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Design and Verification of an Electrically Excited
Synchronous Machine Rotor With Direct Oil
Cooling for Truck Applications

Luca Boscaglia™, Member, IEEE, Hari Sankar Natesan Sugumar ",
Nimananda Sharma™, Member, IEEE, and Yujing Liu™, Senior Member, IEEE

Abstract— The rotor cooling in electrically excited synchronous
machines (EESMs) poses significant challenges due to the high
power density resulting from active conductors necessary for
generating the dc field, which in turn leads to substantial heat
generation. Additionally, the rotor rotation further complicates
the cooling system and contributes to mechanical losses. This
article presents the design of the rotor cooling system for a
200 kW EESM for truck applications. The system employs
simultaneous direct cooling of the hollow shaft, rotor lamination,
and rotor winding using mineral oil. The design is verified in
simulations using conjugate heat transfer (CHT) method by
analyzing the oil flow and temperature distribution. Experimental
tests are conducted on an eight-pole prototype rotor in stationary
condition with a maximum coil heat loss of 4.7 kW, enabling
8 x 190 Aturns magneto-motive force (mmf) per pole with
9.2 L/min oil flow rate. The results demonstrate the effectiveness
of the cooling method in doubling the possible current density
for continuous operation, from 5.05 to 10.1 A/mm?, keeping the
Start-up condition for more than 5 min and the maximum power
for 20 min when the ventilation effect for the rotor rotation is
included in simulation.

Index Terms—Direct oil rotor cooling, electric motors,
electrically excited synchronous machine (EESM), heavy-duty
trucks (HDTs), wound field synchronous machine (WFSM).

I. INTRODUCTION

LECTRIFICATION of heavy-duty trucks (HDTs) can

significantly reduce the greenhouse gas (GHG) emissions.
Although HDTs account for less than 5% of the vehicles
on the road [1], they are responsible for approximately 20%
of all carbon emissions within the transportation sector in
the USA [2] and for a quarter of CO, emissions from
road transport in the EU [3]. The advancement of HDT
electrification has made significant progress in recent times,
and McKinsey predicts that battery-electric HDT (BE HDT)
could comprise around 15% of worldwide truck sales by
2030 [4]. However, the development of BE trucks is heavily
limited by the low energy density and short cycle life of
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lithium-ion battery technology [5]. One approach to tackle
this technological constraint is to mitigate vehicle energy
consumption and battery aging by implementing highly
efficient electric motors [6]. In a battery electric HDT,
permanent magnet synchronous machines (PMSMs) convert
the electrical energy stored in Li-ion batteries to propulsion
torque. The lack of rare-earth permanent magnets (PMs),
higher drive cycle efficiency [7], [8], and the ability to directly
control the rotor flux make electrically excited synchronous
machines (EESMs) an excellent alternative to PMSMs for
HDT electrification. Since in EESMs the PMs are replaced
with copper conductors, the dc excitation can be decreased
in flux weakening reducing the supplied rotor current and
leading to lower copper and iron loss compared to PMSMs.
The higher efficiency and degree of control, as well as the
lower environmental impact for the absence of PMs, are paid
with the presence of extra components like the excitation
circuit and the rotor cooling due to the drastic temperatures
rise at field winding [9]. Additionally, it is worth noting that
the EESM necessitates a power transfer device, such as high-
maintenance brushes or a rotating transformer, to supply the
required current to the rotor winding.

While the excitation typologies and control method are
deeply investigated [10], [11], [12], [13], [14], there is a lack
in the current literature related to effective cooling methods of
the rotor for EESM and its challenges.

It is difficult to cool down the rotor in EESMs due to
several reasons. First, the rotor winding of EESMs is subjected
to high current density, leading to significant heating and a
temperature rise. The heat generated in the rotor is transferred
to the rotor core and shaft, which are usually made of
high-quality magnetic materials such as laminated iron and
steel, which have low thermal conductivity and high thermal
capacity [15], [16]. This makes it difficult to extract the heat
from the rotor and dissipate it effectively.

Second, the rotation of the rotor generates a centrifugal
force that tends to push any direct coolant away from the
rotor surface, reducing the cooling effectiveness. Furthermore,
the rotational motion of the rotor does not allow any level of
coolant at the air gap, otherwise the mechanical loss increases
exponentially with the machine speed [17].

Various techniques are shown in Fig. 1 that can directly cool
the rotor [18], [19], [20], [21]. Additionally, an overview of the
recently published and accessible rotor cooling technologies is
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Fig. 1. Picture of different rotor cooling system designs for electric traction
motors. (a) RSC. (b) DLCR. (¢) RSC + DLCR. (d) RJIC. (e¢) RSC + radial
rotor spray cooling (rRSpC). (f) LCR + rRSpC.

TABLE 1

OVERVIEW OF ELECTRIC TRACTION MOTORS
WITH DIFFERENT ROTOR COOLING DESIGN

Vehicle/Motor Motor Peak Rotor Cooling
Model Typology  Power [kW] Typology

2018 Audi e-tron [23] IMs 135/165 water-RSC
2018 Equipmake APM 200 [24] [25] PMSM 220 Paratherm-DLCR
2018 Honda i-MMD Hybrid [26] PMSM 135 ATF* -RSC+DLCR
2018 Rimac C-2 [27] PMSMs 654/638 0il’>-DLCR
2018 Tesla Model 3 [28] [29] [30] PMSM 192 ATF-rRSpC
2019 GAC Aion S [31] [32] PMSM 150 ATF-rRSpC
2019 Mercedes EQC [33] [34] IMs 150 water-RSC
2020 Audi e-tron S [35] [36] IMs 157/2x138 water-RSC
2021 Volkswagen ID CROZZ [37] M 75 0il-rRSPC
DOE-Project U.S. Drive [38] EESM 80 ATF-RJIC
Ricardo UK Ltd [39] PMSM 25 ATF-RSC+RSPC

“ATF: Automatic Transmission Fluid.
bMineral Oil.

listed in Table I. As shown in Fig. 1(a), the rotor lamination
can be indirectly cooled through the coolant flowing inside
the hollow shaft called rotor shaft cooling (RSC) [22], e.g.,
Audi e-tron and Mercedes EQC. The rotor lamination can be
directly cooled using channels inside the lamination referred
to as direct liquid cooled rotor (DLCR), e.g., Rimac C-2.
As shown in Fig. 1(c), a combination of these two methods can
also be used, e.g., Honda i-MMD Hybrid. However, both of
these methods may be limited in cooling down the rotor of an
EESM because of poor conductivity of heat from the winding
to lamination and higher loss density. Therefore, direct cooling
of the rotor winding may be preferred.

The direct cooling of the rotor can be achieved through
rotor jet impingement cooling (RJIC) [40], [41], radial spray
nozzles cooling (rRSpC), or a combination of them (DLCR +
rRSpC) as shown in Fig. 1(d)-(e) [21]. The rRSpC method
has been utilized in Tesla Model 3 to cool both the rotor
and the end windings of the stator. This method utilizes the
centrifugal force created by the rotation to spray liquid on
the end winding, and the rotor lamination is indirectly cooled
like RSC. Therefore, the effectiveness of end winding cooling
depends on the machine’s rotational speed. RJIC can overcome
this shortcoming, as the coolant impinges via nozzles on the
endplate. However, the lamination is not directly cooled in
RJIC. A combination of DLCR and rRSpC is also proposed

to cool the lamination and the stator end winding directly.
However, in all three methods, the cooling of the rotor winding
will be limited by the end winding surface area.

Therefore, this study presents a rotor cooling design in
which oil directly comes into contact with the rotor active
winding, lamination, and shaft simultaneously. The proposed
design is also independent of the centrifugal force and
could achieve efficient cooling even at low rotational speed.
In addition, it should be mentioned that most of the current
literature refers to oil cooling of the stator winding [42],
[43], [44], [45] and a part of them to cooling of the rotor
of PMSMs [22], [46], [47], [48], as well as air-cooled rotor
(ACR) [49], while there is still a research gap on direct oil-
cooled rotors for EESMs. For the mentioned reasons, the
main novelty of this article is to propose, design, and verify
a direct oil cooling method for an EESM rotor intended
for truck application. The article is outlined as follows.
The requirements of the application, machine specifications,
and rotor cooling design are presented in Section I. It is
followed by verification of the design using simulations
in Section II. The modeling method is based on finite
volume method (FVM) to build a conjugate heat transfer
(CHT) model of the rotor. Section III presents experimental
verification of the proposed design and the modeling method.
Finally, the conclusion and future works are summarized in
Section IV.

II. MACHINE REQUIREMENTS AND
COOLING SYSTEM DESIGN

In this section, the target machine is introduced together
with the requirements for heavy-duty truck application. The
focus is on the design of the cooling system of the rotor
under study.

A. Target Machine Requirements

The rotor considered in this study is part of a 200 kW EESM
designed to fit the specifications of a two-motors drive-train
for heavy-duty truck. The target machine torque, speed, and
requirements for a single motor are shown in Fig. 2, which
summarizes the typical operating points of an electric long
haul truck [7], [50]. First, there is the Start-up condition that
requires the maximum torque of the motors to accelerate the
vehicle from a standstill while on a road with a slope 12%.
Climbing is the maximum power operation and corresponds to
driving uphill on a maximum slope of 6%. Finally, Cruising is
highway driving at constant speed, typical for long-haul trucks,
where the vehicle is supposed to have the best efficiency.

B. Target Machine Specifications

The target motor design parameters and specifications are
listed in Table II. The stator winding consists of six layers and
three-phase hairpin conductors with a maximum phase current
amplitude of 350 A. The rotor is made up of eight salient
poles mounted on the shaft, and the field winding, needed to
create the dc excitation field, is wounded around each pole
to create 190 turns. This number of turns and the maximum
field current of 12 A create the mmf necessary to guarantee
the desired maximum torque and power, as listed in Table II.
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Fig. 2. Long haul electric truck drive-train operation requirements.

TABLE 11
TARGET MACHINE PARAMETERS
Parameter Value  Unit
Stator Outer Diameter 260 mm
Stator Inner Diameter 173 mm
Rotor Outer Diameter 171 mm
Stack Length 200 mm
Number of Poles 8
Rotor Number of Turns 190
Rotor Slot Fill Factor 40 %
Field Winding Resistance at 21°C 22.6 Ohm
Field Winding Insulation Class 180 °C
T T Maximum Torque =~~~ = 380 ~ Nm
Maximum Power 210 kW
DC- Link Voltage 800 A%
Maximum Speed 10000  rpm
Max Stator Current Amplitude 350 A
Max DC Rotor Current 12 A
Temperature of the coolant 45 °C

The electromagnetic design criterion is the achievement of the
unitary power factor explained in detail in [51].

C. Rotor Design

In order to achieve reduced torque ripple, enhanced fill
factor, and prevention of conductor displacement, the designed
rotor adopts a closed slot design. The utilization of a closed
slot design poses challenges in accommodating numerous
conductors within the rotor. To address this, a dovetail joint
is employed for assembling the rotor poles onto the shaft
as shown in Fig. 3. This involves initially winding the rotor
conductors around the poles, followed by mounting the poles
onto the shaft using the dovetail joint.

The rotor cooling system is designed to enhance the
dissipation of heat from the conductors by facilitating the oil
flow along three main paths, as shown in Fig. 4. First, the oil
is pressurized using a pump into the hollow shaft through a
rotary joint, as indicated by yellow arrows. At the end of the
shaft duct, eight smaller radial channels are created inside the
shaft to push the oil outward, as shown by blue arrows. The oil
flow in the radial direction is the result of pressurization and is
also aided by centrifugal force during rotation. Since the space
between the rotor poles cannot be filled entirely with copper
conductors because of manufacturing limitations, part of this
space shapes eight axial channels for oil passage, marked by

Rotor Field Winding

Epoxy Resin

Fig. 3. Cross section of the rotor slot: the field conductors are wound around
the poles up to certain limits due to manufacturing constrains. The empty
bottom part of the rotor slot is used to derive an axial oil duct and a wedge
is inserted to limit the oil spread to the airgap.

Fig. 4. Path of the oil inside the rotor cooling system: the oil is pumped
through the hollow shaft (yellow arrows), the shaft radial channels (blue
arrows), and it moves along the axial channels derived by the empty space at
bottom part of the rotor slots (green arrows).

green arrows. In this part, the oil comes in direct contact
with the active conductors located at the bottom of the slot,
as shown in Fig. 3. To prevent the oil from leaking toward
the airgap, the rotor slot is filled with thermally conductive
epoxy to better shape the cooling channels, which also aids
in maintaining uniform oil pressure and velocity across all the
ducts. After the oil flows out from the channels inside the
rotor slots, it accumulates at the bottom of the housing, and it
is then conveyed to the heat exchanger via a sucking pump.

III. FLow AND THERMAL MODELING

This section describes the modeling of the oil flow inside
the rotor and the CHT model implementation. In addition,
the calculation of rotor losses used as input heat sources
is also explained. The reason to build a CHT model at the
design phase that includes both computational fluid dynamics
(CFDs) and thermal calculation in steady state is to evaluate
the cooling system effectiveness.

A. Loss Model

The reference current selection strategy is designed to
minimize total copper losses, encompassing stator and rotor
losses as described in [51]. The rotor losses are calculated by
implementing a machine flux linkage-based model performing
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Fig. 5. Rotor field current and copper loss on the torque-speed plane

calculated using FEM and MTPA algorithm.

a parametric sweep of rotor field current with a finite element
model (FEM) in ANSYS Maxwell. Afterward, an iterative
optimization method selects the field current to minimize the
total copper losses. The total copper losses of the rotor and
the field current for the entire torque-speed operating region
of the machine are shown in Fig. 5. It can be observed
from Figs. 2 and 5 that the maximum field current of 12 A
is required to meet the start-up and climbing requirements,
which correspond to a loss of 4.7 kW in the rotor winding.
Furthermore, a field current of 5 A is needed to meet the
cruising requirement, corresponding to a loss of 0.8 kW, which
is almost six times smaller.

B. Steady-State CHT Model

Given the symmetry of the geometry, only one-eighth of the
rotor is imported for the analysis including one salient pole,
one-eighth of the shaft, all the 190 field copper conductors
and their insulation with high fidelity. The oil channels are
extracted from the solids and set as fluid, and the following

assumptions are made.
1) The thermal conductivity of the rotor is set as anisotropic

due to the lamination and all the thermal properties of
the materials are listed in Table III.

2) The kinetic viscosity and density of the oil are
considered as functions of the local temperature using
the following equations derived from the ExxonMobil'
data sheet:

p = 864 — 44T 1)
v = —20+ 70T — 107? )

"Registered trademark.

TABLE III
THERMAL PROPERTIES OF THE MACHINE COMPONENTS

Thermal Specific

Component Conductivity Heat

[W/mK] [J/(kg K)]
Lamination (radial) 45 460
Lamination (axial) 34 502
Shaft (Stainless Steel) 50 460
Copper 387.6 381
Winding Insulation 0.18 1000
Epoxy Resin 0.68 1138

where p is the fluid density in kg/m?, and v the
kinematic viscosity in cst and T the local temperature
of the oil.

3) The input copper loss calculated in Fig. 5 is considered
a function of the local temperature using the following
relation:

Peu,r = Peu,y[1 + (T — To)] 3)

where P, r is the corrected copper loss that is updated
for each temperature 7' obtained from each steady-state
simulation, the P, r, is the copper loss when the field
winding resistance is measured at reference temperature
Ty, and « is the thermal coefficient of the copper.

4) The Frozen Rotor approach is employed to simulate the
rotation of the rotor by selecting the surfaces of the rotor
winding and lamination that are in direct contact with
the air. This method enables the Coriolis acceleration
and centripetal acceleration to be solved when the Frame
Motion is activated on those walls, thus eliminating the
need for costly transient simulations and allowing the
rotor rotation to be simulated in a steady-state.

5) Rotating the rotor would provide extra cooling on the
end windings, as some of the oil would come in contact
with them. However, the effect of the oil at the end
winding is neglected in the steady-state simulations.

The pressure—velocity coupled solver is utilized in ANSYS
Fluent to improve result accuracy, particularly in rotating
machines where pressure and velocity calculations are
intricately linked. Additionally, the k — w turbulence model
is applied to better capture turbulence effects. In Fig. 6, the
simulation results are displayed at 8 A and 9.2 L/min as
temperature contours along the axial and radial direction.
Under standstill conditions, the maximum temperature is
attained in the outermost section of the end winding, where the
stationary surrounding air acts as a barrier, limiting the heat
dissipation. The bottom side of the field winding, which is in
direct contact with the oil channels, experiences a significant
cooling effect, resulting in a temperature reduction by half,
from approximately 148 °C to around 75 °C. The presence
of the oil channels also results in a nonuniform temperature
distribution across the rotor lamination in the radial direction,
leading to a temperature difference of approximately 30°.
Furthermore, a noticeable temperature disparity arises due
to the air gap within the dovetail joint connecting the rotor
lamination and the shaft, where the temperature is primarily
influenced by the oil temperature.
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Fig. 6. Temperature contours from the steady-state CHT model simulating
one-eighth of the rotor in standstill condition with 8 A field current and
9.2 L/min oil flow rate.
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Fig. 7. Copper losses and power dissipated by the cooling system for different
values of the rotor field current.

In Fig. 7, the dissipated power throughout the entire oil
cooling system is estimated in the ANSYS Fluent from
the surface average heat flux of the oil ducts. The cooling
system capability is compared with total rotor copper losses
and plotted as function of the field winding current. It is
evident that the oil is capable of dissipating a maximum
power from the rotor slightly below 2.5 kW, representing
approximately half of the total rotor copper losses. This
discrepancy diminishes as the rotor current decreases.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS

In the laboratory, a prototype of the rotor is tested at
various copper losses and flow rates, simulating the worst-case
scenario of operation. This scenario is characterized by the
rotor being at a standstill without any ventilation or oil spread
to aid in the cooling of the end winding. The pressure drop and
temperature at different points on the rotor are measured and
compared with the simulation results. The primary focus is on

Fig. 8. Image of the prototype rotor following the winding of the field
conductors.

Fig. 9. Image of the prototype rotor postapplication of epoxy resin, fiberglass
bandage, and extra material for balancing.

the winding temperatures at three typical operating points of
an electric long-haul truck, as shown in Fig. 2.

A. Rotor Manufacturing

The EESM rotor comprises two primary components: a
solid hollow shaft made of stainless steel, with cooling
channels drilled along both axial and radial directions as
described in Section II-C, and the poles in laminated electric
steel. The assembling of the prototype rotor is distinguished
by three key processes: the implementation of field winding,
the mounting of the poles onto the shaft, and the potting
process using epoxy resin. The conductors are individually
wound around each laminated rotor pole and subsequently
interconnected in series. This methodology enables the
attainment of an elevated fill factor through the utilization
of closed slots before assembling the poles onto the shaft,
as illustrated in Fig. 8. Once the rotor assembling is completed,
a bandage made of fiberglass is employed around the rotor end
winding to prevent the conductors displacement at high speed.
Fiberglass, chosen for its mechanical strength, securely holds
the rotor conductors in place during operation. Subsequently,
the entire structure is filled with epoxy resin to enhance
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Fig. 10. Schematic of the oil cooling setup used for experimental
measurements.

compactness and define the oil cooling channels between the
rotor winding with greater precision, as shown in Fig. 9.

B. Experimental Setup

The laboratory setup illustrated in the schematic in Fig. 10
and shown in Fig. 11 is used to investigate the effectiveness
of the proposed cooling system. The cooling circuit comprises
two gear pumps, an oil reservoir, a heat exchanger, an oil
filter, and power sources for the pumps and field excitation.
The first pump delivers the oil from the reservoir to the rotor
shaft, whereas the second pump sucks the oil into the oil filter
and heat exchanger. The rotor is placed in a plastic box and
elevated through wood supports in order to thermally insulate
the lamination. Throughout the thermal experiments, the flow
rate of the oil is maintained at 9.2 L/min, and the flow rate
of water to cool the oil in the heat exchanger at 7.5 L/min.
The temperature of the water is kept at 45 °C to simulate
the temperature of the water in the truck. Several sensors are
used inside the setup: a pressure transducer to measure the
oil pressure drop along the rotor cooling system, two flow
rate sensors Swissflow SF-800 to ensure the correct values of
oil and water flow rates, the temperature of both the oil and
water is measured at the inlet and outlet of the heat exchanger,
as well as at the rotor, to ensure that the fluids are maintained
at the desired temperatures. Five thermocouples are used to
measure the temperature of the shaft, rotor lamination, and
field winding at three different positions. The locations of the
thermocouples are shown in Fig. 12. Sensor 1 is on the end
winding since that position corresponds to the rotor hot spot,
as can be deduced from Fig. 6. Sensor 2 and Sensor 3 are
located on the coil side in proximity of the oil path, with an
axial depth of 20 mm from the rotor outer face. Sensor 4 is on
the nondrive end side of the shaft, whereas Sensor 5 is on the
rotor outer surface. The field excitation system is controlled
in order to keep the current at constant value and emulate the
actual operation of the machine at different copper losses.

C. CHT Model Verification

Experimental tests are conducted to validate the CHT model
and assess the effectiveness of the cooling method. Initially,
the fluid dynamics model is verified by measuring the pressure
throughout the entire rotor cooling system. This involves
recording the pressure at the rotor inlet while varying the
oil flow rates. Given that the pressure at the rotor outlet is

Flow rate
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] h
¥ ) pump2
p
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5 : 5 Heat
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S B
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\Y =Y
_
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Fig. 12. Location of temperature sensors: Sensor 1 is located at end winding
(hotspot); Sensor 2 and Sensor 3 are located on the coil sides with an axial
depth of 20 mm from the rotor outer face and respectively at rotor top side
and bottom side; Sensor 4 is on the shaft, and Sensor 5 is on the outer surface
of the rotor lamination.
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Fig. 13.  Total pressure drops along the rotor cooling system as function
of the oil flow rate while the rotor is not excited at room temperature. Both
experimental measurements (blue) and simulations in ANSYS Fluent using
FVM (red) are shown.

zero, the inlet pressure corresponds to the entire pressure drop.
In Fig. 13, the static pressure drop is plotted as a function
of the inlet oil flow rate. In particular, the results show a
minimum pressure drop of 2.5 kPa at 1 L/min and a maximum
pressure drop of approximately 35 kPa at 15 L/min, with the
oil temperature maintained at a constant 45 °C. Importantly,
the experimental data closely aligns with the CFD simulation,
with an error margin of less than 5%. Subsequently, thermal
tests are conducted by varying the rotor current to simulate
copper losses at different operational points of the machine.
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Fig. 14. Temperature of the end winding (Sensor 1) and lamination after
60 min (steady state). Direct oil cooling is activated and field current is set
at three different values of 3, 5 and 8 A.

In Fig. 14, the recorded temperatures for the end winding,
which is expected to reach the highest temperatures, and the
rotor lamination are presented. These measurements are taken
at three different rotor current values: 3, 5, and 8 A, over a
60-min testing duration. It is noteworthy that the temperature
exhibits a characteristic first-order thermal circuit behavior,
reaching a steady-state value after approximately 40 min.

Fig. 15 illustrates the temperatures of the field winding,
rotor lamination, and shaft once they reach steady-state
conditions after 60 min of testing, across a range of rotor
current values from 3 to 8 A, corresponding to rotor current
densities ranging from 3.18 to 11.4 A/mm?’. The values of
temperature are then compared with the ones obtained from
the CHT steady-state simulations in ANSYS Fluent. Notably,
Sensor 1 records the highest temperature, as anticipated, at the
rotor end winding. On the contrary, Sensor 3 registers the
lowest temperature due to its proximity to the oil channel and
its location at the lower section of the rotor, where it also
benefits from gravity-assisted oil flow from channels situated
on the upper side.

Sensor 2, which is not affected by these effect, records
a higher temperature. Both the rotor winding and rotor
lamination exhibit a power-law relationship with increasing
field current, resulting in rising temperatures. On the contrary,
the temperature of the hollow shaft remains largely unaffected
by the rotor current, primarily influenced by the coolant
temperature, which is maintained at approximately 45°. In this
case as well, a maximum deviation of 5% is observed between
the experimental and simulation results. The deviation is
mainly due to aleatory factors related to the sensors positioning
and gluing during the manufacturing process.

A further test is conducted to investigate the effect of the
flow rates on the cooling effectiveness of the system. The
test involved varying the inlet oil flow rate within a range
from 7 to 13 L/min while maintaining a consistent current
in the field winding of 5 A. The resulting temperatures from
this test are presented in Fig. 16, along with the maximum
temperature variation observed. Sensor 2 and Sensor 3 are the
most affected by changes in flow rate due to their proximity
to the cooling channels, exhibiting maximum temperature
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Fig. 15. Comparison between experimental and simulation results of the
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Fig. 16. Temperature of the field winding, lamination, and shaft varying the
oil flow rate at constant field current of 5 A. The A gives the temperature
difference between the lowest and highest flow rate values.

variations of 12.5 °C and 10.8 °C, respectively. Sensor 1 is
also significantly affected, displaying a maximum temperature
variation of 10.8 °C. In contrast, the flow rate has a
minimal impact on the lamination and shaft temperatures, with
maximum variations of 5.8 °C and 3.8 °C, respectively.

D. HDT Requirements

Experiments are carried out at different values of rotor
current and different test duration with the aim to validate
compliance with the requirements for HDT, specifically at the
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Fig. 17. (a) and (b) Maximum operational time before reaching the
insulation class limit of 180 °C along the torque-speed map from experimental
measurements and (c) maximum steady-state temperature of the field winding
from simulations. The water temperature at the heat exchanger is kept
around 45 °C.

three typical operating points detailed in Fig. 2: (1) Start-up;
(2) Climbing; (3) Cruising.

Fig. 17 presents the results along the torque-speed map for
different scenarios. In Fig. 17(a)—(b), the experimental results
are presented and the different colors represent the maximum
operating duration in that specific region before meeting the
critical temperature of 180 °C imposed by the insulation
class of the rotor conductors. Additionally, each of the colors
represents an operating region of the motor with a specific

rotor current needed to reach the corresponding amount of
torque. To clarify further, in Fig. 17(a), the experiments are
conducted without the application of direct oil cooling, and
the rotor is maintained in a stationary state.

This condition represents the worst-case scenario and
only the requirements for the continuous operation (3) are
partially met, where the truck in that point is supposed to
run continuously. In Fig. 17(b), experiments are carried out
activating the direct oil cooling system and considering the
rotor in a standstill. It can be seen that the blue region,
which represents the area where the truck can run for a very
long time, is enlarged due to the influence of oil cooling.
Consequently, the rotor current that can be kept continuously
is doubled from 4 to 8 A, doubling also the corresponding
torque accordingly. This expansion results in meeting the
requirements for Start-up and Cruising However, the Climbing
requirement is not entirely satisfied. In point (3), the truck can
run indefinitely with the aid of oil cooling and it can operate
for 5 min in point (1). In contrast, it cannot maintain operation
for 20 min at point (3) since the field winding insulation
would begin to deteriorate after 7 min due to the elevated
temperature.

In Fig. 17(c), the CHT model is used to run extensive
simulations covering the entire torque-speed map of the
machine. In this scenario, both the oil cooling and the
ventilation effect due to the rotor rotation are activated and
the color map represents the maximum temperature reached in
steady-state by the field winding, which is the component of
the machine subject to the highest temperatures. The red color
demarcates the region where the truck cannot operate for long
time (steady state), as the temperature of the rotor conductors
would exceed the maximum limit imposed by the insulation
class. It is noteworthy that the region where the truck can
operate indefinitely is significantly expanded compared to
Fig. 17(b), showing a further increase in rotor current in
the continuous region from 8 to 10 A accompanied by a
decrease in temperature correlated with the speed increase.
This enhancement guarantees the fulfillment of requirements
even during Climbing. Consequently, the proposed cooling
method effectively meets all the requirements for HDTs.

V. CONCLUSION

This article proposes a novel design for an EESM
direct oil-cooled rotor for HDT, where the performance
and requirements are validated through simulations and
experiments. Experimental verifications have shown that the
rotor can remain stationary up to a current of 8 A, which is
equivalent to a current density of 10.1 A/mm?. This implies
that the direct oil cooling method proposed doubles the current
density for continuous operation, from 5.05 to 10.1 A/mm?.
Due to the advantages of oil cooling, the amount of time spent
on Start-up is more than doubled from 2 to 5 min, whereas
for Climbing, it is increased from 4 to 7 min. Although the
machine has been tested in stationary condition, the rotation
of the rotor is simulated using a CHT model importing the
losses obtained from the FEM electromagnetic calculations.
The CHT model indicates that when the rotor is rotating, the
area of continuous operation of the machine is enlarged in
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simulations and also the target of 20 min of operation for
the Climbing is widely achieved. The model is validated with
experimental results proving to estimate the temperatures with
high accuracy, within the 5% error. This error arises primarily
from factors such as the presence of glue and epoxy, along
with uncertainties related to the positioning of sensors during
the manufacturing process.
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