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Abstract

The primary objective of this thesis is the development of a dedicated thermal test rig
intended for the experimental evaluation of key components of an electric powertrain
lubrication circuit under controlled temperature and pressure conditions.

The setup was designed and assembled at Garrett Advancing Motion with the pur-
pose of enabling systematic and repeatable characterization of the electric oil pump, oil
filter and heat exchanger, which represent critical elements for the reliability and overall
efficiency of modern electrified powertrains.

The rig, developed at Garrett Advancing Motion, is specifically designed to test the oil
pump, oil filter, and heat exchanger, components essential to the reliability and efficiency
of electric powertrain systems.

Garrett Motion operates as a global engineering company in the automotive sector,
with established expertise in turbocharging technologies and an increasing focus on elec-
trification solutions. Within this context, the test bench supports development activities
by providing a laboratory-scale platform where both individual components and their
interaction inside a closed-loop lubrication system can be investigated under operating
conditions comparable to those encountered in service.

The facility allows detailed analysis of hydraulic behaviour, thermal response and
long-term performance, with particular attention to effects associated with temperature
variation and continuous operation. The experimental data obtained from these cam-
paigns serve to guide component validation and to improve the robustness and efficiency

of future thermal-management architectures for next-generation electric vehicles.
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Glossary

EOP Electric Oil Pump. Electric pump used to circulate lubricating oil within the

thermal management and lubrication system under test.

HE Heat Exchanger. Component used to exchange thermal energy between the oil

circuit and the external environment.

HSE Health, Safety and Environment. Set of procedures and regulations aimed at en-

suring safe working conditions and environmental protection.

CE Marking Conformité Européenne Marking. Certification indicating compliance

with European safety directives.

MRA Machine Risk Assessment. Methodology used to identify hazards and evaluate

machinery-related risks.

NVH Noise, Vibration and Harshness. Characteristics related to acoustic and vibra-

tional behavior of systems.

PPE Personal Protective Equipment. Protective devices worn by operators during test-

ing activities.

CAN Controller Area Network. Communication protocol used for data exchange be-

tween electronic devices.
RPM Revolutions Per Minute. Unit used to express rotational speed.
DAQ Data Acquisition. System used to acquire and record sensor signals.

TDMS Technical Data Management Streaming. Binary file format developed by Na-
tional Instruments for structured storage and high-speed streaming of measurement
data.

SSR Solid State Relay. Electronic switching device for high-power loads.

TPM Total Productive Maintenance. Maintenance strategy focused on reliability and

safety.
SOS Safety Operating Sheet. Step-by-step guide for safe machine operation.
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Chapter 1

Introduction

1.1 Context and Objectives

Garrett Advancing Motion has been operating in the automotive industry for over six
decades, developing advanced engineering solutions with a strong focus on efficiency,
reliability and performance. The company is historically recognised for its expertise in
turbocharging technologies, particularly in applications requiring high power density and
operation at elevated rotational speeds.

With the advent of electrification in the automotive sector, these competencies have
been progressively extended to the development of solutions for electrified powertrains,
addressing the new technical challenges associated with electric propulsion systems. In
this context, Garrett has developed an integrated e-powertrain architecture combining
the electric motor, inverter and gearbox into a compact 3-in-1 system. This design
achieves a significant reduction in weight and size compared to conventional systems,
while maintaining controlled NVH behaviour and satisfying performance and efficiency
specifications. [7]

The reliable operation of such highly integrated systems relies not only on the core
powertrain components, but also on dedicated auxiliary subsystems. Among these, the
lubrication system plays a key role in ensuring both mechanical durability and thermal
control, particularly for the gearbox and related components operating under variable
load and temperature conditions. The system is designed to operate across a wide range
of temperatures and pressures, providing sufficient oil flow and effective heat dissipation
to maintain stable performance under real-world operating conditions.

In this context, the present project focuses on the experimental testing of the lubri-
cation system, consisting of the oil pump, oil filter, and heat exchanger. The test bench
provides a controlled and repeatable environment to monitor key performance indicators
such as oil pressure, temperature distribution, and thermal efficiency. The objective is

to evaluate the system’s performance under representative operating conditions and to
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Introduction

verify its ability to meet the required functional and thermal targets.

1.2 Thesis Structure

The thesis is organized into several chapters, each addressing a specific aspect of the
project. This section provides a brief overview of the scope and contents of each chapter.

Chapter 3 presents the design procedure, providing a detailed description of the de-
velopment process followed to realize the mechanical components of the test rig. Initial
tests evaluating the robustness of the mechanical design are described, along with the
solutions implemented to enhance reliability prior to performing the full experimental
tests. The test environment is also introduced, including the selection of sensors used to
record data during the experiments.

Chapter 4 focuses on the software developed to implement the control and monitoring
strategy for the test rig, with particular emphasis on the user interface created to facilitate
the execution of the tests.

Chapter 5 addresses the procedures and documentation required to obtain local ap-
proval for performing tests in the laboratory. It also describes the actions taken to achieve
CE marking, which is necessary to replicate the rig at other Garrett facilities and to allow
future testing with different components.

Chapter 6 provides a detailed description of the test procedures, with particular at-
tention to manual operations, step management, and fault handling.

Finally, Chapter 7 presents the analysis of the data obtained from the tests, including
the methods used to interpret the results and evaluate the performance of the lubrication

system.
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Chapter 2

Technical Background and

Literature Review

This chapter provides the theoretical and technological background required to prop-
erly frame the experimental work presented in this thesis. The main concepts related
to automotive lubrication systems, electric oil pumps and their control strategies are in-
troduced, with particular emphasis on low-temperature operating conditions and pump
performance characterization.

The state of the art concerning experimental approaches for electric oil pump testing
is also reviewed in order to highlight the motivations behind the development of the

thermal test rig described in the following chapters.

2.1 Lubrication systems in automotive applications

Lubrication systems play a fundamental role in modern automotive powertrains, ensuring
the reduction of friction and wear between moving components, promoting heat removal
and contributing to overall system durability. Engine oil is typically delivered to critical
components through a pressure-fed lubrication circuit composed of an oil pump, filter,
heat exchanger and distribution galleries.

The effectiveness of the lubrication process strongly depends on the oil flow rate and
pressure available at each lubrication point. Insufficient oil supply may result in increased
friction, accelerated wear or catastrophic component failure, while excessive flow leads to
unnecessary energy consumption.

Traditional lubrication systems rely on mechanically driven oil pumps directly coupled
to engine speed. Although robust, this configuration produces oil flow proportional to
engine rotational speed rather than to actual lubrication demand, leading to efficiency
penalties under partial-load conditions.

In response to increasingly stringent efficiency requirements, electrically driven oil
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Technical Background and Literature Review

pumps have been introduced as an alternative solution capable of decoupling oil delivery

from engine speed and enabling demand-based lubrication strategies [13, 14].

2.2 Electric oil pumps

Electric oil pumps (EOPs) are electromechanical devices designed to provide controlled
oil circulation independently of engine operating conditions. Their adoption has grown
significantly in recent years, particularly in hybrid and electric vehicles, where engine
operation may be intermittent or completely absent.

Compared to conventional mechanical pumps, EOPs offer several advantages, includ-
ing on-demand lubrication, improved thermal management and reduced parasitic losses.
These benefits contribute directly to fuel consumption reduction and improved system
efficiency [13].

From a constructive point of view, EOPs are commonly based on positive-displacement
pump architectures such as gear, gerotor or vane designs. The selection of the pump type
affects volumetric efficiency, noise characteristics and sensitivity to oil viscosity variations.

Despite their advantages, EOPs introduce additional challenges related to electric
motor sizing, thermal management and control complexity. In particular, the performance
of EOPs is strongly influenced by lubricant properties and operating temperature, making

their behaviour at cold-start conditions a critical design aspect [14].

2.3 Control strategies for electric oil pumps

The performance of an electric oil pump is not only determined by its hydraulic design
but also by the adopted control strategy. Modern EOPs typically employ closed-loop
control algorithms implemented within an electronic control unit.

Two main control approaches are commonly adopted. In speed-controlled systems, the
pump rotational speed is directly commanded by the control unit, resulting in pressure
and flow rates that vary according to hydraulic load conditions. This approach produces
classical pressure-flow characteristics similar to those of mechanical pumps.

Alternatively, flow-controlled strategies aim at maintaining a target oil flow rate
through internal regulation algorithms. In this case, pump speed is continuously ad-
justed to compensate for pressure variations and viscosity changes, resulting in flatter
pressure—flow curves within the regulation capability of the system.

Communication interfaces such as LIN or CAN are typically employed for command
and diagnostic purposes. The chosen interface influences the achievable control resolution,
response time and diagnostic functionality [6].

Protection strategies are also embedded within EOP controllers to prevent damage
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2.4 — Low-temperature operation and cold-start conditions

under critical operating conditions. These include current limitation, thermal protec-
tion and stall detection, which may significantly affect pump operability under extreme

temperature conditions.

2.4 Low-temperature operation and cold-start con-
ditions

Low-temperature operation represents one of the most critical conditions for automotive
lubrication systems. Cold-start events are typically defined as engine start-up occurring
at ambient temperatures below -20°C, with extreme design targets reaching -30°C or
-40°C depending on vehicle application and market requirements.

At low temperatures, lubricant viscosity increases exponentially, resulting in a dra-
matic rise in hydraulic losses within the lubrication circuit. This behaviour leads to
increased pump torque demand, reduced flow delivery and elevated electrical power con-
sumption.

In electric oil pumps, these effects may cause activation of protection mechanisms,
including current limitation or stall shutdown. As a consequence, the ability of the
pump to guarantee sufficient oil circulation during cold-start conditions becomes a key
performance indicator.

Several studies have demonstrated that oil circulation behaviour at low temperature
has a significant impact on overall system performance and thermal stability [5]. The
combined influence of oil viscosity, pump architecture and control logic defines the effec-
tive low-temperature operating envelope of an EOP.

These considerations motivate the need for experimental testing under controlled low-
temperature conditions in order to properly evaluate pump behaviour beyond nominal

operating points.

2.5 Pump performance characterization

Electric oil pump performance is commonly characterized through pressure-flow maps,
efficiency curves and operating envelopes. The pressure-flow characteristic describes the
relationship between delivered flow rate and outlet pressure at a given rotational speed
or control command.

Efficiency is typically defined as the ratio between hydraulic output power and electri-
cal input power. Due to the relatively low power levels involved, efficiency measurements
are particularly sensitive to instrumentation accuracy and operating conditions.

Performance maps are usually generated by acquiring multiple steady-state operat-

ing points under controlled temperature, pressure and speed conditions. Interpolation
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techniques are then employed to construct continuous efficiency surfaces.
The interpretation of these maps provides insight into pump behaviour, operating

limits and sensitivity to external parameters such as temperature and hydraulic load [14].

2.6 State of the art of experimental test approaches

Experimental characterization of electric oil pumps is commonly performed using dedi-
cated test benches capable of controlling oil temperature, pressure and flow rate. In many
laboratory setups, pumps are tested as standalone components under simplified hydraulic
conditions.

Although suitable for basic performance assessment, such configurations often fail
to represent realistic system-level interactions. In particular, the influence of auxiliary
components such as oil filters and heat exchangers is frequently neglected.

Furthermore, low-temperature testing below -20°C is rarely addressed due to the
complexity of thermal conditioning and instrumentation reliability.

Recent academic studies and industrial test platforms have highlighted the importance
of integrated lubrication circuit testing to accurately assess component interaction and
system behaviour [15].

These limitations motivate the development of advanced thermal test rigs capable of
operating over extended temperature ranges while enabling both component-level and

system-level analysis, forming the basis of the experimental work presented in this thesis.

18



Chapter 3

Design and Development of the
Thermal Test Rig

3.1 Project Background and Objectives

The development of the thermal test rig aims to extend the experimental capabilities
already available with the goal of testing lubrication components used in electric power-
train applications. Prior to this project, the available rig was able to support experimental
testing on the EOP exclusively and with limited instrumentation.

The previous configuration is shown in Figure 3.1, this was limited to standalone

pump testing and did not allow system-level evaluation.

Flowmeter

Figure 3.1. Previous experimental test rig configuration used for standalone
electric oil pump testing.

While this approach was sufficient for preliminary functional verification, it did not
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Design and Development of the Thermal Test Rig

allow a comprehensive evaluation of component behaviour under representative operating
conditions. The main limit for the previous configuration is the impossibility to test
additional components such as the oil filter and the heat exchanger, and therefore it
did not allow the assessment of pressure losses, thermal interactions, or system-level
performance.

With the advancement in the e-PW'T project, it became necessary to develop a more
advanced experimental platform capable of reproducing realistic operating scenarios.

The primary objective of this project was to design and realize a thermal test rig
capable of reproducing a wide range of temperature, pressure, and flow conditions. The
design of the rig aims to support the experimental characterization of the electric oil
pump, oil filter, and heat exchanger, both as individual components and as part of an
integrated lubrication circuit.

In addition to performance evaluation, the test rig was required to meet several prac-
tical and organizational constraints. It had to be compatible with the climatic chambers
available in the Brno laboratory, allow safe operation in compliance with internal HSE
requirements, and offer sufficient flexibility to accommodate future component variants
and testing campaigns.

The main differences between the previous configuration and the newly developed

thermal test rig are summarized in Table 3.1.
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3.1 — Project Background and Objectives

Table 3.1.

developed thermal test rig

Comparison between the previous experimental test rig and the newly

Aspect

Previous Test Rig

New Thermal Test Rig

Tested components

System  configura-

tion
Thermal design ap-
proach

Pressure measure-
ment layout

Leakage behaviour

Flow control device

Flow
strategy

regulation

Instrumentation
layout

System-level evalu-
ation

Expandability

Electric oil pump (EOP) only
Standalone component testing

Components selected without
low-temperature design con-
straints

Single pressure measurement
point located downstream of
the pump

Oil leakages observed due to a
non-optimized pump adapter
design

Ball valve used for flow regu-
lation, with limited precision

Coarse flow adjustment

Limited sensor positioning
flexibility

Limited capability to evaluate
component interactions

Fixed configuration

EOP, oil filter, and heat ex-
changer

Integrated lubrication circuit

Entire rig designed and vali-
dated for operation down to
—40°C

Pressure measurement points
located both upstream and
downstream of the pump

Pump adapter redesigned to
improve sealing performance
and eliminate leakages

Globe valve adopted to ensure
accurate and repeatable flow
control

Fine flow modulation enabling
stable pressure mapping

Optimized sensor placement
to support system-level analy-
sis

Assessment of pressure losses
and thermal interactions
within the lubrication circuit

Modular layout allowing fu-
ture component integration
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3.2 Design Requirements and Boundary Conditions

A key phase in the development of the thermal test rig is represented by the defini-
tion of design requirements, during which functional targets and operational limits are
established to guide the subsequent design activities. The requirements were defined
considering three main aspects: the experimental objectives of the test campaign, the
operating conditions of the lubrication components under investigation, and the physical

and organizational constraints associated with laboratory operation.

3.2.1 Thermal Requirements

One of the most critical aspects in the experimental campaign was the requirement regard-
ing the temperature range, in fact the rig is required to operate under testing conditions

spanning from —40°C oil temperature to +125°C.

Table 3.2. Thermal operating requirements of the test rig

Parameter Specification

Minimum oil temperature —40°C

Maximum oil temperature +125°C

Temperature reference Oil temperature inside the circuit

Accepted temperature deviation +1.5°C during testing

Thermal environment Climatic chamber

For the upper thermal limit, potential issues are addressed through the integration
of a heater in the system. This tool allows to raise the temperature of the lubricant
independently of the surrounding environment, allowing the chamber to maintain an
ambient temperature. As a result, all instrumentation and electronic components can
remain within standard laboratory ambient conditions, typically in the range of 20-25°C,

reducing thermal stress and improving system reliability.

—

A |

Figure 3.2. Electrical heater installed on the lubrication circuit to provide controlled
thermal conditioning of the oil during hot soak tests.

The low-temperature operating limit introduces additional design challenges. It is

22



3.2 — Design Requirements and Boundary Conditions

important to highlight that the specified temperature range refers to the oil temperature
under test conditions. Consequently, the oil must remain at the target temperature even
during pump operation.

The role of the climatic chamber is fundamental in this phase. The environmental
temperature set inside the chamber must be lower than the target oil temperature in order
to compensate for heat generation and guarantee stable thermal conditions throughout
the test sequence.

The goal is to choose components and materials able to operate under these critical
conditions. In particular, hoses, fittings and elastomeric seals were selected to maintain
mechanical integrity and sealing performance at low temperature, avoiding brittleness

and excessive stiffness.

Table 3.3. Thermal design strategy for high- and low-temperature operation

Aspect High-temperature op- Low-temperature op-
eration eration
Main challenge Oil overheating High oil viscosity and ma-

terial stiffness

Temperature control method Electric heater integrated Climatic chamber cooling
in oil circuit

Environment temperature Maintained at ambient Lower than target oil tem-
level perature
Design focus Local oil heating Material compatibility

and insulation

Primary mitigation strategy = Heater integration Component selection and
thermal protection

3.2.2 Hydraulic Requirements

The hydraulic design of the thermal test rig was developed with the objective of reproduc-
ing representative lubrication system behaviour under controlled laboratory conditions.
The circuit was required to guarantee stable oil circulation, accurate pressure generation
and repeatable flow behaviour over a wide range of operating points.

A simplified functional representation of the lubrication system adopted for the ex-
perimental activity is shown in Figure 3.3. The diagram illustrates the sequential ar-
rangement of the main components under investigation, namely the electric oil pump, oil
filter and heat exchanger, as well as the direction of the oil low within the circuit.

One of the primary hydraulic requirements was the ability to control outlet pres-
sure independently from the pump rotational speed. This capability is essential during

performance mapping activities, where pressure-flow characteristics must be evaluated
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Figure 3.3. Simplified functional layout of the lubrication circuit, showing the main
components and oil flow direction.
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at constant temperature and rotational speed. For this reason, pressure regulation is
achieved by modifying the hydraulic resistance of the circuit rather than altering the

pump speed.

The hydraulic layout was also designed to support the integration of multiple com-
ponents in series. The combined presence of the oil filter and heat exchanger introduces
additional pressure losses and affects the global system response. Consequently, the rig
enables both component-level and system-level investigations, allowing the assessment of
pressure drops and interaction effects between the different elements of the lubrication

circuit.

Particular attention was dedicated to flow stability. Unstable conditions such as
pressure oscillations or cavitation phenomena were considered unacceptable, as they may
compromise data quality and repeatability. The routing of hydraulic lines was therefore
designed to minimize abrupt directional changes and ensure uniform flow distribution

throughout the system.

3.2.3 Pressure and Flow Measurement Requirements

Accurate measurement of hydraulic parameters represents a fundamental requirement for
the experimental characterization of the thermal test rig. In particular, pressure and flow
rate are the key quantities used to evaluate component performance, pressure losses, and

overall system behaviour under different operating conditions.

Pressure measurements are required at several locations along the lubrication circuit
in order to enable a detailed analysis of the system. Dedicated pressure sensors were
therefore installed both upstream and downstream of the main hydraulic components,
including the electric oil pump, oil filter, and heat exchanger. This configuration allows
the identification of localized pressure drops, supports component-level efficiency eval-
uation, and enables comparison between different operating points during performance

mapping activities.

Flow rate represents the second key hydraulic parameter. The selected flow measure-
ment solution was required to operate reliably across a wide operating envelope, covering
both low-flow conditions typical of cold start tests and higher nominal flow rates occurring
at elevated pump speeds. Particular attention was paid to ensuring stable and repeat-
able measurements despite significant variations in oil viscosity caused by temperature

changes.
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Figure 3.4. Flowmeter installed in the hydraulic circuit for oil flow rate measurement.

The flowmeter was installed along a straight section of the hydraulic line in order to
minimize measurement disturbances related to flow turbulence and secondary velocity
components. This installation strategy improves measurement accuracy and repeatabil-
ity, especially during steady-state acquisition phases where flow stabilization is required
before data logging.

Both pressure and flow signals are continuously acquired by the data acquisition
system and made available for real-time monitoring through the LabVIEW interface. The
same signals are simu