rates changes and exit temperature of triad,
motor controller and motor in IF. The larger the value of proportional valve 1 indicates that the VTMS
allocates more flow to triad which has higher heat dissipation requirement. And value of proportional
valve 2 is the same. (Due to the limitations of model of KULI software, two two-port proportional valve
models were used instead of a three-port proportional valve. Where the proportional valve 1 represented
the flow proportion allocated to the triad, and the proportional valve 2 represented the flow proportion
allocated to the motor controller. It should be noted that the flow allocated by the proportional valve 2 is
the difference of the total flow and the flow allocated to triad.) With the augment of heating power, the
control strategy of proportional valve adjusted the flow distribution so that the triad, motor controller and
motor were synchronized close to their respective thresholds, which delayed the time when the electric
drive circuit reaches the threshold of mode-switch.

In those simulation conditions, only the US06 condition enables the fan and pump to reach mode 3,
which indicates that the thermal management system of this electric vehicle can control the outlet
temperature of the motor below 60 °C as long as it is not driven fiercely even under extremely high
temperature conditions. However, according to the value of proportional valve 1 in Figure (15), VTMS
allocates more than 90% of the coolant flow to the triad except for the HWFET condition. Compared
with the transient condition, it can be seen that the proportional valve have a wider range of flow
regulation under the steady-state condition, which indicates that the proportional valve could work better
in continuous high power motor. Moreover, Figure (15) shows that at the beginning of the cycle, the
proportional valve 1 has a large oscillation, which occurs when the load changes dramatically and modes
of pump and the cooling fan are too low. In addition, there is no typical mode downshift comparison in
three working conditions to testify downshift strategies of proportional valve. It is all about the high
ambient temperature leads to small temperature difference between the outer air and the inner coolant.
Therefore, VTMS need toto maintain or increase m to maintain or increase W,,, thereby increasing W,
(when W, < W;) or ¢ (when W, > W;), and finally supplementing the heat dissipation power of

radiators.

5. Conclusion

Two cooling loop framework of electric drive of VTMS and the corresponding control strategies were
established in this paper. Thermal management performance and the energy consumption level of water
pump and cooling fan of two frameworks were compared and studied by KULI/Simulink co-simulation.
Two frameworks adopted the same mode-switch control strategies for pump and fan. In addition, a
proportional valve and a matching control strategy of IF were used to control the cooling flow through
the triad, motor controller, and motor. The main conclusions are summarized as following:

(1) The innovative method of VIMS can tremendously enhance thermal management performance
of cooling loop of electric drive. On the one hand, steady-stage simulation results showed that
the maximum outlet temperature of triad, motor controller and motor were 56.60 °C, 57.48 °C
and 62.67 °C in CF, while the maximum outlet temperature of triad, motor controller and motor

were 55.15°C, 55.80 °C and 56.45 °C in IF. On the other hand, from transient simulation results,
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it can be seen that exit temperature of the IF was 1.12 °C lower on average in 2 WLTC cycles,
1.49°C lower on average in 5 HWFET cycles and 1.46 °C lower on average in 6 US06 cycles.

(2) The addition of proportional valves and matched control strategy enabled refined thermal
management of the drive circuit components. All components reach thresholds almost at the same
time, which caused that VTMS postponed the upshift time of pump and fan of 190s under WLTC
cycle, 55.5s of HWFET cycle, 31.5s of US06 cycle.

(3) Energy consumption of fan and pump is reduced. In particular, pump and fan reduce energy
consumption by 13.4% (1374.4J), 5.2% (17525.4]) under a single WLTC cycle, 4.1% (169.0J),
3.5% (5046.6J) under a single HWFET cycle, 7.6% (334.6J) and 2.8% (3533.2J) under a single
US06 cycle.

(4) Augment of pipes lead to increased pump efficiency. The increase in the pipeline increases the
pump efficiency from 6.41% to 10.1% in mode 1, from 15.2% to 23.6% in mode 2, and from
21.4% to 36.8% in mode 3.
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