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Thermotechnique et thermoénergétique
Thermal engineering and thermal energy
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Series-wound DC motors remain attractive in many applications due to their simplicity, robustness, and cost-effectiveness.
However, their performance and service life depend heavily on effective thermal management. This study presents a detailed
investigation into the modeling, simulation, experimental validation, and thermal analysis of a series-wound DC motor under
various cooling strategies. A thermal circuit model was developed in LabVIEW to predict temperature rise in different motor
components, while a custom experimental setup was constructed to directly measure torque, current, and temperature during
real-world operation. Multiple thermocouples were embedded in the motor to capture temperature distributions with high
accuracy, and LabVIEW was employed for precise data acquisition and processing. Experimental results were used to refine and
assess the thermal model, enabling a comparison between solid and optimized motor configurations. The findings highlight the
impact of selecting appropriate cooling techniques on reducing hot-spot temperatures, thereby improving overall motor efficiency,

reliability, and lifespan.

1. INTRODUCTION

In today’s world, electric motors play a critical role in
driving mechanical development, as they enable the
conversion of electrical energy into mechanical energy.
Broadly, motors are classified into two types: AC motors,
which operate on alternating current, and DC motors, which
rely on direct current. DC motors are further divided into
four categories: permanent magnet motors, series-wound
motors, shunt-wound motors, and compound motors. While
their construction may vary, most DC motors share a similar
internal operating principle, which is based on Fleming’s
left-hand rule [1].

The “series motor,” also known as the series-wound DC
motor, connects its armature and field windings in series.
Because the field strength varies directly with armature
current, these motors deliver exceptionally high starting
torque, making them suitable for applications with high
inertia at startup. However, their speed is highly load-
dependent, ranging widely between no-load and heavy-load
conditions, which limits their use in applications requiring
constant speed [2]. Series motors are also sometimes called
universal motors, as they can operate on both AC and DC
supplies. Their simple, robust design, strong torque, and
ease of maintenance continue to make them relevant
despite the growing use of brushless DC and AC induction
machines [3].

Series-wound DC motors are commonly found in practical
transportation and industrial systems. For example, electric
rickshaws and three-wheelers rely on these motors to provide
high torque at low speeds, essential for transporting
passengers and goods in both urban and rural areas [4]. In
rural settings, they are also used in small-scale agricultural
machinery such as irrigation pumps, threshers, and chaff
cutters, where durability and torque are more important than
cutting-edge technology. Series motors are employed in
electric traction systems for trains, trams, and electric
vehicles (EVs), as well as in cranes, hoists, and winches,
where heavy lifting requires strong starting torque. They also
find use in mining equipment, conveyors, and windlasses,
where their high torque characteristics are particularly

advantageous.

DC motors, often called brushed motors, are still utilized
in certain electric vehicle applications. They require brushes
and a commutator to switch the current direction within the
windings. Their high starting torque and relatively simple
design make them suitable for vehicles requiring frequent
acceleration and deceleration. While AC machines dominate
the mainstream EV market, DC motors continue to power
smaller electric vehicles such as e-bikes and scooters due to
their lower cost and ease of control [5]. The development of
specialized electric motors for vehicle applications is a
collaborative effort between manufacturers, research
institutes, and universities. Today, several motor
technologies—including DC motors, induction motors, and
variable reluctance motors—are applied in automotive
powertrains, with three-phase induction and series DC
motors among the most widely used [6].

The rapid adoption of electric and hybrid electric vehicles
(EVs and HEVs) highlights the importance of understanding
and optimizing electric powertrains [7]. Research into motor
design and operation has expanded significantly, reflecting
the critical role of electrical machines in sustainable mobility
[8]. With increasing concerns about fossil fuel depletion,
pollution, and climate change, EVs are recognized as central
to global clean-energy strategies. In many regions, the
transition toward EV adoption has shifted from being
primarily policy-driven to increasingly market-driven [9,10].
Within EVs, electrical machines account for a significant
share of performance and efficiency, underlining their
importance to both industry and academia.

Electric motors and drive systems represent nearly 64% of
industrial electricity consumption. Energy losses within
these systems—arising from eddy currents, winding
resistance, armature, and field losses—manifest as heat,
raising component temperatures and reducing efficiency.
These thermal effects influence both torque and rotational
speed. If temperature rise is not properly managed, motor
lifespan can be significantly reduced [11]. Effective cooling
strategies are therefore essential to dissipate excess heat and
protect motor integrity [12].

Several advanced approaches have been studied to
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enhance motor performance. For example, a generalized 13-
level symmetrical inverter topology has been proposed to
improve power quality [13]. This design, based on six DC
sources and twelve semiconductor switches, can be cascaded
to increase the number of levels, though at the expense of
higher cost and complexity. Using nearest-level modulation
for gate signal generation, the topology was benchmarked
against existing designs, with key performance parameters
including total harmonic distortion (THD), cost per level
(CCPL), total standing voltage (TSV), and efficiency ().

Other studies, such as those using Particle Swarm
Optimization (PSO), have focused on parameter estimation
for permanent magnet synchronous motors (PMSMs). PSO
has been applied to estimate online parameters using real-
time current and speed measurements, and its accuracy and
stability have been validated through laboratory experiments
at Ecole Centrale de Nantes. A comparative analysis
demonstrated PSO’s effectiveness over other algorithms for
identifying PMSM parameters [14].

Raja et al. (2023) present a case-specific thermal analysis
of a permanent magnet motor in EVs, simulating heat losses
and temperature distribution over driving cycles to highlight
risks such as demagnetization and insulation failure, while
stressing the importance of cooling design [15]. In contrast,
Lourembam et al. (2025) provide a state-of-the-art review of
electric motor modeling and design for e-mobility, covering
electromagnetic, thermal, and mechanical aspects, and
identifying gaps in cooling strategies, multiphysics
integration, and optimization [16]. Together, these studies
show the field’s dual needs: detailed experimental validation
under realistic conditions and broader multiphysics
frameworks for design, both of which your work addresses
by combining comparative cooling analysis with validated
modeling.

Building on these foundations, this paper focuses on
improving the thermal management of series-wound DC
motors. Specifically, it investigates power losses, heat flow,
and cooling methods applied to the motor’s core, housing,
and windings. Both experimental testing and thermal
modeling are carried out to analyze heat flux relative to
temperature distribution under various cooling designs. The
goal is to develop cost-effective cooling solutions that
improve motor efficiency and extend operational life.
Special emphasis is placed on oil-cooling mechanisms and
their effect on heat distribution across motor components. By
ensuring optimal temperature limits, the study aims to
minimize thermal degradation and enhance performance
under diverse operating conditions.

A key strength of this work lies in the experimental
validation performed in real-world urban environments,
producing reliable and application-oriented results.
Compared with conventional laboratory testing, this
approach provides faster, more cost-effective insights into
thermal performance. Based on these findings, the study
proposes practical guidelines for optimizing the design and
operation of series-wound DC motors, including the
selection of appropriate coupling configurations and oil-
cooling strategies tailored to specific applications.

2. THERMAL ANALYSIS OF DC SERIES MOTOR

2.1. DC SERIES MOTOR — INTRODUCTION AND
SIMULATION

Like shunt-wound and compound-wound DC machines, a
series DC motor is a self-excited type of motor that operates
using its own supply. Its name comes from the internal series
connection between the armature winding and the field
winding, as shown in Figures 1 and 2. Because a single
voltage source energizes both the field winding and the
armature, the motor is classified as self-excited. Compared
to a shunt motor, a series motor delivers much higher starting
torque. This is because, at startup, the same current flows
through both the armature and the field winding. The
resulting increase in magnetic flux produces a strong
electromagnetic force, giving the motor significantly greater
starting torque. Table 1 summarizes the traction motor’s key
ratings, geometry, and limits used in modeling/experiments.

Table 1
Key specifications.
Parameter | Value
Rated mechanical power | 100 kW
Rated speed (nominal test point) | 1000 rpm
Rated torque | 955 N'm
Rated voltage | 220 V
Rated current | 511 A

Electrical limits used in study
Geometric envelope (LXWxH)*

I<511A; V<220V
440 x 1090 x 1155 mm

Series field
S1 52
Al
+
- DCvoltage
- source Armature
- A2

Fig. 1 — Series connection of DC motor.

Using a block diagram and the equations from (1) to (6),
a series DC motor can be depicted. The following equations,
which were represented as block diagrams, are obtained
through performing the Laplace transform of these equations
and assuming that the initial conditions are zero. Electrical
and mechanical parts can be used to replicate the
characteristics of series DC motors. DC motor simulation has
been carried out in MATLAB environment using Simulink
library/Simscape as shown in Figure 2.
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Fig. 2 — Simulation of a DC series motor.

Two scopes were used during the simulation, and they
generated output values for armature current and
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electromagnetic torque.
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The simulation of the DC series motor was performed in
the MATLAB environment. From the simulation results, the
armature current and the corresponding electromagnetic
torque were recorded using scope outputs. These values were
then used to plot the characteristic relationship between
armature current and torque, as illustrated in Figure 3.
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Fig. 3 — Torque current characteristics of DC series motor.

Electric motors function as energy converters,
transforming electrical input into mechanical output.
However, this process is not entirely efficient, as certain
losses occur and manifest as heat within the machine. The
two dominant sources of this heating are ohmic (resistive)
losses and mechanical friction losses (resistive, or Joule,
heating). The ohmic loss, also known as Joule heating,
depends on the winding resistance (R.) and the instantaneous
motor current (/), and can be expressed as:

P, = I?R,. (7)

At light motor loads, mechanical friction constitutes the
primary source of energy loss, while at higher loads, ohmic
(resistive) losses become the dominant contributor.

3. EXPERIMENTAL SETUP

As part of the laboratory setup, a mechatronic system was
integrated into a test vehicle to enable real-time evaluation
of traction motors, transmissions, and lithium-ion battery
packs designed for both hybrid (blended) and fully electric
automobiles. The system is composed of two primary
mechatronic modules: electronic and electro-mechanical.

The electro-mechanical module serves as the core of the
framework and includes traction motors, traction batteries, and
mechanical subsystems. To reduce cost and simplify stress
analysis during the design stage, the mechanical components
were selected from commonly available locomotive parts.
These include the differential, wheels, gearbox, belt or chain
drive, and clutch. Together with the traction motor and battery,
each of these elements can function independently or as part
of different robotic/mechatronic configurations within the

testing system.

The dimensions and arrangement of all components were
designed to ensure that the system could be installed in a test
vehicle capable of performing experimental trials under real-
world operating conditions. In this setup, the
electromechanical module is coupled to the rear running gear
of the test vehicle. Figures 4 and 5 illustrate the layout and
block diagram of the electrically powered module,
respectively. Figure 4 also shows the airflow and heat
transfer generated by an axial fan—driven forced-air cooling
system attached to the electric motor. The components in
Figure 6 are identified as follows: (1) battery, (2) electronic
control system, (3) traction motor, (4) differential with
gearbox and wheels, (5) belt drive, and (6) gearbox. Finally,
Figure 6 presents the thermal flow paths corresponding to the
three different cooling configurations analyzed in this study.

Fig. 5 — Block-diagram of module.

Fig. 6 — Thermal paths for three distinct types of cooling systems: (a)
forced air cooling via fan-equipped electric motors; (b) one-sided liquid
cooling electric motors; and (c) double-sided liquid cooling electric
motors.

The BPM-Therm software package was employed to
develop a simplified thermal model of the DC series motor.
The motor under study was characterized by the following
rated electromagnetic parameters: speed of 1000 rpm, torque
of 955 Nm, power output of 100 kW, voltage of 220 V, and
current of 511 A. The geometric dimensions used in the
analysis were 440 x 1090 x 1155 mm.

In this framework, BPM-Therm incorporates inputs from
multiple motor features, including axial forces, cooling fins,
housing covers, insulation layers, and other structural
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elements, to model the thermal transfer pathways. Microsoft
Excel was used to calculate the required input parameters
and to serve as an interface for automatically importing the
data into the simulation, both prior to and after processing.
The central aim of the model is to predict conductive heat
transfer through the laminated silicon steel core, the motor’s
end flanges, and its ribbed, radiator-like housing, which is
securely fastened to the stator assembly. Heat dissipation is
achieved through different cooling methods—either airflow
or liquid circulation—via ventilation ducts or cooling jackets
integrated into the housing.

To validate the model, thermocouples were installed within
the motor assemblies to monitor operating temperatures under
real conditions. At the nominal motor speed of approximately
1000 rpm, thermocouple readings were continuously recorded
with an accuracy of about £0.5 °C. Experimental temperature-
time data were approximated using curve-fitting functions
implemented in LabVIEW. The recorded temperature profile
Texp = F(¢) was fitted with empirical coefficients ak, bk, and ck
chosen to ensure close agreement between the experimental
data and the predicted output of BPM-Therm. During
calibration, this relationship is represented by a nonlinear
equation of the form:

Texp = i exp {by[exp (cxt)]}. ®)

As a result of calibration, the parameter values were
determined as ar = 85, bx = —0.652, and cx = —0.08. When
the cooling process reaches equilibrium—i.e., when the
nonlinear Equation (8) converges over time—the measured
temperature of the system under investigation remains
constant.

Texp [(pl(t(l))] - Aexp [(Pl(t(Z))] = 0. (9)

The maximum value of Teyp, obtained from the
experimental testing procedures, is identified and defined as
Texp = T, which serves as the reference point for the system’s
equilibrium temperature. Likewise, Equation (9) determines
the maximum value of 7cac at the point where the numerical
results stabilize. This provides an approximation of the
graphical representation of the estimated thermal response
for the tested installation.

An automated comparison is then performed between the
experimental (7exy) and calculated (Teaic) temperature curves.
If the difference between these two exceeds 3—4 %, certain
input parameters in the BPM-Therm thermal model must be
corrected. Once the error margin is within the acceptable 3—
4% range, the model is considered calibrated. For each
assembly tested, trials are conducted to determine the time at
which equilibrium temperature 7. is reached, ensuring
consistency between the simulation and experimental data.
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Fig. 7 — Heat versus period found during an individual installation of an
air-cooled motor is represented graphically in LabVIEW as T = F(¢).
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Fig. 8 — Comparative examination and assessment of Zcalc = 7.

The calibration procedure for the ventilated motor setup is
illustrated in Fig. 7 and 8. In this configuration, a fan is
employed to cool the left flange, while forced ventilation is
applied to dissipate heat from the field windings. To
determine the temperature—time dependencies, the thermal
model imports the necessary components and parameter
values directly from the BPM-Therm database.

Maintaining the thermal stability of a DC series motor
during experimentation is essential, as it not only ensures the
safety of the machine but also enhances the accuracy of the
results. Thermocouples embedded within the assemblies
enable continuous monitoring of the winding temperatures
and other critical components. The installed cooling system
guarantees unobstructed airflow, allowing effective
dissipation of the heat generated during operation. Achieving
proper temperature control requires a coordinated approach
that combines continuous monitoring, efficient cooling, and
regulated operation. By implementing these measures, the
motor is kept within safe thermal limits, thereby ensuring
more precise and reliable experimental outcomes.

3.1. EXPERIMENTAL RESEARCH

In the liquid cooling system, glycol (antifreeze) is used as
the working fluid. The coolant enters the system at 20 °C and
reaches a maximum of 80°C once the equilibrium
temperature (7e) is achieved. The initial ambient temperature
is also 20 °C. The test setup assumes an initial airflow of
138 m*/h and a constant coolant flow rate of approximately
8 L/min at a pressure of 1.5 bar. During the tests, no energy
recuperation or internal combustion engine (ICE) assistance
is employed.

3.2. THERMAL MODELING AND EXPERIMENTAL
TEST CALIBRATION

The first stage of validation was performed under
stationary operating conditions. For this purpose, the vehicle
was mounted on a braking evaluation stand designed to apply
sufficient braking torque to the rear wheels, limiting the
motor current to below 40 A for a continuous 60-minute
heavy-load test. These trials allowed the identification and
correction of limitations within the thermal model. The
deviation between simulated and experimentally measured
temperatures remained within 3-4%. This calibration
procedure was carried out for all selected assemblies of the
motor, following the methodology outlined earlier and
illustrated in Fig. 8 and 9.
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3.3. EXPERIMENTS CONDUCTED IN A REAL
SETTING

After calibration, field experiments were performed on a
road segment containing a short overpass with a slope of up
to 4 %. Under dry-weather conditions, the test vehicle
achieved an average speed of 40 km/h over a 60-minute trial
period. Each test began with the traction motor operating
steadily at approximately 1000 rpm and the traction battery
pack fully charged. Prior to every run, all key parameters—
including ambient temperature, coolant temperature, motor
load, and vehicle speed—were verified against the intended
test configuration. Each trial was repeated three times under
identical conditions, and deviations from the expected results
were corrected using standardized procedures.

3.4. THERMAL ANALYSIS AND RESEARCH
OUTCOMES

The calibration curve of temperature versus time,
generated in LabVIEW, is presented in Figure 9, showing
Texp = F(f) at the motor’s left flange. Following calibration,
the experimental and predicted datasets were aligned in
Microsoft Excel using the approximations described in
Equations (8) and (9). The resulting comparison of Tex, = F(¥)
and Teae = F(£) is presented in Figure 10. To ensure that the
calculated equilibrium temperature (7cac = Te) remained
within the acceptable 3—4% deviation, the airflow parameter
in the BPM-Therm module was adjusted from its initial value
of Q=138 m*/h to Q=240 m*/h.

Figure 9 illustrates the comparison between predicted and
experimental temperature rise in the assembly located behind
the motor’s left flange under forced-air cooling. This assembly
was initially calibrated following the previously described
procedure. However, even during the first field tests, a
significant discrepancy was observed between the measured

and predicted temperatures at the motor’s right side.
Air Cooling: Calculated vs Measured (Difference Highlighted)
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Fig. 9 — Assembly thermal measurement test on left edges with ventilation.
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Fig. 10 — Test for assembly temperature calibration on the appropriate
flanges when using air cooling.
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Fig. 11 — Experimental heat results graph for air-cooled motor.
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Fig. 12 — Predicted temperature results graph for air-cooled motor.

The temperatures recorded under real operating conditions
were consistently lower than those observed during calibration
of the same component. This discrepancy suggests that, in
actual environments, forced airflow around the housing’s right
end promotes additional convection that was not accounted for
during the initial calibration. To properly replicate conductive
heat transfer in the thermal model, all other component
parameters must remain unchanged. Therefore, the effect of
convection at the right-flange installation must be
incorporated into the calibration process to achieve accurate
predictions. The results of this secondary calibration for the
motor’s right stationary section are presented in Figure 10,
demonstrating close agreement with the experimental data
collected under real conditions. Figures 11 and 12 show the
measured and predicted heat profiles for the air-cooled motor.

The measurement and simulation graphs reveal that the
deviation between experimental and predicted temperatures
remains within 3—4 % for both single-sided and double-sided
water cooling, which is an acceptable margin. This
correspondence is illustrated in Figure 11, where direct
comparisons between experimental and simulated equilibrium
temperatures are used to evaluate model accuracy across
cooling methods, rather than relying on multiple overlaid
graphs. The summarized values for each motor assembly,
including the equilibrium conditions of both experimental and
predicted results, are presented in the accompanying table.

Some variation was observed between the equilibrium
temperatures measured during one-sided liquid cooling in
field tests and those obtained during stationary calibration.
This difference is most likely attributable to additional
convection effects caused by on-road airflow, since the motor
is mounted within the sub-sprung mass of the test vehicle. By
contrast, the deviations observed under one-sided air cooling
were small and within permissible limits, requiring no further
adjustment of the thermal model. For two-sided liquid cooling,
the experimental and predicted results were nearly identical,
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confirming the reliability of the model under those conditions.
The validation of the BPM-Therm simulation with
experimental results is provided in Table 2.

Table 2
Validation of BPM-Therm simulation with experimental results
Cooling .
layout Exp-Sim agreement Notes
. Airflow adjusted from 138
0,
Forced-air W.lthm 3-4% a‘fter — 240 m*/h to match field
airflow correction .o
conditions
On.e-51.ded Within 3-4% Slight on-road deVlat‘10n
liquid due to extra convection
Two-sided Nearly identical Best match; confirms
liquid (£3-4%) model reliability
Typical error 3—4 %; max .
Overall <79 Across all configurations
0

The controller plays a critical role in influencing the
motor’s thermal behavior because it directly governs current
magnitude, duty cycle, and switching patterns. Under high
torque demand, the controller supplies higher armature
current (up to the rated 511 A), which proportionally
increases copper losses (I*R) and contributes to rapid
temperature rise. Similarly, voltage modulation and
commutation introduce iron and switching losses that add to
the total heat load. During experimental runs, current
limiting and pulse-width modulation (PWM) strategies
implemented in the controller were essential in constraining
excessive heating, ensuring the motor operated within safe
thermal margins. Thus, the observed temperature profiles are
not only a function of the cooling method but also of the
controller’s operating logic, which balances performance
and thermal safety.

Future work will cast the design as a multi-objective
optimization over thermal and dynamic performance.
Specifically, we will seek Pareto-optimal trade-offs among
(1) peak winding/flange temperature 7Tpear, (il) thermal
settling time to 95 % of equilibrium 195, (iii) copper loss Pcu
= IR, and (iv) coolant/fan power Pau, subject to T < Tiimi,
*required torque delivery T > T, and electrical/mechanical
limits (/ < 511 A, V< 220V) and packaging constraints of
the cooling jacket. Decision variables will include coolant
flow Q, fan speed wfan, jacket channel dimensions, and drive
controller gains (Kj,K;). Solutions will be reported as Pareto
sets (e.g., via NSGA-II) to quantify the thermal—efficiency
trade-space for the calibrated motor model.

5. CONCLUSION

In this study, a comprehensive thermal analysis of a
100 kW series-wound DC motor for EV applications was
carried out through both experiments and simulations under
forced-air, one-sided liquid, and two-sided liquid cooling.
The results showed that the calibrated BPM-Therm model
accurately predicted motor temperature rise, with deviations
from experiments remaining within 3-4 % and never
exceeding 7 %. This validation demonstrates that the
proposed framework is reliable for predicting motor thermal
behavior under varied cooling strategies. The novelty of this
work lies in the systematic comparison of multiple cooling
layouts on the same traction motor, combined with a
validated modeling approach that incorporates airflow
correction and curve-fitting of transient temperature profiles.
By providing a clear methodology and benchmark data, the
study not only enhances understanding of thermal

performance in traction motors but also offers a practical tool
for researchers and designers to optimize cooling
configurations, reduce development time, and improve the
safety and reliability of electric vehicle powertrains.
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