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Abstract: In this work, the problem of reducing the energy consumption of the cooling circuit for the
propulsion system of an all-electric vehicle is approached with two different concepts: improvement
of the powertrain efficiency and optimization of the control strategy. Improvement of the powertrain
efficiency is obtained through a modular design, which consists of replacing the electric powertrain
with several smaller traction modules whose powers sum up to the total power of the original
powertrain. In this paper, it is shown how modularity, among other benefits, also allows reducing the
energy consumption of the cooling system up to 54%. The energy consumption of the cooling system
is associated with two components: the pump and the fan. They produce a so-called auxiliary load on
the battery, reducing the maximum range of the vehicle. In conventional cooling systems, the pump
and the fan are controlled with a thermostat, without taking into account the energy consumption.
Conversely, in this work a control strategy to reduce the auxiliary loads is developed and compared
with the conventional approach, showing that the energy consumption of the cooling system can
be reduced up to 27%. To test the control strategy, numerical simulations have been carried out
with a 1-D model of the cooling system. On the other hand, all the thermal loads of the components
have been calculated with a vehicle simulator, which is able to predict the vehicle’s behavior under
different driving cycles.

Keywords: electric vehicle; propulsion cooling system; modularity; thermal management; control
optimization

1. Introduction

One of the most limiting factors of all-electric vehicles is the limited range [1,2]. The
most advanced electric rechargeable energy storage systems (RESS), such as Li-ion batteries,
still suffer of low energy density when compared to fuels, meaning that large and heavy
batteries would be required to meet the travel range of conventional vehicles. In addition,
severe ambient conditions can dramatically reduce the range and reliability of battery
powered vehicles [3]. Another important drawback of all-electric vehicles is that the battery
is the only energy storage on-board and therefore it is also required to provide the energy
for the operation of the auxiliary loads, such as the air conditioning compressor and the fan
and pump of the propulsion cooling system. In all-electric vehicles, reducing these loads is
of primary importance, as they drain energy form the battery and can further decrease the
range of the vehicle.

Generally, studies on the impact of auxiliary loads on energy consumption are limited
to weather and climatic conditions—i.e., Heating, Ventilation, Air Conditioning (HVAC)
consumption and thermal comfort measures [4-7]—driver behavior and traffic conditions.
Lalhou et al. [8] proposed a thermal comfort management approach that optimizes the
thermal comfort while preserving the driving range during a trip is proposed. A large
number of weather and traffic situations are simulated, and results show the efficiency
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of the proposed approach in minimizing energy consumption while maintaining a good
comfort. Similarly, Desreveaux et al. [9], in order to plan the annual charging operation of an
eco-campus, developed a simulation tool for an accurate determination of the consumption
of an electric vehicle throughout the year. An overconsumption up to 33% in winter due to
heating, and only 15% in summer due to air conditioning was found. Basciotti et al. [10]
developed advanced simulation tools to improve the efficiency of climate control systems
in order to accurately evaluate both the energy savings and thermal comfort.

On the other hand, very seldom the influence on energy consumption owe to cool-
ing of powertrain components is included in the analysis. For example, the integrated
thermal management of a pure electric vehicle is described in [11], including battery cool-
ing/preheating, electric machines (EM) cooling and Air Conditioning (AC) or heat pump.
Different approaches are proposed, but not modularity nor optimized control. Shojaei
et al. [12] investigate the impact of the cooling power demands of the cabin and battery on
the vehicle performance, focusing more on comfort levels and battery degradation. In [13],
the National Renewable Energy Laboratory’s modeling framework was used to explore
control strategies for an electric vehicle combined loop system. The control approach in-
cluded a mode selection algorithm and controllers for the compressor speed, cabin blower
flow rate, coolant flow rate, and the front-end heat exchanger coolant bypass rate. The
impact of these thermal systems on electric vehicle range during warmup was simulated
showing up to a 10.9% improvement in range for the full system over the baseline during
warmup from cold soak. The need to reduce the significant energy drain and resulting
drive range loss due to auxiliary electrical loads is also addressed in [14].

As shown in the above literature review, in most of the research works, the problem
of reducing the energy consumption of the auxiliary loads in an all-electric vehicle is
translated into the effort of reducing the energy consumption of the AC system. On the
other hand, in this work the energy consumption of the auxiliaries used in the propulsion
cooling system is considered and two approaches are proposed to reduce it. To the author’s
knowledge, there are no contributions in the literature where the reduction of the energy
consumption of the auxiliary loads from the propulsion cooling system is investigated. The
first approach, at a design level, is modularity. The second approach, at a control level, is
the optimization of the energy management.

The concept of modularity has been developed in DRIVEMODE, a project funded
by the European Commission under the Horizon 2020 framework. The DRIVEMODE
project stems from the idea of integrating a high-speed gearbox, a high-speed electric motor
(e-motor) and a Si-C inverter to provide a highly efficient and compact integrated drivetrain
module (IDM) to be used in cars of different classes, including mass produced battery and
hybrid electric vehicles, low performance and high performance vehicles and different
types of heavy-duty vehicles. Multiple IDM can be used in place of single larger electric
machines and power electronic components. In the modules, the smaller electric machines,
even though characterized by lower maximum efficiencies, will work in more efficient
regions of the operating map, resulting in a lower thermal load to be rejected through
the cooling system. In this paper, it is shown how modularity, among other benefits, also
allows reducing the energy consumption of the cooling system.

The second approach consists of improving the energy management of the propulsion
cooling system. Most of the works regarding the thermal management in electric vehicles
are focused on either improving the battery cooling [15-17] or the e-motor cooling [18,19],
without taking into account the cooling system energy consumption. Conventional con-
trol strategies are based on a feedback control on the radiator inlet temperature, with a
thermostat valve. An interesting control approach to reduce the motor cooling system
energy consumption is proposed in [20], but the considered vehicle is a hybrid electric.
In this work a control strategy that reduces the energy consumption of the cooling system,
namely of pump and fan, has been tuned for steady-state conditions and then tested with
numerical simulation on different driving cycles. Even though the benefits of this control
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strategy are smaller compared to those obtained with modularity, the implementation
comes at no costs, since it does not require additional components or sensors.

This work relies on numerical simulation of experimentally validated models. Tran-
sient simulations of driving cycles have been carried out with a robust 1-D model of the
vehicle cooling system built in GT-Suite [21]. On the other hand, all the thermal loads of
the components of the drivetrain have been calculated with a vehicle simulator developed
in Matlab/Simulink® [22].

The remainder of this paper is organized as follows: Section 2 presents the single
e-motor and dual IDM configurations and modeling; Section 3 describes the cooling circuits
for the two cases; finally, in Section 4 the simulations are presented, and the results are
discussed; the conclusions are presented in Section 5.

2. System Description and Modeling

The vehicle considered in this study is an all-electric sedan-class car. The main
parameters of the vehicle are listed in Table 1.

Table 1. Characteristics of the vehicle.

Parameter Value
vehicle mass 1745 kg
passenger mass 235 kg
vehicle frontal cross-section area 2.618 m?
aerodynamic drag coefficient 0.29
tire rolling resistance coefficient 0.009
wheel radius 0.335m

Two powertrain configurations are considered and further described in the next subsec-
tions: the single e-motor (with power electronics and transmission) and the dual Integrated
Drivetrain Module (which incorporates e-motor, gearbox, and inverter). In both cases,
the total power of the propulsion system must meet the speed and grade requirements
indicated in Table 2.

Table 2. Performance requirements of the vehicle.

Parameter Value
acceleration from 0 to 50 km/h 55s
acceleration from 0 to 100 km/h 10s
maximum climbing at 80 km/h 12%
maximum climbing at 130 km/h 4%
maximum speed 150 km/h

The general layout of the cooling system is composed of four integrated circuits (with
a fifth separate loop for cooling charger and converters (400V-12V DC/DC and 800V-400V
DC/DC)), as shown in Figure 1. The four loops are:

1.  Air Conditioning (AC) refrigerant loop (shown in blue);

2. Heat Ventilation Air Conditioning (HVAC) coolant loop (shown in red);

3. Propulsion loop (shown in purple);

4.  Rechargeable energy storage system (RESS) coolant loop (shown in green).
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Figure 1. Cooling system circuits: AC refrigerant loop (blue), HVAC coolant loop (red), propulsion
loop (purple), RESS loop (green).

The first loop provides air conditioning for cabin cooling through a compressed vapor
cycle, whereas the second provides cabin heating. The third loop is responsible for the
propulsion system cooling and the fourth loop ensures that the battery is maintained in
the operating temperature range. These loops are all highly integrated, but this analysis is
focused only on the propulsion coolant loop, which, however, is influenced by the HVAC
refrigerant circuit through the condenser and by the RESS circuit through the RESS radiator:
as shown on the left side of Figure 1, the same fan provides the air mass flow rate for
the cooling of RESS, HVAC system (whose condenser is shown in blue) and propulsion
module. The conditions of the air flow at the outlet of the RESS radiator and AC condenser
are experimentally measured and used as an input to the simulations performed in this
study.

2.1. Single Electric Motor

The conventional all-electric powertrain is composed of one single e-motor and one
inverter. The e-motor is then connected through the transmission to the vehicle front
wheels, as qualitatively shown in Figure 2.

Temperature -
sensor

Inverter

Propulsion Radiator

o -

Figure 2. Single e-motor propulsion system and cooling system.
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The electric machine has a max peak power of 150 kW and max/min continuous
torque of 266 N-m, with corner speed of 1500 RPM. Figure 2 also shows the layout of the
propulsion cooling system. The main components of the circuit are:

1.  pipes and hoses;
2. the electric coolant pump;
3. the electric fan.

As already mentioned, the fan is used to suck in the air and increase the air mass flow
rate through the radiators of propulsion, condenser and RESS cooling loops. The coolant
consists of water mixed with ethylene glycol (50% water + 50% glycol).

2.2. Dual Integrated Drivetrain Module

Introducing the concept of modularity [23], two smaller e-motors can be used instead
of the larger single motor. Each of the smaller e-motors is integrated with gearbox and Si-C
inverter to form a highly efficient and compact integrated drivetrain module (IDM). Two
75 kW IDMs are used in this study to replace the single motor, as qualitatively shown in
Figure 3.

Temperature
sensor

Inverter IDM 1

BN

- - -

Propulsion Radiator

Air separator

Figure 3. Dual IDM propulsion system and cooling system.

In particular, each module has a dedicated cooling circuit, with the coolant flowing
through the IDM components in a series configuration. Eventually, the coolant streams
coming from the two modules are sent to the same main radiator for heat rejection to
the ambient. This configuration helps designing a single compact cooling circuit for the
thermal management of all the propulsion components.

The benefits of modularity, i.e., using a larger number of smaller electric machines, are
twofold: increased overall efficiency during the vehicle operation and reduced components
heat rejection. The first benefit is explained considering that in a typical driving cycle
the operating conditions will be mostly in the low-medium speeds and torques. This
means that a larger EM will operate in the lower efficiency regions, while for a smaller
EM most of the operating points will fall in the maximum efficiency region. Therefore,
even though the larger EM could achieve greater maximum efficiency, during a driving
cycle the overall efficiency of a modular propulsion system will be higher. The second
benefit is strictly related to the first one, as a more efficient operation of the powertrain
components will lead to less losses and heat rejection. This, in turn, will reduce the energy
demand of the propulsion system cooling circuit, further improving the overall vehicle
energy consumption.
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2.3. Electric Vehicle Model

E-motor and inverter generate heat during their operation, especially at high power
demands, because of ohmic losses. The cooling system is required to reject the generated
thermal load to the ambient, keeping the temperatures within the operating range of the
components. To evaluate the thermal load generated during the propulsion system opera-
tion, a quasi-static model of the electric vehicle has been developed in Matlab /Simulink®.
The power losses in the inverter Q;yy, which are equal to the heat generated, can be
calculated as a function of the instantaneous inverter power Pjyy, with the following
equation:

Qivv = Pinv(1 —7iny) @

where for the inverter efficiency #;yv a constant average value equal to 97% has been used.
This value results in being a bit conservative with respect to the first measurements at test

bench.
On the other hand, the thermal load of the e-motor, QE M, can be calculated as a

function of the motor power, Py , and efficiency, #gp, using the following equation:

Qem = Pem(1— 17EMm) ()

The efficiency of the single e-motor is evaluated from the map shown in Figure 4,
which is obtained in [23] with the method proposed in [24].
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Figure 4. Single e-motor efficiency map.

For the e-motors of the two IDMs, the Willans line model [25] has been used to scale
down the single e-motor map. The result is shown in Figure 5, with the maximum peak
power of the scaled motors being one half of the maximum power of the original e-motor.
Thus, the two e-motors for the dual IDM configuration have the same total power as the

single e-motor configuration.



Energies 2021, 14, 33

7 of 22

300

[©Efficiency
== Max Torque

250

200

Torque [N-m]
g
1

-
o
o

50 [/

&
S

092
09
1085 7 ——

8000 10,000 12,000

ol ‘ :
0 2000 4000

6000
Motor Speed [rpm]
Figure 5. IDM e-motor efficiency map.

The maps shown in Figures 4 and 5 have been implemented in the Matlab /Simulink®
model to obtain a quasi-static forward-looking simulator of the entire vehicle. The power
demand on the propulsion system components is evaluated by solving the longitudinal
dynamics of the vehicle and using the following expression of the road load:

1 ,
Fioad = EcdpairAfvz + Mg sinf + C;Mg cos6 ©)

The first term on the right-hand side of Equation (3) is the aerodynamic drag force,
with Cq4 the drag coefficient, p,i, the air density, A¢ the frontal area of the vehicle and v
the longitudinal speed of the vehicle. The second term is the force due to the road grade
8, where g is the gravity constant and M is the vehicle mass. Finally, the third term is
the rolling resistance force, which is a function of grade, vehicle mass and tires rolling
resistance coefficient C;. The values of these parameters have been previously reported in
Table 1.

The simulator includes a driver’s model based on a PID controller to track the desired
speed profile (i.e., driving cycle) and a zero-th order equivalent circuit model for the battery.
The main characteristics for the battery pack are listed in Table 3.

Table 3. Battery pack main characteristics.

Parameter Value
operating voltage (Max/Nominal) 796/720 V DC
operating current (Max/Nominal) 280/140 A

battery capacity 46 kWh

The battery performance is obtained starting from the open circuit voltage (OCV) and

internal resistance (Rp) curves, shown in Figures 6 and 7, which have been derived from
data available in [26] for a Li-Ion battery cell manufactured by A123 Systems, LCC (Livonia,
MI, USA).
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Figure 7. Battery cell internal resistance dependence on state of charge.

With the zero-th order equivalent circuit model the battery heat rejection, Qbmt, can be
calculated as: .
Quate = 1 - Ro(S0C) @)

The battery current [ is a function of the battery open circuit voltage, Voc, the power
request, Py, and the equivalent internal resistance Ry(SoC), function of the state of charge
(SoC):

Voc — V(%C - 4PbattRO

1= 2Rg @)

2.4. Cooling Circuit Model

The heat rejection profiles for each component, obtained with the Matlab /Simulink®
model described above, are then used as input for the propulsion cooling circuit model
developed in GT-Suite and shown in Figure 8. The other input to the GT-model is the
vehicle speed, which is directly related to the air flow through the cooling system radiators.
Two sides or two circuits are highlighted in the model:

e  Coolant side (red)—closed loop circuit with pump, accumulator, IDM components, etc.;
e  Air side (blue)—circuit with Fan object, RESS and Condenser heat addition objects.
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The main components of the circuit have been modeled as follows:

e the coolant (water/glycol ethyl 50-50) properties are retrieved from the RefPROP [27]
library;

e pipes and hoses, whose dimensions are the results of a sensitivity analysis aiming
to minimize the circuit pressure drops and ensuring the required mass flow rate for
cooling, have inner diameter of 19 mm, locally 18 mm in some connectors;

e the coolant pump, which is an electric pump, is modeled with the operating map
shown in Figure 9;

e the electric fan, modeled with the operating map shown in Figure 10.
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Figure 9. Cooling system pump map.
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Figure 10. Cooling system fan map.

Additionally, the thermal load of the propulsion radiator is an output of the analysis
rather than an input. All the data needed to model the heat transfer behavior of the radiator
have been provided by the car manufacturer. The performance that the propulsion cooling
system must meet are summarized in Table 4. In particular, the temperature must not
exceed 65 °C. In the case of the dual IDM the constraint on the minimum volumetric
flow rate imposes the usage of two pumps. This has been found to be consistent with the
modularity requirement of the DRIVEMODE project, since each module comes with its
own pump.

Table 4. Preliminary requirements for the cooling circuit.

e-motor
temperature (inlet) <65 °C
pressure drop <500 mbar @ 10 L/min
vol. flow rate >10 L/min @ maximum power
inverter
temperature (inlet) <65 °C
pressure drop <300 mbar @ 10 L/min
vol. flow rate >10 L/min @ maximum power

3. Cooling Circuit Control Strategy

The second approach to reduce the energy consumption from the auxiliary loads
related to the propulsion cooling system consists of optimizing the control strategy of fan
and pump. The fan is responsible for increasing the air flow through the radiator, thus
improving the heat rejection when the driving loads are high. The pump is used to ensure
the desired flow of coolant through the propulsion system components and keep their
temperature in the admissible range. In the following subsections, the conventional control
strategy and the proposed optimized strategy are presented. Both strategies apply to either
the single e-motor or the dual IDM configurations.

3.1. Conventional Control

The conventional control strategy acts on two control variables, which are the pump
speed, and the input signal of the fan (on/off). The pump speed is initially set at 10 L /min
and then it is linearly increased as the coolant temperature at the radiator inlet increases
above 40 °C. The fan is off as long as this temperature is below 65 °C. For higher values,
the fan is switched on at its maximum capacity (i.e., input signal equal to 90%) and is
maintained on until the temperature drops down below 55 °C, performing a hysteresis
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cycle. When the radiator inlet temperature reaches 65 °C and the fan is turned on, the
pump flow rate is kept constant at its maximum value. The linear dependency of the pump
speed (proportional to the pump flow rate) on the coolant temperature at the radiator inlet
is shown in Figure 11. The minimum pump speed corresponds to 10 L/min, as per the
constraint reported in Table 4, while the maximum volumetric flow rate is obtained for the
maximum pump speed.

15

Flow rate [I/min]
o >
T T

-
N
T

100

9 1 1 1 1 1 1
10 20 30 40 50 60 70 80

Radiator inlet temperature [ °C]

Figure 11. Pump conventional control strategy: linear dependence of mass flow rate on coolant
temperature at radiator inlet.

3.2. Optimized Control

The optimized control strategy aims at reducing the energy consumption of pump and
fan, ensuring the temperature constraints on the e-motor and inverter are met. In contrast
with the conventional strategy, in this case the speed of the pumps is controlled based
on the actual vehicle speed, actual heat rejection of the components and fan state. These
signals are already available in the vehicle, as they are used for other tasks of the electronic
control unit, so no additional sensors are required to implement the new control strategy.

The control strategy is built on the observation that for a given vehicle speed and
thermal load on the cooling circuit, the pump speed corresponding to the minimum energy
consumption is the lowest possible speed that avoids the fan to be switched on. Therefore,
an optimization process has been carried out to evaluate the minimum pump speed
required to reject different thermal loads at different vehicle speeds, without turning on
the fan. A design of the experiment was performed with the Matlab/Simulink® simulator,
varying vehicle speed and road grade to obtain the heat rejection of the components for
different road load conditions. Those results were then used for steady-state simulations
of the 1-D GT-Suite cooling circuit together with built in optimization algorithms from
GT-Suite to create the control map shown in Figure 12. For the same vehicle speed,
higher loads correspond to higher heat rejections and require higher mass flow rates (thus,
pump speeds).
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Figure 12. Optimized control strategy: optimized pump speed as a function of vehicle speed and
propulsion normalized load.

The map shows a step-shape because the pump speed has a low impact on the coolant
temperature. Indeed, the most important variables for the heat transfer in the radiator
are the air mass flow rate and the air temperature, which are influenced by vehicle speed
and fan state. In other words, for the same level of required heat rejection, while the
speed of the pumps can only produce a small change of the radiator inlet temperature,
the fan state and vehicle speed can have a much greater impact. As a result, there is no
advantage in maintaining high pump speeds during the fan operation, because the main
contribution to lowering the temperature is from the fan, and the increasing fan operational
time is negligible. Following this consideration, the optimal pump speed from the map is
overwritten when the fan is turned on, setting the speed to its minimum value.

In the first step of the control strategy, the calculation of the pump speed is only based
on the actual vehicle speed (i.e., air flow rate through the radiator) and heat rejection from
the components, using the control map shown in Figure 12, which is embedded into a 2D
lookup table. The actual optimal speed output signal from the 2D lookup table is time
averaged to smooth speed variations. This is necessary to dampen the dynamics of the
inputs to the lookup table, which is built from steady-state simulations.

In a second step, the actual coolant temperature at the radiator inlet is checked. If the
temperature of the coolant exceeds 60 °C, then the fan is turned on and the minimum
pump speed is imposed, overwriting the optimal speed output of the 2D lookup table. The
fan performs the same hysteresis cycle between 60 °C and 55 °C as already described in
the previous section.

To summarize, the control strategy is designed to optimize the speed of the pump(s)
when the fan is off, and to set it to the minimum allowed value when the fan is on:

. ﬁum <Q] , 0 h.l)/ Xf, =0
Tlpump <Xfan/ QlosS’ vVehicle) = { pump oss’ Yvehicle an (6)
Npump = 4250 rpm, Xy =1

where x¢,, is the actual state of the fan, equal to 1 if the fan is on and equal to O if the

fan is off; Q). represents the total heat rejection of the components that is a function of
time; Uyehicle is the actual vehicle speed; npump is the speed of the pump and 7ipump is the
time averaged value of 1pump coming from the optimized control map. After a sensitivity
analysis the averaging time of 7pump has been set equal to 25 s for all the simulations.
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4. Simulations and Results

To investigate the operation and performance of the cooling system, three different
driving cycles (i.e., vehicle speed time profiles) have been selected: Aachen drive cycle,
shown in Figure 13a; Federal Highway Driving Schedule (FHDS) drive cycle (repeated
10 times), shown in Figure 13b; World harmonized Light-duty vehicles Test Procedure
(WLTC) drive cycle (repeated 3 times), shown in Figure 13c.
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Figure 13. Test driving cycles: (a) Aachen; (b) FHDS x 10; (c) WLTC x 3.

The cycle repetitions are needed to obtain the same cooling circuit operating time
and realistic trip length. Also, to add variability to the road power demand, each cycle
repetition is characterized by a different road grade profile.

In the Matlab/Simulink® forward-looking model both the single motor and dual IDM
configurations were simulated for the three driving cycles. The main outputs of these
simulations are the heat rejection profile of the components and the effective vehicle speed.
The operating average efficiency of the e-motors for the different driving cycles and the
different powertrain architectures is reported in Table 5. It is clear that the modularity can
improve the operating efficiency of the e-motors, thus reducing the heat generation that
the cooling circuit will have to reject to the ambient.

Table 5. E-motor average efficiency.

Drivine Cvcle Single e-motor Dual IDM
gLy EM Efficiency (%) EM Efficiency (%)
Aachen 82.8 92.6
FHDS x 10 83.5 88.4

WLTC x 3 88.4 93.5
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The heat rejection profile and the vehicle speed are then used as inputs to the GT-
Suite model, which solves the transient 1-D thermo-fluid dynamic problem and evaluates
the performance of the cooling circuit. Both the conventional and the optimized control
strategy for the pump(s) control are simulated.

The effectiveness of the control strategies has been tested under the following addi-
tional assumptions: constant gear box efficiency of 0.97; mass of the vehicle equal to the
gross weight; no AC condenser heat rate; ambient temperature of 40 °C; coolant initial
temperature of 40 °C. These extreme operating conditions have been chosen to stress the
cooling system and trigger fan starting events. As an example, Figure 14 shows the heat
rejections of the motor, inverter, and battery with respect to time for the WLTC x 3 cycle.

—Vehicle Speed---RESS—Inverter—Motor

150.0 25.00
100.0 120.00
= i
£ 500; ‘ 5
3 115.00 ]'5
2 00 |8
()] '
o 110.00 i@
(8] o
15.00
' . - . . e '0.00
0 1000 2000 3000 4000 5000 6000

Time [s]

Figure 14. Outputs of the all-electric vehicle model: actual vehicle speed profile (top); motor, inverter
and RESS heat rejections vs. time (bottom).

As one may note, there is a correlation between the velocity profile and the heat
rejection, which is obviously affected by the road load. These plots are mostly provided
to prove the soundness of the energy-based vehicle simulator. Those heat rejections have
been calculated with the set of equations from (1) to (4).

Results Discussion and Comparison

To understand the impact of modularity and optimized control strategy on the energy
consumption reduction, four cases have been analyzed for every driving cycle:

1.  Single e-motor, standard propulsion cooling management;
2. Single e-motor, optimized propulsion cooling management;
3. Dual IDM, standard propulsion cooling management;

4. Dual IDM, optimized propulsion cooling management.

The different driving cycles highlight different aspects of the powertrain configura-
tions and control strategies.

For the WLTC X 3 drive cycle, the speeds of pump and fan (which can be considered
to be a measure of the energy consumption) are shown in Figures 15 and 16 for the single
e-motor and the dual IDM configurations, respectively. The WLTC x 3 is the most power
demanding driving cycle and in all the cases the fan must be activated to lower the coolant
temperature. Moreover, comparing Figures 15 and 16, the single e-motor configuration
requires one more fan start due to the higher heat rejection of the components in this
powertrain.
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6000 LTC: Pump and Fan Operation Comparison
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Figure 15. Control strategy comparison for single e-motor on WLTC driving cycle: coolant pump
speed (top); radiator fan speed (bottom).
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Figure 16. Control strategy comparison for dual IDM on WLTC driving cycle: coolant pump speed
(top); radiator fan speed (bottom).

The bar plot in Figure 17 allows a comparison among the energy consumptions of
every component, for both configurations and control strategies. The optimized control
strategy for the dual IDM leads to higher fan energy consumption compared to the con-
ventional strategy because the minimum pump speed is imposed during the fan operation
time. However, the overall energy consumption is still better for the optimized control
strategy because the energy savings of the pumps are much greater than the increased
fan consumption. This confirms that the contribution of the fan on lowering the coolant
temperature is prominent with respect to the pump. Furthermore, setting the pumps at the
minimum speed leads to only a few seconds of fan additional operating time. For a specific
powertrain (e.g., either Figure 15 or Figure 16), it is difficult to observe the differences
in the fan operation times, since the pump(s) only have a limited impact on the coolant
temperature. However, the difference between conventional and optimized control strategy
is evident in terms of pump speed. As expected, the optimized control strategy is able to
minimize the pump(s) speed, thus their energy consumption during most of the trip length.
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Figure 17. Impact of modularity and optimized control strategy on the energy consumption reduction
for the WLTC driving cycle.

Regarding the temperature profiles at the radiator inlet, Figure 18 shows the differ-
ences for the four cases.

_ 70_00WLTC: Radiator Inlet Temperature Comparison

----- Single EM
65.00¢ — Opt. Single EM

Radiator Inlet Temperature [°C

0 1000 2000 3000 4000 5000 6000

Time [s]

Figure 18. Impact of modularity and optimized control strategy on the coolant temperature at the
radiator inlet for the WLTC driving cycle.

The difference in the shape of the peaks (see left plots in Figure 18) is caused by
the difference in the actual battery state of charge and grade conditions for the three
repetitions, leading to different maximum heat rejections. Because of the high energy
demand and road grade, the single e-motor configuration is not able to meet the radiator
inlet temperature constraint and both conventional and optimized control strategy lead
to temperatures higher than 65 °C during the heat rejection peaks. On the other hand,
the dual IDM configuration always meets the constraint with the conventional controller,
while the optimized controller slightly exceeds 65 °C for 20 s. Comparing the four cases,
the temperature is lower in the dual IDM configuration during the whole trip and there is
no temperature difference between optimized and conventional control strategy when the
fan is turned off.

The results for the FHDS drive cycle that is the less power demanding cycle, are shown
in Figures 19-22.
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6000 FHDS: Pump and Fan Operation Comparison
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Figure 19. Control strategy comparison for single e-motor on FHDS driving cycle: coolant pump
speed (top); radiator fan speed (bottom).
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Figure 20. Control strategy comparison for dual IDM on FHDS driving cycle: coolant pump speed
(top); radiator fan speed (bottom).
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Figure 21. Impact of modularity and optimized control strategy on the energy consumption reduction
for the FHDS driving cycle.
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Figure 22. Impact of modularity and optimized control strategy on the coolant temperature at the
radiator inlet for the FHDS driving cycle.

Even though Figures 19 and 20 show a non-zero fan speed, in both cases the fan
is never switched on and the reported speeds results from the vehicle speed dragging
the fan blades and producing the so-called “windmill” effect. This results in a clear
energy saving for the optimized control strategy, as shown in the bar plot in Figure 21.
In this driving cycle, the optimized control map leads to lower average speeds, thus the
pump(s) give a significant contribution to the energy consumption reduction, while the
conventional control strategy sets a high speed on average because the coolant temperature
is in the range 50-55 °C most of the time, as shown in Figure 22, resulting in higher energy
consumptions. Figure 22 also shows that for each powertrain configuration, the optimized
control strategy leads to nearly the same temperature as the conventional strategy, such
that the two temperature profiles overlap, and only one profile is shown in Figure 22. It can
be concluded that in medium-low road power demand conditions the optimized control
strategy can reduce the propulsion cooling system energy consumption.

Finally, for the Aachen driving cycle, the simulation results are shown in Figures 23-26.
In this case, a large difference is found for the two powertrain configurations. In general,
these simulations show how modularity can reduce the total heat rejection thanks to the
higher operating efficiency of the 2 IDMs, therefore the cooling system is less stressed and
energy consumption is lower. Comparing Figures 23 and 24, the dual IDM configuration
never turns on the fan (also in this case the speed of the fan is due to windmill effect), while
the single e-motor requires multiple fan starts. Looking at Figure 23, for the single e-motor
the operation time of the fan is longer with the optimized control strategy, due to the lower
pump speed imposed during the fan operation time. However, this little drawback is
canceled out by the lower optimized pump speed (thus energy consumption) during the
whole trip length.

Finally, the consumptions for the Aachen drive cycle are summarized in the bar plot in
Figure 25. Regarding the temperatures, Figure 26 shows in detail the temperature difference
between optimized and conventional control strategy, with slightly higher temperatures
for the optimized strategy, which in turn result in lower energy consumptions, still meeting
the cooling requirements.
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6000 achen: Pump and Fan Operation Comparison
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Figure 23. Control strategy comparison for single e-motor on Aachen driving cycle: coolant pump
speed (top); radiator fan speed (bottom).
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Figure 24. Control strategy comparison for dual IDM on Aachen driving cycle: coolant pump speed
(top); radiator fan speed (bottom).
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Figure 25. Impact of modularity and optimized control strategy on the energy consumption reduction
for the Aachen driving cycle.
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Figure 26. Impact of modularity and optimized control strategy on the coolant temperature at the
radiator inlet for the Aachen driving cycle.

5. Conclusions

Methods to reduce the propulsion system cooling circuit energy consumption in an
all-electric vehicle have been investigated in this paper. To achieve the goal of reducing
the energy consumption of the auxiliaries that actuate the propulsion cooling system, both
improvement of the powertrain efficiency and optimization of the cooling system control
strategy have been analyzed. In particular, the improvement of the powertrain efficiency is
obtained with a dual integrated drivetrain module configuration, which allows for lower
heat rejection from the drivetrain components. On the other hand, an optimized control
strategy for the cooling system has been designed in order to minimize the power demand
of the cooling system. The cooling system simulations have been carried out with a 1-D
model built upon experimental data in GT-Suite, while a vehicle simulator developed in
Matlab /Simulink® has been used to evaluate the thermal loads of the components under
different driving cycles. From the analysis of the results presented in the previous section,
the following conclusions can be drawn:

1.  The dual IDM configuration leads to an overall efficiency improvement due to the
increased average efficiency of the e-motors, which intrinsically results in lower heat
rejection and lower energy demand from the propulsion cooling system. However, in
terms of energy consumption reduction of the propulsion system cooling circuit, the
benefit of the dual IDM configuration steps out only in severe load conditions that
stress the cooling circuit and trigger the fan. Indeed, for the FHDS driving cycle, the
single e-motor and dual IDM have similar performance in terms of cooling circuit
energy consumption. In this case, compared to the single e-motor configuration,
modularity achieves only a 5% reduction of energy consumption. However, in the
WLTCx3 and Aachen driving cycles, modularity results in a 21% and 54% reduction of
energy consumption of the propulsion cooling system compared to the single e-motor
configuration, respectively.

2. The optimized control strategy implemented in the propulsion cooling management
always leads to lower energy consumption. The effectiveness of the control strategy
comes from the reduction of the energy consumption of the cooling circuit pumps.
Because of this, the optimized propulsion cooling management steps out in medium
load conditions, when the control of the speed of the pumps is needed to lower the
coolant temperature, but no action from the fan is requested. Indeed, when the fan is
turned on, it will increase the overall consumption of the cooling circuit, decreasing
the relative weight of the pumps on the consumption and consequently decreasing
the impact of the optimized control strategy. In the Aachen driving cycle, compared
to the single e-motor, the optimal control strategy achieves a 1% energy consumption
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reduction, whereas 11% and 27% reductions are achieved for the WLTCx3 and FHDS

driving cycles, respectively.

As a consequence of conclusions 1 and 2, in order to decrease the auxiliary loads of the
propulsion cooling system in all-electric powertrains, increasing the powertrain efficiency
leads to good results only if the cooling circuit is stressed enough, or in other words, if the
fan is activated during the vehicle operation. On the other hand, the optimization of the
control strategy is relevant if normally the cooling circuit is capable of lowering the coolant
temperature without the intervention of the fan.
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