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ABSTRACT

Battery electric vehicles (BEVs) are central to the transition toward sustainable road
transport, yet their widespread adoption remains constrained by limited driving range and
the cost, mass, and environmental burden associated with larger battery packs. Improving
powertrain energy efficiency offers an alternative route to extend driving range without
increasing battery capacity. This thesis investigates system-level methods for enhancing
BEV powertrain efficiency through coordinated developments in powertrain architecture,
control, and thermal management.

This thesis first examines powertrain architectures that introduce additional operational
degrees of freedom. A dual-motor powertrain with disconnect functionality is investigated,
where front and rear electric drive units can be selectively decoupled to eliminate no-load
losses. An energy management strategy is developed to optimize operating mode selection
and torque distribution while accounting for transient synchronization losses. Simulation
results show that the proposed configuration reduces WLTC energy consumption by 8.21%
compared with a conventional dual-motor powertrain. In addition, a configuration-aware
motor design optimization framework is proposed to tailor the front and rear motors to
the added flexibility, providing a further reduction in energy consumption.

This thesis also investigates control-oriented approaches for improving powertrain efficiency.
For a single-motor powertrain with disconnect functionality, an eco-driving strategy is
developed to exploit free-coasting through predictive optimization of traction torque and
clutch state. Results show that energy consumption can be reduced by up to 11.6% on
representative real-world routes. Furthermore, a torque modulation strategy is proposed
to improve efficiency at low load by replacing continuous low-torque operation with
pulsating torque commands of equal average value. The modulation strategy is optimized
at the whole-powertrain level and shown to reduce WLTC energy consumption by 1.05%
for a single-motor powertrain and 2.21% for a dual-motor powertrain, while maintaining
acceptable driver comfort.

The thesis further studies adjustable DC-link voltage as an additional efficiency measure.
By introducing a bidirectional DC-DC converter between the battery and inverter, the
DC-link voltage can be adapted to the operating condition to minimize the powertrain
losses. Results show that this approach can reduce WLTC energy consumption by up
to 3.25%, with larger benefits at low battery state of charge and when SiC-based power
electronics are used. Further analysis with a high-voltage 900 V battery system shows
that the adjustable DC-link voltage is not only beneficial for conventional 300-400 V
architectures but also applicable to emerging high-voltage platforms.

Finally, this thesis develops an energy-efficient thermal management strategy. By
coordinating coolant flow, oil flow, radiator fan operation, and active grille shutter
position, the controller minimizes the combined energy consumption of the powertrain
and its auxiliaries while respecting component temperature limits. Compared with a
conventional rule-based strategy, the proposed method reduces energy consumption in



both urban and highway driving.

In summary, this thesis presents a comprehensive study on efficiency-oriented design and
control of battery electric vehicle powertrains. The results show that significant energy
savings can be achieved by systematically introducing and exploiting additional degrees
of freedom in powertrain architecture, operation, and thermal management.

Keywords: Battery electric vehicles, Electric powertrain efficiency, Electric drive
unit, Powertrain architecture, Energy management, Thermal management, Powertrain
optimization
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1 Introduction

This chapter introduces the motivation, research objectives, and the main scientific
contributions addressed in this thesis.

1.1 Motivation

The transportation sector is currently undergoing a profound technological transformation
driven by the urgent need to mitigate climate change and reduce greenhouse gas emissions.
Road transport accounts for a substantial share of global CO5 emissions and energy
consumption, making it a central focus of decarbonization strategies worldwide [1, 2]. In
response, electrification of the road vehicle has emerged as one of the most promising
pathways toward sustainable mobility.

Battery electric vehicles (BEVs) have gained significant attention due to their absence
of tailpipe emissions and their potential to reduce life-cycle greenhouse gas emissions
when powered by low-carbon electricity [3]. Over the past decade, rapid technological
advancements, falling battery costs, and supportive governmental policies have contributed
to a strong increase in global BEV adoption. Annual sales of electric vehicles have grown
exponentially across major markets such as China, Europe, and the United States as
depicted in Figure 1.1. This upward trend reflects both regulatory pressure and increasing
consumer acceptance of electrified transportation.

20
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[™Rest of World BEV
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Figure 1.1: Global electric car sales by powertrain and region (IEA), 2014-2024. [4]
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Despite the rapid growth, several technical challenges continue to hinder the widespread
adoption of BEVs. One of the most frequently cited concerns is limited driving range,
commonly referred to as “range anxiety”. This concern is not solely associated with the



nominal driving range of the vehicle, but is further exacerbated by inadequate charging
infrastructure, prolonged charging durations, and uncertainty in trip planning [5-8].
Although charging networks are continuously expanding, battery energy density remains a
fundamental technological constraint. Lithium-ion batteries, which currently dominate the
market, have seen significant improvements over the past decade. Advances in materials
and cell design have increased gravimetric energy density from approximately 150 Wh/kg
in 20102011 to around 250-260 Wh/kg in 2024 [9-11]. Despite this progress, batteries
still impose practical limitations on vehicle range, overall cost, and vehicle mass [12].

Increasing battery capacity represents a straightforward approach to extending driving
range. However, this strategy introduces significant trade-offs. Larger battery packs
increase vehicle mass, require more raw materials, and lead to higher production-related
environmental impacts, while also substantially increasing cost. Consequently, relying
solely on battery scaling is neither economically nor environmentally optimal, which
motivates the exploration of alternative approaches to extend driving range through
improved vehicle energy efficiency. Figure 1.2 illustrates a typical distribution of energy
losses within a BEV. A considerable portion of the total energy consumption is associated
with the powertrain, which typically consists of a high-voltage battery pack, an inverter,
an electric motor, and a transmission as illustrated in Figure 1.3. The combination of
the inverter, electric motor, and transmission is commonly referred to as an electric drive

unit, (EDU).
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Figure 1.2: Typical energy losses distribution of a BEV [13].

In BEVs, the electric powertrain converts electrical energy stored in the high-voltage
battery into mechanical energy at the wheels. The battery supplies direct current (DC)
power, which is converted by the inverter into alternating current (AC) power suitable for
driving the electric motor. The motor generates mechanical torque, which is transmitted
to the wheels through a transmission that adjusts the speed and torque to match driving
conditions. At each stage of the energy conversion process, energy losses occur for
both propulsion and regenerative braking operations as visualized in Figure 1.4. The
accumulation of these losses reduces the proportion of battery energy that is effectively
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Figure 1.3: Typical BEV powertrain.

converted into useful vehicle motion, thereby constraining the achievable driving range.
Consequently, enhancing powertrain energy efficiency offers a more sustainable pathway
to extend driving range without increasing battery capacity [9, 14].
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Figure 1.4: Sankey diagram of a typical BEV powertrain.

1.2 Objectives

Improving powertrain energy efficiency should not be viewed solely as improving the
efficiency of each individual powertrain component, since the overall powertrain efficiency is
determined not only by the efficiencies of the individual components but, more importantly,
by how these components interact with each other under different operating conditions.
Therefore, this thesis aims to explore solutions for improving BEV powertrain energy
efficiency through a systematic approach, focusing primarily on three research directions.

The first research direction focuses on powertrain architecture innovation. Rather
than treating the powertrain as a fixed assembly of components, it is considered as
a reconfigurable system whose structure and interaction mechanisms can be redesigned to
introduce additional operational degrees of freedom. By enabling more flexible operating



conditions for key components, novel architectural concepts have the potential to improve
system-level energy efficiency under varying driving conditions. Accordingly, the first
objective of this thesis is to investigate alternative powertrain architectures that expand
the design space for efficiency-oriented optimization.

While architectural solutions can provide substantial efficiency benefits, they may also
increase system complexity and implementation cost. As a complementary pathway,
efficiency improvements can be achieved through advanced control strategies that enhance
the utilization of powertrain hardware. Such strategies may operate at multiple levels of
the control hierarchy, from high-level supervisory energy management to low-level electric
drive control. The second objective of this thesis is therefore to develop and evaluate
efficiency-oriented powertrain control methodologies that improve energy utilization
without requiring fundamental hardware modifications.

In addition to architecture and control, thermal management fundamentally influences
powertrain energy efficiency. Temperature-dependent powertrain component losses and
the energy consumption of thermal management auxiliaries jointly determine the overall
energy efficiency. However, these aspects are often addressed independently. The third
objective of this thesis is to develop integrated thermal management strategies that
coordinate component temperatures across the powertrain, aiming to minimize total
energy consumption while ensuring safe and reliable operation.

Together, these objectives establish a multi-domain framework for improving BEV
powertrain energy efficiency, integrating architectural design, control strategy development,
and thermal management into a coherent system-level optimization approach.

1.3 Research gaps and contributions

While extensive research has been conducted on improving BEV powertrain efficiency
through both component-level and system-level approaches, further potential remains to
be explored. Following the three research directions introduced above, the contributions
of this thesis are positioned with respect to the limitations identified in previous research.

The main contributions of the thesis are summarized as follows:

¢ Dual-motor powertrain with independent disconnect functionality and
configuration-aware motor design.

Extensive research on multi-motor powertrain architectures has demonstrated the
potential for improving energy efficiency through flexible torque distribution among
the electric motors [15-18]. Among these architectures, dual-motor powertrains with
electric motors placed in the front and rear axles are widely adopted owing to their
all-wheel-drive capability and fault tolerance [19-21]. However, when permanent



magnet synchronous motors (PMSMs) are employed, an inactive or lightly loaded
EDU can still generate considerable no-load losses, particularly at high rotational
speeds [22, 23]. Previous studies have therefore suggested a single disconnect
clutch to mechanically decouple one EDU, demonstrating meaningful reductions
in drive-cycle energy consumption [16, 24, 25]. Nevertheless, the potential of
independently disconnecting both front and rear EDUs, particularly when the motors
exhibit differentiated efficiency characteristics, has received less attention. Moreover,
the transient energy losses associated with EDU engagement and disengagement
transitions are often neglected in the energy management strategy (EMS), despite
their importance for avoiding excessive mode shifting. Therefore, one of the
contributions of this thesis is the investigation of the dual-motor powertrain where
the front and rear EDUs can be independently connected or disconnected with two
sets of clutches. To fully exploit this additional operational flexibility, an EMS is
developed that jointly considers optimal torque allocation, operating-mode selection,
and the transient energy losses associated with mode shifting. This enables the
efficiency characteristics of the individual EDUs to be effectively utilized under
different driving conditions.

The work is further extended toward configuration-aware motor design. In most
existing multi-motor powertrain studies, the EMS is derived from predefined motor
or EDU efficiency maps, effectively treating the motor characteristics as fixed
inputs. Conversely, motor design optimization is often performed using predefined
operating points obtained from vehicle-level analysis [26, 27]. However, these two
problems are inherently coupled in multi-motor powertrains: the EMS determines the
operating-point distribution of each motor, while the motor design and its resulting
efficiency characteristics directly influence the optimization of the EMS. Although
several powertrain and EMS co-optimization approaches have been proposed, they
commonly rely on scaled or parameterized reference motor efficiency maps, which are
less suitable for detailed motor design optimization because of the highly nonlinear
relationship between motor geometry and losses [24, 28-31]. Hence, another
contribution of this thesis is to bridge the gap between vehicle-level powertrain
operation and motor design optimization by jointly optimizing the front and rear
motor designs together with the corresponding EMS using fast and sufficiently
accurate prediction of the motor and complete EDU loss maps associated with
detailed motor geometric designs, rather than scaled reference efficiency maps.

Eco-driving combined with powertrain free-coasting with disconnect
functionality.

Eco-driving has been widely investigated as an energy-efficient control approach by
optimizing the vehicle speed trajectory according to predictive information such as
road gradient and traffic conditions [32, 33]. Free-coasting has also demonstrated
energy-saving potential in internal combustion engine vehicles (ICEVs) by allowing
the vehicle to utilize its kinetic energy while avoiding powertrain losses, namely
through the pulse-and-glide strategy [34, 35]. However, disconnect functionality in
BEVs has predominantly been investigated for dual-motor powertrains, where one
EDU is disconnected while the other remains active to provide the required traction



torque. Consequently, the potential of completely disconnecting the powertrain in a
BEV has received comparatively limited attention, since conventional speed-following
operation generally requires the propulsion system to remain continuously available.

Therefore, another contribution of this thesis is the integration of eco-driving
with disconnect functionality in a BEV with a single-motor powertrain. The
vehicle speed trajectory and clutch state are jointly optimized, allowing periods of
complete powertrain disconnect and free-coasting to be intentionally introduced
when energetically beneficial.

Optimized DC-link voltage control in adjustable DC-link voltage
powertrains.

In conventional BEV powertrains, the DC-link voltage is closely coupled to the
battery terminal voltage, while the resulting powertrain energy efficiency is strongly
affected by the vehicle operating condition and battery setup [36, 37]. Adjustable
DC-link voltage has therefore been proposed as a means of improving powertrain
efficiency by adapting the inverter supply voltage according to the operating
condition [38-40]. However, previous studies often simplify or neglect the additional
losses introduced by the DC-DC converter and commonly assume a fixed battery
terminal voltage, despite its variation with load and state of charge. These
assumptions can affect the estimated system-level benefit of adjustable DC-link
operation.

Therefore, one contribution of this thesis is the development of a system-level
DC-link voltage optimization approach that minimizes the combined losses of the
battery, DC-DC converter, inverter, and electric motor while accounting for battery
terminal-voltage variation over the drive cycle. The influence of semiconductor
technology is further investigated by comparing adjustable DC-link voltage
powertrains based on silicon (Si) insulated-gate bipolar transistors (IGBTs) and
silicon carbide (SiC) metal-oxide-semiconductor field-effect transistors (MOSFETS),
since their different switching and conduction loss characteristics can significantly
affect the achievable energy-saving potential.

The work is further extended toward high-voltage battery architectures as battery
systems of 800 V and above are increasingly adopted [41-43]. However, increasing the
battery voltage does not necessarily improve powertrain efficiency under all operating
conditions. While reduced current can decrease conduction and motor copper losses
at high load, increased DC-link voltage can lead to higher power-electronics switching
losses, particularly under low-load operation [44]. Most previous adjustable DC-link
studies have focused on lower-voltage battery systems using boost conversion,
while the potential of high-voltage systems employing buck conversion remains less
explored. Hence, another contribution of this thesis is a systematic comparison of
lower-voltage battery systems using boost conversion and higher-voltage battery
systems using buck conversion, where the DC-link voltage is optimized according to
the operating condition. This provides an indication of how battery voltage level
and adjustable DC-link voltage powertrain configuration should be selected from an
overall energy-efficiency perspective.



¢ Powertrain torque modulation control.

EDU efficiency is generally lower in low-torque operating regions, and torque
modulation has been proposed as a means of shifting the motor operation toward
more efficient torque levels while maintaining the required average torque [45-47].
However, existing strategies are mainly optimized based on motor and inverter
efficiency characteristics, while the resulting changes in battery and transmission
losses are often neglected. Consequently, a torque modulation strategy that improves
motor-drive efficiency does not necessarily minimize the overall powertrain energy
loss.

Therefore, one contribution of this thesis is the development of a torque-modulation
strategy from an overall powertrain perspective, where the combined losses of the
battery, inverter, electric motor, and transmission are considered when determining
the optimal modulation parameters. This enables the efficiency gains obtained from
shifting the motor toward more favorable operating regions to be balanced against
the additional losses introduced elsewhere in the powertrain.

Another contribution is the extension of torque modulation to dual-motor
powertrains. Previous studies have primarily focused on single-motor applications,
while the additional torque-distribution freedom available in dual-motor powertrains
has received limited attention. In this thesis, torque modulation is coordinated
between the front and rear motors, allowing both motors to exploit more efficient
operating regions under low torque demand. Complementary modulation between
the two motors is further introduced to reduce the resulting total powertrain torque
fluctuation, thereby improving driver comfort while retaining the energy-efficiency
benefit of torque modulation.

o Integrated powertrain energy-oriented thermal management.

The energy efficiency of electric powertrains is strongly influenced by component
operating temperatures. Temperature variations affect motor copper and iron
losses, inverter conduction and switching losses, and transmission losses through
the temperature-dependent viscosity of the lubricating oil [48-54]. Conventional
thermal management strategies are primarily designed to maintain component
temperatures within safe limits and often rely on rule-based control of cooling
auxiliaries such as pumps and fans [55, 56]. Previous energy-oriented studies have
either considered temperature-dependent powertrain efficiency [57-59] or focused
on reducing cooling-system energy consumption [60-62]. More recent studies have
begun to combine these objectives [63-67].

However, most existing studies focus primarily on the inverter and electric
motor, while the temperature-dependent losses of the transmission are less
frequently included. This becomes increasingly important with the development of
highly integrated EDUs, where the inverter, motor, and transmission are closely
packaged and thermally coupled through coolant and oil circuits. Therefore, one
contribution of this thesis is the development of an integrated energy-oriented thermal
management strategy that jointly minimizes temperature-dependent powertrain



losses and cooling-system auxiliary energy consumption while maintaining the
component temperatures within their thermal limits.



2 Background

This chapter presents the theoretical foundations underpinning the powertrain efficiency
analyses conducted in this thesis.

2.1 Powertrain losses

2.1.1 Battery

The electrochemical behavior of the battery can be represented using an equivalent
circuit [68]. For applications concerned primarily with energy consumption analysis rather
than detailed transient voltage dynamics, a simplified model consisting of an open-circuit
voltage source (OCV) V, in series with an internal ohmic resistance Ry provides sufficient
accuracy, capturing the dominant resistive losses and terminal voltage behavior [69], as
depicted in Figure 2.1a. The OCV and internal resistance are parameterized as functions
of the state of charge (SoC) and temperature, with separate characterization for charge
and discharge operation.
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Figure 2.1: Battery equivalent circuit models. (a) Simplified model (b) Thevenin equivalent
circuit model.

The SoC quantifies the remaining stored energy relative to the fully charged condition
and is computed by integrating the battery current over time as

t
SOC(t) = SOC(t()) — C‘i / Ibat(T) dT7 (2]‘)
at

to

where SoC(tp) is the initial state of charge, Chay is the nominal battery capacity, and Ipat
is the battery current. In the simplified model, the terminal voltage is expressed as



Vbat = Voc - IbatROa (22)

and the corresponding resistive power loss can be expressed as

Ploss,bat = IgatRO- (23)

When the battery is subjected to rapidly varying load conditions, polarization effects
introduce dynamic voltage behavior that cannot be captured by a purely resistive model.
In such cases, additional RC branches can be incorporated to form a Thevenin equivalent
circuit, as depicted in Figure 2.1b [70-73].

2.1.2 Power electronics

Switched-mode power converters regulate the flow of energy between the battery, electric
motor, and other electrical subsystems. The DC-DC converter adapts voltage levels
between subsystems, while the inverter converts the battery DC voltage into three-phase
AC voltage for motor operation. Two semiconductor technologies are considered in this
thesis: the Si-IGBT and the SiC-MOSFET. IGBTs are minority-carrier devices with
relatively low on-state voltage at high currents, but exhibit turn-off tail currents and
require an external antiparallel diode for reverse conduction, resulting in additional
switching and reverse recovery losses. MOSFETs are majority-carrier devices with faster
switching transitions, lower switching losses, and higher blocking voltage [74, 75]. These
characteristics make SiC MOSFETs particularly attractive for modern high-voltage BEV
applications, enabling higher efficiency, improved thermal capability, and higher switching
frequency operation, despite their higher cost.

Figure 2.2: Non-isolated bidirectional buck—boost converter scheme.

A bidirectional non-isolated buck—boost DC-DC converter, shown in Figure 2.2, can serve
as an intermediary between the battery and the DC-link [38, 76, 77]. This topology
supports bidirectional energy flow, accommodating both propulsion and regenerative
braking operation. The duty cycle d governing the switching operation is defined as
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Vio
Vfl, buck operation
d= hi (2.4)

1-— 10, boost operation
Vvhi

where Vi, and W4,; denote the low- and high-side voltages, respectively. When the battery
is connected to the low-voltage side and the DC-link to the high-voltage side (boost
configuration), the converter operates in boost mode during propulsion to raise the
battery voltage to a higher DC-link voltage level, and in buck mode during regenerative
braking to transfer energy back to the battery. Conversely, in the buck configuration,
the battery is located on the high-voltage side and the power flow directions are reversed
accordingly.

The losses of the IGBT-based DC-DC converter comprise the switching and conduction
losses of the IGBT and its antiparallel diode during operation and are expressed as

PDCDC,loss = (‘/CEOIIO + Tcelli) d+ (VdOIIO + Td[l20) (1 - d)
rue () () (2 ()
e Iref Vref rectew Iref V}ef ’

where V,.q is the IGBT forward voltage drop, r.. is the IGBT on-state resistance, Vyq is
the diode forward voltage drop, ry is the diode on-state resistance, Ej,, is the transistor
switching energy, fs,, is the switching frequency, ot and V. are reference current and
voltage values used for switching loss linearization, E,... is the diode reverse recovery energy,
and Ky, Ky, Kiq, K,q are exponents describing the current and voltage dependence of
transistor and diode switching energy, respectively. Losses associated with gate driver and
snubber circuits, as well as capacitive and inductive parasitics, are considered negligible
and are therefore omitted [78].

For MOSFET-based converters, the reverse conduction capability of the MOSFET channel
enables synchronous operation, in which both switches conduct alternately [79]. If the
voltage drop across the MOSFET on-state resistance r4s remains below the body diode
forward voltage Vi, i-e., Iio - 74s < Vsqo, the reverse current flows entirely through
the transistor channel rather than the body diode [80-82]. Under this condition, diode
conduction and reverse recovery losses are avoided. The total losses of a MOSFET-based
DC-DC converter are therefore expressed as

Il Kit Vh' Kvt
PDCDC,loss = TdsIIQO + 2Eswfsw (I Of) ( ' ) . (26)
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Figure 2.3: Three-phase inverter schematic.

Figure 2.3 illustrates the structure of a three-phase inverter composed of three legs, each
consisting of a half-bridge configuration with two switches. By employing space vector
pulse-width modulation (SVPWM), improved DC-link voltage utilization can be achieved
compared to conventional sinusoidal PWM [83]. Under ideal conditions, the amplitude of
the AC phase voltage V,. depends on the DC-link voltage V4. and the modulation index
Mg as

manc

V3

Vac = (27)

For an IGBT-based inverter, the total losses consist of the conduction and switching
contributions from both the IGBT and its antiparallel diode, and can be expressed
analytically as follows [84, 85]

1 o 1 .
Piuvtoss = 6Vecols ( + W) G2 ( + mcoss@)

2m 8 8 3m
1 Mg COS P o1 mgcosy
Vaiolo | /—m — ——— IS —— .
+ 6Vao (271- 3 >+67"d0<8 3 ) (2.8)

IO Kt Vdc Kot Io Kiq Vdc Kya
E — E rlo
+6 swfsw ('/TIref) (Kef) +6 recfsw (ﬂ'Iref) (V;ef) ,

where I, is the amplitude of AC phase current and cos ¢ is the power factor.

For a MOSFET-based inverter, when the reverse conduction capability of the MOSFET
channel is utilized and diode conduction is avoided, the inverter losses consist only of
MOSFET conduction and switching losses. Under this assumption, the total losses are
given by

3 9 Io Kif, Vdc Kvt
Pinv oss — 710 s Eew sw\ —7 . 2.9
e = 3Ltnac4 0Bunfon () (i (29)
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2.1.3 Electric motor

This thesis focuses exclusively on the interior permanent magnet synchronous motor
(IPMSM) due to its superior power density and efficiency, making it a dominant choice in
the current BEV market [86, 87]. In synchronous machines, the d—q axis representation
in the rotor reference frame provides a physically intuitive and mathematically convenient
description of the motor dynamics. The direct axis (d-axis) corresponds to the radial axis
intersecting the centerline of the permanent magnets and represents the direction of the
magnetic flux produced by the magnets. The quadrature axis (g-axis) is positioned 90
electrical degrees ahead of the d-axis and lies between two magnetic poles. Figure 2.4
illustrates the equivalent electrical circuit model of the PMSM in the d—q reference frame.

Figure 2.4: PMSM equivalent electric circuit model.

The steady-state stator voltage equations in the d—q reference frame are expressed as

Vi=Rslg —weLyly, (2.10)
Vo=Rly+welglg+ weVy,, (2.11)

where V; and V, are the d- and g-axis stator voltages, R, is the stator resistance, Lq
and L, are the d- and g-axis inductances, ¥,, is the permanent magnet flux linkage, and
we = Npw, is the electrical angular speed, with w, being the mechanical rotor speed and
n, the number of pole pairs.

For salient machines such as the IPMSM (Lq # L,), the electromagnetic torque consists
of both magnet torque and reluctance torque as

3
T, = 5ny (Vndy + (Lo — Lo laly) (2.12)

For IPMSMs, the maximum torque per ampere (MTPA) control strategy (as illustrated
in Figure 2.5) is widely adopted in the constant torque region to determine the optimal
current components Ig and I, that minimize the stator current magnitude and thereby
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reduce copper losses, while respecting the DC-link voltage limit Vg, [88]. The MTPA
problem can be formulated as

: /72 o 12
g{lﬁ Is+ 17, (2.13)

st Te(Ig,Iy) =T7, (2.14)
VE]
where T is the commanded torque. The voltage limit, typically represented as an ellipse
in the I;—1, plane, defines the maximum allowable stator voltage magnitude. The base
speed marks the highest speed at which the motor can maintain the MTPA strategy while
satisfying the voltage constraint. When operating beyond the base speed, a field-weakening
strategy is employed by injecting negative I; to reduce the effective air-gap flux and limit
the back electromotive force. This enables operation at higher speeds within the voltage
constraint but leads to increased losses and reduced torque capability, since the motor
operates outside the optimal MTPA region. At even higher speeds, the control objective
transitions to maximum torque per voltage (MTPV), where the current trajectory is
selected to maximize torque under the active voltage constraint. In this region, the voltage
limit becomes the dominant constraint, and the operating point moves along the boundary
of the voltage ellipse.

VT Ty we) + VAT Ty we) (2.15)
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Figure 2.5: Illustration of MTPA control strategy.

The total losses in a PMSM primarily consist of copper losses, iron losses, and mechanical
losses. Copper losses arise from the stator winding resistance and are expressed as

s,rms

Py = 3RJI2,. = gRs(Ig +12), (2.16)
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where I, ;s is the RMS stator phase current. The resistance R, can be further broken
down into Rq. and R, to account for DC and AC copper losses. The DC resistance
Rg. represents the ohmic resistance of the conductor. In contrast, the AC resistance
R.. accounts for additional frequency-dependent losses caused by non-uniform current
distribution within the conductors. These losses arise primarily due to the skin effect
and the proximity effect [89]. The ratio R,./Rqc increases with electrical frequency
and is therefore strongly dependent on motor speed, current excitation, and winding
geometry [49]. The DC resistance is temperature dependent due to the variation of copper
resistivity with temperature and can be expressed as

RdC(TW) - RdC(TrCf) []- + (Tw - Trcf)] ’ (217)

where Ty, is the winding temperature, Tief is the reference temperature, and « is the
temperature coefficient of resistivity for copper. The AC resistance is also temperature
dependent, since it is influenced by conductor resistivity and the associated electromagnetic
field distribution. Using the ratio between AC and DC resistance at the reference
temperature, the AC resistance can be expressed as [90]

B (Rdc (Tref)
Rac(TW) - RdC(TW) (1 + a(Tw - Tref))5+1’

Rac(Trer) 1)

(2.18)

where § is an empirical coefficient.

Iron losses, also referred to as core losses, originate mainly from magnetic hysteresis and
induced eddy currents in the ferromagnetic materials of the stator and rotor. Under
sinusoidal excitation, the average iron loss can be described using the classical Steinmetz
formulation as

P = knfB™ + k. f?B?, (2.19)

where kj, is the hysteresis coefficient, k. is the eddy current coefficient, f is the electrical
frequency, B is the peak magnetic flux density, and n depends on the material properties
and operating conditions. In inverter-fed PMSMs, the applied voltage and resulting flux
waveforms are not purely sinusoidal but contain harmonics due to switching effects. These
harmonics introduce additional core losses that are difficult to predict analytically [91].
As a consequence, iron losses estimated using sinusoidal-based models often require a
correction factor (typically in the range of 1.5-2) to account for excess harmonic-induced
losses [92].

Mechanical losses consist of friction losses and windage losses. Friction losses mainly
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originate from the rotor bearings and their lubrication system, where mechanical contact
and viscous effects dissipate energy. Windage losses arise from aerodynamic drag caused
by the interaction between the rotating rotor and the surrounding air (or cooling medium).
For modeling purposes, the friction losses are categorized as part of the transmission losses
and the windage losses are empirically correlated with rotor speed using an exponential
function.

2.1.4 Transmission

The transmission reduces the rotational speed of the motor while amplifying its torque
output, ensuring that the speed and torque delivered to the wheels meet the vehicle’s
operational requirements. For BEV applications, this is typically achieved through a
fixed gear reduction stage. During operation, the transmission introduces several loss
mechanisms, including gear meshing losses, bearing losses, and churning losses [93-96].
Gear meshing losses consist of sliding and rolling friction between gear teeth and are
primarily load-dependent. Churning losses arise from the interaction between rotating
components and the lubricating oil and are mainly speed-dependent. Bearing losses
are influenced by both transmitted load and rotational speed. Consequently, the total
transmission loss is a function of both rotational speed and transmitted torque. In
addition, the transmission is temperature sensitive due to the temperature-dependent
viscosity of the lubricating oil. Variations in oil temperature affect churning losses and
frictional behavior, thereby influencing the overall transmission efficiency.

Compared with the electric motor and inverter, the transmission efficiency is generally less
sensitive to variations in operating speed and torque and remains relatively stable over a
wide operating range, allowing for simplification using a constant efficiency value, as is
common practice in mathematical and vehicle-level studies [97, 98]. When more detailed
transmission simulation or experimental data are available, the losses can instead be
represented using efficiency or loss maps as functions of rotational speed and torque. For
higher-fidelity models, oil temperature can also be included as an additional dependency
to account for the influence of lubricant viscosity on churning and friction losses.

2.1.5 Drive-cycle analysis

A drive cycle prescribes the vehicle speed as a function of time and is used to represent
specific driving conditions in a repeatable and standardized manner. Different drive cycles
are designed to capture various driving patterns, including acceleration, deceleration,
cruising, and idling, in order to evaluate how efficiently a BEV utilizes its available energy
during operation.

One of the most widely adopted legislative drive cycles is the Worldwide Harmonized
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Light Vehicles Test Cycle (WLTC), shown in Figure 2.6. The WLTC spans approximately
1800 s and consists of low, medium, high, and extra-high speed phases, thereby covering a
broad range of operating conditions relevant to modern passenger vehicles [99]. In addition
to legislative cycles, real-world driving cycles derived from logged vehicle data can be
used to more directly represent case-specific vehicle usage [100]. Such cycles capture the
influence of traffic conditions, road gradients, driver behavior, and ambient environment,
thereby providing a complementary perspective to standardized testing procedures.
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Figure 2.6: Vehicle speed profile of WLTC.

As illustrated in Figure 2.7, the powertrain must generate tractive force at the wheels to
overcome aerodynamic drag, rolling resistance, road gradient force, and acceleration. The
longitudinal force balance can be expressed as

1
= mgsin(0) + ipaCdAUQ + Crmg cos(0) + (m + m;)0, (2.20)

where Ti;ac is the required traction torque at the wheels, R, is the effective tire rolling
radius, m is the vehicle mass, ¢ is gravitational acceleration, 8 is the road gradient, p, is
air density, Cy is the aerodynamic drag coefficient, A is the frontal area, v is vehicle speed,
C, is the rolling resistance coefficient, and m; represents the equivalent rotational inertia.

Given a prescribed speed trajectory v(¢) from a drive cycle, (2.20) determines the required
traction torque and power, which form the input to the subsequent powertrain loss models.

Sy

Figure 2.7: Forces acting on a vehicle in the longitudinal direction.
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2.2 Control strategy

In electrified powertrains, the supervisory control layer is responsible for coordinating
multiple subsystems, including electric motors, inverters, battery systems, transmissions,
and thermal circuits. As the number of actuators and degrees of freedom increases, the
control problem becomes increasingly complex.

The primary objective of the powertrain control is to satisfy the driver torque demand
while ensuring that all operational constraints are respected. These constraints arise
from actuator limits (e.g., maximum motor torque and current limits), battery-related
restrictions such as SoC and voltage boundaries, as well as thermal limitations of critical
components including electric motors, inverters, and cooling circuits. Beyond guaranteeing
feasibility and safe operation, proper energy and thermal management strategies aim to
optimize overall system performance, particularly in terms of energy efficiency.

From a methodological standpoint, powertrain control strategies can generally be classified
into two main categories: rule-based (heuristic) strategies and optimization-based
strategies.

2.2.1 Rule-based strategy

Rule-based strategies rely on predefined control rules derived from engineering insight,
experimental observations, and simplified system analysis. Two common realizations are
map-based and state-machine-based strategies. In map-based approaches, optimal or
near-optimal control actions are precomputed offline and stored in multi-dimensional
look-up tables (LUTS) [101, 102]. Finite state machines are widely employed to describe
distinct operating modes of the powertrain. Each state corresponds to a predefined
configuration of component operation, and transitions between states are triggered when
specified logical conditions or threshold values are met [103]. These thresholds are typically
determined through calibration processes that consider efficiency targets, driveability
requirements, and component protection constraints.

These approaches are widely adopted in industrial applications due to their transparency,
robustness, and ease of real-time implementation. However, their performance is highly
dependent on calibration quality, and optimality cannot be guaranteed under varying
operating conditions.
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2.2.2 Optimization-based strategy

Optimization-based strategies formulate the supervisory control problem as a constrained
optimal control problem. The controller determines the control inputs by minimizing a
predefined objective function subject to system dynamics and operational constraints. The
objective function is typically constructed to reflect overall powertrain energy efficiency
and may include terms related to powertrain losses and penalties on actuator usage.

The optimization problem can be formulated in discrete time as follows. Consider a
nonlinear system described by

Try1 = fr(@r, ur), (2.21)

where z; € X} denotes the system state at time step k and u, € U represents the control
input. The index k = 0,1,..., N — 1 defines the finite horizon. Both the state and control
variables are subject to operational constraints.

The performance objective over a horizon of length IV is expressed through a cumulative
cost function

N-1

J(zo,u) = Ly (xn) + Y Li(zk, ur), (2.22)
k=0

where Ly (xzk,ur) represents the stage cost and Ly(zy) is a terminal cost. The
corresponding optimal control problem is formulated as

min J(zg,u), (2.23)
u

subject to the system dynamics and state/input constraints. The stage cost typically
captures instantaneous power losses and efficiency penalties, while the terminal cost may
enforce desired end conditions.

Optimization-based strategies can be divided into offline global optimization methods
and online predictive optimization methods. The former category includes approaches
such as dynamic programming (DP), which require full knowledge of the drive cycle and
are primarily used for benchmarking purposes or for assessing the maximum achievable
performance potential of a specific powertrain architecture. The latter includes real-time
implementable methods such as model predictive control (MPC), which rely on short-term
predictions and receding-horizon optimization.
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Dynamic programming: DP is a global optimization technique founded on Bellman’s
principle of optimality [104]. When the entire driving profile is known in advance, DP
computes the globally optimal control sequence over the full horizon.

The method proceeds by defining the cost-to-go function and solving the problem
recursively backward. The Bellman recursion is given by

Jr(zr) = min [Ly(zg, ug) + T (fr (2, ur))] (2.24)

uk €U

with terminal condition

JN(IN) = LN(IN). (225)

By discretizing the state and control spaces and solving from k = N — 1 down to k =0,
DP guarantees global optimality under the chosen discretization. This property makes it
particularly suitable for evaluating the theoretical efficiency and thermal performance
limits of different powertrain configurations. However, the computational burden increases
exponentially with the dimension of the state space, a phenomenon commonly referred to as
the curse of dimensionality. Consequently, DP is primarily used offline as a benchmarking
tool rather than for direct real-time implementation.

Model predictive control: MPC is an online optimization strategy that repeatedly
solves a finite-horizon optimal control problem at each sampling instant [105]. At step k,
a sequence of future control inputs is obtained by minimizing

k+N-1
min Z Li(xi,ui) —|—Lk+N(xk+N), (2.26)
Uk:k+N—1 ik

subject to system dynamics and constraints over a prediction horizon of length N. Only
the first control action of the optimized sequence is applied to the system. At the next
time step, the optimization is repeated with updated state information, following the
receding-horizon principle.

Unlike offline global optimization, MPC does not require full knowledge of the entire
drive cycle. Instead, it relies on short-term predictions, such as velocity forecasts or route
information, and computes locally optimal solutions over the prediction horizon. MPC
explicitly handles state and input constraints and can incorporate predictive thermal
behavior, making it well suited for integrated energy and thermal management. With

20



appropriate horizon selection and model simplification, MPC can be implemented in real
time for practical automotive applications.
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3 Dual-Motor Powertrain Utilizing
Disconnect Functionality

This chapter is based on Papers I and VI. The objective of this chapter is to investigate the
energy-saving potential of dual-motor powertrain configurations incorporating disconnect
functionality enabled by dog clutches. Furthermore, the chapter explores how the front
and rear motor designs can be optimally tailored to fully exploit the additional degrees of
freedom introduced by the disconnect functionality.

3.1 Powertrain configuration

A dual-motor powertrain with a front and rear axle independently driven (FRID)
configuration can incorporate disconnect functionality via clutches placed in the front
and rear axles. This configuration is referred to as the adaptive front and rear
axle independently driven (AFRID) powertrain, as illustrated in Figure 3.1. In this
configuration, two EDUs are installed on the front and rear axles, respectively, and each
EDU can be mechanically connected to or disconnected from its corresponding axle
through the clutch.

[//1TT1]) ARRARRNY
W - e ey ey oo N
| EDU ' i -:l- I EDU |
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Figure 3.1: AFRID powertrain configuration with front- and rear-axle EDUs including
clutches. Each EDU consists of a transmission, a three-phase motor, and an inverter.

The disconnect functionality allows an inactive EDU to be completely decoupled from
the powertrain, thereby eliminating no-load losses (illustrated in Figure 3.2) associated
with free-spinning operation when torque is not required. These losses mainly originate
from inverter and PMSM losses caused by reactive current required to counteract the
back electromotive force in the field-weakening region [22], as well as mechanical friction
in the rotating components of the EDU.
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Figure 3.2: EDU no-load losses.

Depending on the engagement states of the EDUs and the clutches, the AFRID powertrain
can operate in three distinct driving modes: front-wheel drive (FWD), rear-wheel drive
(RWD), and all-wheel drive (AWD).

3.2 Operating principle

3.2.1 Disconnect functionality

Owing to its positive mechanical locking mechanism, the dog clutch contributes negligible
parasitic losses during steady-state operation (approximately 5 W) and only minimal energy
consumption during actuation (approximately 16kJ). The structure and engagement
process of the dog clutch are illustrated in Figure 3.3.

Shifter Motor a. Disengaged b. Engaging ¢. Impact d. Engaged
Shift Finger Wrpy Wdiff
Shift Rail
Wy *
Isync timp tend Time
(a) (b)

Figure 3.3: Illustration of the dog clutch. (a) Structure. (b) Engagement process.

During the engagement process, the rotational speed of the EDU output shaft, w, is
synchronized with the drive axle speed, w,, prior to actuation of the clutch by the shifter
fork. Conversely, after clutch disengagement, the EDU rotational speed is actively reduced
to zero. This braking process enables partial recovery of the rotational kinetic energy
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while preventing subsequent free-spinning losses.

The EDU rotational speed is regulated by a speed-control torque, T., which is positive
during synchronization and negative during braking to counteract both inertial effects
and friction as

T, = JE%‘: + Ty (w), (3.1)

where Jg denotes the EDU rotational inertia and T, is the speed-dependent frictional
torque. The speed control process during clutch engagement and disengagement introduces
transient energy losses. The transient energy loss depends on the EDU rotational
speed at the instant of disengagement during braking or the target speed required for
synchronization during engagement. The EDU rotational speed is linearly proportional
to the vehicle speed. For simplicity, the associated synchronization or braking energy loss
is approximated as a quadratic function of vehicle speed expressed as

Esync/brk = d11]2 + d2'U7 (32)

where Egync b denotes the transient energy loss associated with EDU speed
synchronization or braking, and d; and ds are the fitting coefficients.

3.2.2 Energy management strategy

The AFRID powertrain introduces an additional degree of freedom through the disconnect
functionality. Accordingly, the EMS consists of two main components: operating mode
selection and torque split.

The operating mode selection governs transitions among FWD, RWD, and AWD modes
based on driving conditions. When the powertrain operates in AWD mode, the powertrain
torque demand is optimally distributed between the front and rear EDUs to maximize
the overall powertrain energy efficiency.

Torque split strategy

In AWD mode, the torque demand required for traction or regenerative braking
is distributed between the front and rear EDUs. This relationship can be expressed as

Tdem = Tf + Tru (33)
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where Tyem denotes the powertrain torque demand, and 7Ty and T, represent the front
and rear EDU torques, respectively. To parameterize the torque distribution between the
two EDUs, a torque split factor a € [0, 1] is introduced. The individual EDU torques can
then be expressed as

Tt = aT4em,
3.4
{ T = (1 — ) Them. (3.4)

The power loss of each EDU is a function of its operating speed and torque. For a given
vehicle speed and torque demand, the choice of « directly influences the overall powertrain
losses. An optimal torque split can thus be obtained by minimizing the combined losses
of the front and rear EDUs. The optimization problem is formulated as

min PEDU,loss,f(wfy Oleem) + PEDU,loss,r(Wm (1 - O‘)Tdem) s

s.t. Tf,min(wf> < aTdem < Tf,max(wf)a (35)
Tr,min(wr) S (]- - a)Tdcm § Tr,max(wr)a
a € [0,1],

where wy and w, denote the rotational speeds of the front and rear EDU output shafts,
respectively. Pepu,ioss,f(-) and PeDU loss,r(+) Tepresent the power loss of the front and rear
EDUs. Tfmin(w¢), Tfmax(Wf), Trmin(wr), and Ty max(wy) denote the speed-dependent
torque limits of the front and rear EDUs. The optimal torque split factor a* is determined
using a grid-search-based approach [106, 107] based on front and rear EDU loss maps.

Mode selection strategy

For each operating mode, a static powertrain loss map is constructed as a function of
vehicle speed and powertrain torque demand. In AWD mode, the powertrain loss map is
obtained from the optimal torque split solution, where the minimum total powertrain loss
is determined by (3.5). In FWD mode, the total powertrain loss is given solely by the
front EDU loss map, since the rear EDU is inactive. Likewise, in RWD mode, the total
powertrain loss is determined exclusively by the rear EDU loss map.

Although these static loss maps describe steady-state operating losses, additional transient
energy losses are incurred when shifting between operating modes due to EDU speed
synchronization and braking. These transient losses must be explicitly incorporated into
the operating mode selection strategy to avoid excessive transient energy losses from
frequent mode shifts. Therefore, DP is employed to determine the optimal operating
mode sequence that minimizes the overall powertrain energy loss over a given drive cycle.

The drive cycle is discretized into N stages with a sampling time of AT = 1 s. The
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operating mode is defined as the state variable
x € {1,2,3}, (3.6)

where x; = 1, 2, = 2, and z = 3 correspond to FWD, RWD, and AWD operation,
respectively. The control input is defined as the mode shift command

u, € {—2,-1,0,1,2}, (3.7)

where the value of wuy indicates the change in operating-mode index between two
consecutive stages. Specifically, uy = 0 represents no mode shift and the mode transition
is governed by

Trt1 = Tk + Ug. (38)

Only transitions satisfying zx41 € {1,2, 3} are admissible. At each stage k, the vehicle
speed vy, is assumed to be known, and the corresponding torque demand Tqem k is obtained
from the discretized longitudinal vehicle dynamics in (2.20). In addition, the selected
operating mode must satisfy the torque feasibility constraint

Tmin(xkyvk) < Tdem,k: < Tmax(xka Uk)u (39)

where Tiin and Tiax denote the minimum and maximum torque limits associated with
each operating mode. Operating modes that violate this constraint are excluded from the
DP search.

The instantaneous energy loss at stage k consists of the steady-state powertrain loss
associated with the selected operating mode and the transient energy loss caused by a
mode shift. The stage cost is therefore defined as

i (Zs uk) = Ploss,k(Tks Vi, Taem,k) AT + Eshige k (Tr, ur), (3.10)

where Pogs k(T Vs Tdem, k) 1S obtained from the precomputed powertrain loss map of the
selected operating mode. The shift energy loss Egpis k (2k, ug) accounts for the transient
losses associated with the specific operating mode shift as

By syne(Vk) + Efpek(vi), (FWD — RWD),
Ef sync(vk) + Erprk(vk), (RWD — FWD),
Er sync(Vk), (FWD — AWD),
Enite = { Erpri(03), (AWD — FWD), (3.11)
Et sync(vi), (RWD — AWD),
Ef b (o), (AWD — RWD),
0, (no mode shift),

where Efgync(vi) and Ej gync(vg) denote the transient energy losses associated with
synchronizing the front and rear EDUs, respectively, and Eyp(ve) and Ey pri(vk)
represent the corresponding braking losses.
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3.3 Motor design optimization

The AFRID powertrain enables the EMS to determine which EDU is active at each
instant through operating mode selection. Allowing asymmetric front and rear motor
designs makes it possible to tailor each motor to its dominant operating region, thereby
maximizing the energy-saving potential of integrating two disconnect clutches. In this
way, the disconnect functionality is not only used to eliminate no-load losses but also to
actively route operating points toward the more efficient EDU, thereby improving the
overall powertrain energy efficiency.

3.3.1 Problem formulation

The motor design is parameterized by seven geometric variables for both the front and
rear motors, as illustrated in Figure 3.4. The corresponding lower and upper bounds
are summarized in Table 3.1. Both motors employ hairpin windings. The conductor
height ratio is defined as the ratio of the actual conductor height to the reference height
corresponding to a slot fully filled with conductors in the radial direction.

X

Figure 3.4: Parameterized motor geometry and selected design variables for the V-shaped
IPMSM.

Table 3.1: Considered motor design parameters and bounds.

Variable Description Bounds
X5 Magnet bar width [12.0, 20.0]
Xo Magnet thickness [3.0, 6.0]
X Pole V-angle [90.0, 160.0]
Xa Air gap length [0.5, 2.0]
X5 Slot width [3.0, 6.0]
X Slot depth [12.0, 18.0]
X7 Conductor height ratio [0.9, 1.0]

The optimization focuses on jointly designing the front and rear motors to maximize
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the energy-saving potential of the disconnect functionality in the AFRID powertrain
under the corresponding EMS. Hence the optimization variables consist of the geometric
parameters of the front and rear motors, denoted as

XfZ[Xl,f,...,X7’f], Xr:[Xl,rw--;X?,r]- (3.12)

The objective of the optimization is to minimize the drive-cycle powertrain energy loss,
E.ycle, while satisfying vehicle performance constraints, in particular the 0-100 km/h
acceleration time. The optimization problem can therefore be formulated as

Xr?,i_I)l(T Ecyclea

s.t. to-100 < tlim, (3.13)

X;eQy, X,e€Q,,

where €2; and (), denote the feasible geometric design spaces of the front and rear motors,
to-100 denotes the 0-100 km/h acceleration time, and ¢, is the specified performance
limit. The acceleration time ty 199 is evaluated based on the maximum wheel tractive
force in AWD mode as

1

Fmax - Rﬁ (Tf,max(wf) + Tr,max(wr)) . (314)

The acceleration time is then computed as a function of the maximum tractive force using
the longitudinal vehicle dynamics described in (2.20).

3.3.2 EDU loss map estimation

Due to the strong coupling among motor design, EDU loss maps, and EMS, it is
necessary to rapidly estimate the EDU loss maps with a given motor design. This
allows the corresponding EMS to be re-optimized during each iteration of the motor
design optimization process. In this thesis, a neural-network-based (NN) surrogate model
is adopted [108, 109].

Data collection

Based on the design space listed in Table 3.1, a Latin hypercube sampling method is
used to generate a number of motor design variants through finite element method
(FEM) simulations in Ansys Motor-CAD. The geometric validity of each design variant is
verified, and infeasible designs are discarded. In addition, samples violating the maximum
allowable current density (determined by the conductor height ratio and slot area at
maximum current) are excluded. As a result, only geometrically and electrically feasible
motor designs are retained for dataset generation. For each design variant, the d—q axis
flux linkages and motor losses are sampled over uniform grids in I4, I, and motor speed.
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NN-based surrogate model

Three NNs are developed to enable efficient motor loss map construction while
retaining key intermediate physical information. Specifically, a flux linkage NN is trained
to predict the d—q axis flux linkages, 14 and 1), as functions of the motor design variables
and current excitation (Iy,I;). A winding resistance NN is employed to predict the stator
phase winding resistance. Since AC loss effects are speed-dependent, both the motor
design variables and operating speed are used as inputs. In addition, a motor loss NN is
constructed to predict motor loss as a function of the motor design variables, current
excitation, and operating speed.

Speed grid
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Flux linkage NN Optimal current mapping Motor loss map

Figure 3.5: Procedure for motor loss map calculation.

The overall procedure for motor loss map construction is illustrated in Figure 3.5. For a
given motor design, the winding-resistance NN first predicts the stator phase resistance
R,. In parallel, the flux-linkage NN generates the d—q axis flux linkage maps 94(14, )
and 4(Iq,I,;) over the predefined current bounds. Using the predicted flux linkages
and resistance, the optimal current references (I}, I, M ) are determined under current and
voltage constraints following the current control strategy discussed in Section 2.1.3. The
resulting operating points and corresponding optimal currents are then used as inputs
to the motor-loss NN to predict motor losses. The predicted motor losses are further
combined with inverter losses calculated using the optimal current references (Ij,I;)
(Section 2.1.2) and transmission losses to construct the complete EDU loss map. The
transmission losses are implemented using the same torque-speed-dependent map for the
different motor design variants, since the gear ratio is not considered as an optimization
parameter and therefore remains constant throughout the analysis.
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3.3.3 Optimization framework

A particle swarm optimization (PSO) algorithm is employed to efficiently explore the
high-dimensional design space. The framework follows a two-loop structure as illustrated
in Figure 3.6.
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| Particle swarm optimization O
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Figure 3.6: Two-level PSO-based optimization framework for the AFRID powertrain.

In the outer loop, PSO explores the front and rear motor design spaces, where each
particle represents a candidate pair of motor designs within predefined bounds. For each
candidate, the inner loop first constructs the corresponding front and rear EDU loss maps.
With the updated EDU loss maps, the EMS described in Section 3.2.2 is re-optimized,
and the minimum drive-cycle energy loss Ecyclc is obtained via DP. In addition, the
0-100 km/h acceleration time is evaluated based on the maximum available tractive
torque. The resulting energy efficiency and performance metrics are then returned to the
outer loop and combined using a quadratic exterior penalty
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J = Ecycle + )\max(ov tO—lOO - tlim)Q ) (315)
where A is the penalty coefficient. Within the feasible region (¢9-100 < tim), the penalty

term is zero and candidates are ranked solely by Fcycie.

Particles are iteratively updated according to personal and global best solutions until
convergence. The final result yields the optimal asymmetric front and rear motor designs
that minimize drive-cycle energy consumption while satisfying the acceleration constraint.

3.4 Results and discussion

3.4.1 Case study: comparison between AFRID and FRID

To evaluate the energy-saving potential of the disconnect functionality in a dual-motor
powertrain, a case study is conducted by comparing a conventional FRID powertrain with
the AFRID powertrain under the same vehicle and EDU setups. The vehicle parameters
are listed in Table 3.2.

Table 3.2: Vehicle parameters.

Parameter Symbol Value Unit
Vehicle mass m 2640 kg
Vehicle drag coefficient Cy 0.372 -
Vehicle frontal area A 2.8 m?
Tire rolling radius R, 377 mm
Tire rolling resistance C, 0.01 -

The front and rear EDUs share the same inverter and transmission architecture and
operate within a similar torque-speed range, enabling FWD, RWD, and AWD capability
across the entire vehicle speed range. However, the motors in the front and rear EDUs
employ different winding topologies. The front motor uses stranded windings, whereas the
rear motor adopts a hairpin winding configuration [110]. As illustrated in Figure 3.7, the
front EDU exhibits higher efficiency at high speeds and low-torque operating conditions
due to the stranded winding design. In contrast, the rear EDU operates more efficiently
at lower speeds and higher torque levels owing to the hairpin winding configuration.

The resulting optimal torque split ratio and operating modes with minimal powertrain
loss, arising from the complementary efficiency characteristics of the front and rear EDUs,
are illustrated in Figure 3.8. It can be observed that when two EDUs with different
efficiency characteristics are deployed, the optimal torque distribution ratio is not always
0.5, as in the case of two identical EDUs [111]. Furthermore, considering the no-load
losses of the EDUs, it is more efficient to use both the front and rear EDUs together, even
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Figure 3.7: Efficiency maps. (a) Front EDU. (b) Rear EDU.

under low-torque operating conditions in AWD mode when disconnect functionality is not
considered. For the AFRID powertrain, at low vehicle speeds and medium-to-low torque
levels, the RWD mode generally exhibits lower losses. In contrast, at higher vehicle speeds
with low-to-moderate torque demand, the FWD mode becomes more efficient. For high
torque demands, the AWD mode provides the lowest losses by distributing the torque
between the front and rear EDUs.
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Figure 3.8: Powertrain with the investigated front and rear EDUs. (a) Optimal torque
split ratio in AWD mode. (b) Operating modes with minimal powertrain loss.

To assess the energy efficiency improvement by the disconnect functionality in dual-motor
powertrains, the energy consumption of the AFRID powertrain is evaluated through
simulation and compared with the FRID powertrain over WLTC drive cycle. It should
be noted that the FRID powertrain operates exclusively in AWD mode with an optimal
torque split strategy due to the absence of disconnect functionality. The simulations are
conducted in GT-Suite, where the complete powertrain system model together with the
corresponding powertrain EMS is implemented, as schematically illustrated in Figure 3.9.

The simulation results are summarized in Table 3.3. Compared to the FRID powertrain,

the AFRID configuration achieves an 8.21% reduction in energy consumption over the
WLTC.
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Figure 3.9: Overview of the GT-Suite simulation model.

Table 3.3: Energy consumption under WLTC drive cycle.

Powertrain Energy Cons. [kWh/100 km]
FRID 22.17
AFRID 20.35 (-8.21%)

The comparison of instantaneous powertrain losses between the FRID and AFRID
powertrains over the WLTC is illustrated in Figure 3.10. It can be observed that the
AFRID powertrain predominantly operates in single-axle drive modes (FWD or RWD)
throughout the cycle as the powertrain operates mainly with low-to-medium torque
demand, thereby reducing no-load losses by avoiding unnecessary simultaneous operation
of both EDUs. In the low-to-medium speed region (before approximately 1000 s), RWD
operation is dominant. In this phase, a noticeable reduction in powertrain loss is achieved
compared to the FRID powertrain, which operates in AWD mode throughout the cycle.
In the medium-to-high and extra-high speed region (after approximately 1200 s), FWD
becomes dominant. In this region, the reduction in powertrain loss achieved by AFRID
is particularly significant, as EDU no-load losses increase approximately quadratically
with speed. Consequently, avoiding the operation of the less efficient EDU at high speeds
yields substantial efficiency benefits.

In addition, the AWD mode is primarily activated during high torque demand conditions
for acceleration and deceleration. It is generally engaged during the deceleration phase
prior to a vehicle stop and maintained for the subsequent launch. Under these conditions,
torque sharing between the front and rear EDUs improves overall powertrain efficiency,
while the associated transient energy loss is marginal due to low vehicle speed.

It can also be observed that powertrain loss spikes occur in the AFRID configuration
during operating mode transitions at higher vehicle speeds (after approximately 800 s).
This effect is particularly evident when switching between FWD and RWD modes, as
such transitions require synchronization of one EDU and braking of the other, resulting
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Figure 3.10: Instantaneous powertrain loss of FRID and AFRID powertrains under the
WLTC drive cycle.

in increased transient energy losses. In contrast, mode transitions at lower speeds mainly
occur between RWD and AWD, where only one EDU undergoes synchronization or
braking, leading to comparatively minor additional losses. This highlights the importance
of accounting for transient energy losses in the EMS design, particularly at higher
vehicle speeds. Neglecting such losses may lead to excessive mode shifting, where limited
steady-state efficiency gains are offset by relatively large transient losses, ultimately
increasing the overall powertrain loss.

3.4.2 Configuration-aware motor design optimization

To fully exploit the energy-saving potential enabled by the disconnect functionality in
the AFRID powertrain, motor design optimization is conducted to provide optimally
tailored front and rear motor designs for minimizing the WLTC drive-cycle energy loss.
In addition, a maximum 0-100 km/h acceleration time of 6 s is imposed as a performance
constraint to ensure that vehicle performance is not compromised.

To further highlight the benefit of individually tailored motor designs, a reference AFRID
powertrain is introduced for comparison. In this reference case, identical motor designs
are assumed for the front and rear EDUs, i.e.,

X;=X,.

Under this symmetry constraint, the same optimization procedure is applied, resulting in
a halved number of independent design variables. This comparison reflects the efficiency
gains achieved through asymmetric motor design enabled by disconnect functionality.

Optimal motor designs

The optimal motor design parameters obtained from the proposed optimization
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method for the reference and optimized AFRID cases are summarized in Table 3.4. The
designs are then verified by FEM simulations in Ansys Motor-CAD. Figure 3.11 presents
the predicted motor efficiency maps, the corresponding FEM-validated maps, and their
absolute differences for all three motors. For the majority of the operating range, the
absolute efficiency deviation is below 0.1%, with only small localized regions exhibiting
discrepancies of approximately 0.5%-0.7% compared with the FEM results. This close
agreement validates the effectiveness of the NN-based loss map estimation method.

Table 3.4: Optimal motor design parameters for the reference and optimized AFRID
powertrains.

Reference AFRID Optimized AFRID

Parameter EM: = EM, EM¢ EM,
Magnet thickness [mm] 5.77 6.00 5.46
Magnet bar width [mm)] 17.00 20.00 17.17
Pole V-angle [°] 131.14 90.00 128.25
Slot depth [mm] 12.91 15.70 12.00
Slot width [mm] 4.79 4.60 4.05
Air gap length [mm] 1.40 0.89 2.00
Conductor height ratio [-] 1.00 1.00 0.92
Maximum torque [Nm] 232 279 222
Maximum power [KW] 187 202 176

A clear distinction in the motor efficiency characteristics can be observed between the
reference and optimized AFRID cases. In the reference case, which enforces identical
front and rear motors, the efficiency distribution is relatively balanced across a wide
speed—torque region. This compromise solution provides moderate efficiency over the
entire operating range but does not specifically favor either low-speed or high-speed
operation.

In contrast, the optimized AFRID case yields asymmetric front and rear motor designs
that are tailored to different operating conditions. The front motor features a thicker
magnet, increased magnet bar width, larger effective conductor area, and a reduced air
gap. These design choices increase the air-gap flux density and torque capability while
lowering DC copper losses through improved conductor utilization, thereby enlarging the
high-efficiency region in the low-speed and medium-to-high torque area. This effect is
also reflected in the achievable torque: the maximum torque increases from 232 Nm in
the reference design to 279 Nm for the optimized front motor. Such characteristics are
particularly advantageous during launch and urban driving, where high torque demand
dominates.

Conversely, the optimized rear motor adopts a comparatively larger air gap, reduced slot
and conductor dimensions, and a lower conductor height ratio. The larger air gap reduces
the effective air-gap flux density, leading to a lower peak torque capability (222 Nm),
while simultaneously alleviating magnetic saturation and reducing iron losses at elevated
speeds [112, 113]. In addition, the reduced conductor height ratio positions the conductors
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(9)-(1) Optimized rear motor for AFRID powertrain.

deeper inside the slot, increasing their distance from the slot opening where high-frequency
leakage flux is strongest [114]. This mitigates proximity and skin-effect losses, which are
particularly significant for hairpin windings, thereby decreasing AC copper losses during
high-speed operation [115]. As a result, the rear motor achieves superior efficiency in the
medium-to-high speed region and is better suited for cruising conditions characterized by
lower torque and higher rotational speeds.

Efficiency improvement

The energy consumption and acceleration performance are then evaluated using
powertrain system simulation carried out in GT-Suite.

The WLTC drive-cycle energy consumption and 0-100 km/h acceleration performance

obtained for the two cases are summarized in Table 3.5. The optimized AFRID powertrain
reduces the WLTC battery energy consumption from 20.41 to 20.21 kWh/100 km,

37



Table 3.5: WLTC energy consumption and acceleration performance.

Reference AFRID Optimized AFRID
Energy Cons. [kWh/100 km] 20.41 20.21 (-0.98%)
t0—100 [S} 5.7 5.3 (-7.02%)

corresponding to an improvement of 0.98%. Both cases satisfy the imposed performance
constraint for the optimization, with 0-100 km/h acceleration times below 6 s. In addition,
the optimized AFRID exhibits slightly improved performance, with an acceleration time
that is 0.4 s shorter.

The optimal operating modes of both cases over WLTC drive cycle, obtained from
the DP-based mode selection strategy, are illustrated in Figure 3.12. Additionally, the
corresponding operating points of each EDU projected on the efficiency maps under
different operating modes are presented in Figure 3.13.
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Figure 3.12: Operating mode sequences over the WLTC driving cycle. (a) Reference
AFRID powertrain. (b) Optimized AFRID powertrain.

It is worth noting that the reference AFRID powertrain with identical front and rear
EDUs only operates optimally in FWD and AWD modes. This is as expected as the two
motors exhibit identical efficiency characteristics, resulting in the same loss behavior for
FWD and RWD operation. In other words, the reference AFRID powertrain is effectively
equivalent to a conventional FRID powertrain with a single clutch. Moreover, AWD
operation is rarely selected over the WLTC drive cycle and occurs only sporadically
during low-speed, high-torque conditions, such as vehicle launch and deceleration to a
stop. Therefore, when identical motors are employed, the second clutch offers limited
practical advantage from an energy-efficiency perspective.

For the optimized AFRID powertrain, AWD operation becomes almost negligible over
the WLTC cycle, with most vehicle launch and braking events handled in FWD mode
compared with the reference configuration. This behavior can be attributed to the
improved low- and medium-speed efficiency and higher torque capability of the optimized
front motor, whose high-efficiency operating region covers the majority of these operating
conditions, as illustrated in Figure 3.13a and Figure 3.13c. Moreover, the operating time
is approximately evenly distributed between FWD and RWD modes. FWD dominates
the low- and medium-speed segments of the cycle (first 1200 s), while RWD is utilized
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Figure 3.13: Operating points of each EDU projected onto the EDU efficiency maps under
different operating modes over the WLTC drive cycle. (a) Front EDU of reference AFRID.
(b) Rear EDU of reference AFRID. (c) Front EDU of optimized AFRID. (d) Rear EDU
of optimized AFRID.

more frequently during the high- and extra-high-speed sections after 1200 s. This shift
reflects the superior high-speed efficiency of the optimized rear motor.

3.4.3 Number of clutches and motor asymmetry

The AFRID powertrain enables independent activation of the front and rear EDUs through
dual disconnect clutches, allowing efficient single-axle operation over a large portion of
driving conditions. This architectural flexibility leads to a substantial WLTC energy
consumption reduction to 20.35 kWh/100 km, corresponding to an 8.21% improvement
relative to the FRID powertrain. This result is obtained for the case of mild motor
asymmetry introduced through differences in winding topology between the front and
rear motors.

The achievable efficiency benefit is strongly influenced by the degree of motor asymmetry.

The task-oriented asymmetric front and rear motor design enabled by the proposed
co-optimization framework expands the effective high-efficiency operating region of the
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AFRID powertrain and reduces the WLTC energy consumption to 20.21 kWh/100 km,
corresponding to an additional improvement of 0.69%.

This also underlines the importance of employing two independent disconnect clutches.
When identical motors are used in the reference AFRID powertrain, the additional
operational flexibility provided by dual clutches cannot be effectively exploited, and the
system behavior approaches that of a conventional single-clutch dual-motor powertrain.
In contrast, asymmetric motor characteristics allow each EDU to operate more frequently
within its optimal efficiency region, thereby enabling meaningful utilization of both clutches.
As a result, a total WLTC energy consumption reduction of approximately 0.98% is
achieved relative to the AFRID configuration with identical motors (20.41 kWh/100 km),
which is also representative of the optimized single-clutch FRID powertrain.

3.4.4 Summary

This chapter investigated the energy-saving potential of disconnect functionality in
dual-motor powertrains through the proposed AFRID configuration. By independently
decoupling the front and rear EDUs, the AFRID configuration provides additional
operational flexibility compared with the conventional FRID powertrain and avoids
unnecessary no-load losses through single-axle operation over large portions of typical
driving conditions.

The first study primarily evaluates the benefit of disconnect functionality. The front and
rear motor designs are fixed and exhibit mildly different efficiency characteristics due
to the use of stranded and hairpin windings, respectively. Compared with the FRID
powertrain, the AFRID configuration reduces the WLTC energy consumption from 22.17
to 20.35 kWh/100 km, corresponding to an improvement of 8.21%. This improvement is
mainly enabled by the disconnect functionality. The different winding technologies also
influence the preferred operating mode and torque distribution through their differentiated
efficiency characteristics, although this contribution is not separately quantified.

The subsequent study investigates the additional benefit of tailoring the motor designs
to the AFRID architecture. In this study, both motors employ hairpin windings, while
their geometric parameters, including magnet dimensions, air gap, slot geometry, and
conductor dimensions, are optimized. A reference AFRID powertrain is first obtained
using the proposed optimization framework while imposing identical front and rear motor
designs, resulting in a WLTC energy consumption of 20.41 kWh/100 km. When the
identical-motor constraint is removed, the resulting optimized asymmetric motors achieve
20.21 kWh/100 km, corresponding to an improvement of approximately 0.98% relative to
the reference AFRID configuration with identical motors. Since both cases are obtained
using the same optimization framework and employ the same AFRID architecture and
hairpin winding technology, this improvement reflects the benefit of geometric motor
asymmetry together with the ability of the EMS to exploit the resulting differentiated
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efficiency characteristics.

Compared with the mildly asymmetric AFRID configuration from the first study, the
optimized asymmetric design provides a further reduction from 20.35 to 20.21 kWh /100 km,
corresponding to approximately 0.69%. This indicates that mild asymmetry introduced
through different winding technologies already provides some opportunity to exploit the
two independent disconnect clutches, while task-oriented geometric optimization further
differentiates the motor efficiency regions and enables more effective use of FWD and
RWD operation.

The efficiency benefit is therefore closely related to the interaction between motor
asymmetry and the EMS. With identical motors, FWD and RWD exhibit essentially
identical loss characteristics, limiting the practical benefit of the second clutch and making
the system behave similarly to a single-clutch dual-motor powertrain. With asymmetric
motors, the EMS can instead route operating points toward the more efficient EDU,
allowing each motor to operate more frequently within its preferred high-efficiency region.

Overall, the disconnect functionality provides the primary energy-saving mechanism by
eliminating unnecessary no-load losses, while asymmetric motor design and coordinated
EMS provide incremental but meaningful gains by allowing the EMS to exploit the
dual-clutch AFRID architecture more effectively.
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4 Eco-driving with  Disconnect
Functionality

This chapter is based on Paper III. The objective of this chapter is to investigate the
energy-saving potential achieved by utilizing the free-coasting capability enabled by a
disconnect functionality.

4.1 Free-coasting operation

Under legislative drive cycle constraints, at least one EDU must remain engaged to ensure
strict speed tracking. Accordingly, Chapter 3 showed that, in dual-motor powertrains,
disconnect functionality primarily reduces no-load losses by deactivating one EDU while
the other supplies the required traction torque. In contrast, full free-coasting could be
achieved with all EDUs disconnected if strict speed tracking were relaxed, as may be
permissible in real-world driving scenarios.

To examine the free-coasting potential, a single-motor powertrain equipped with disconnect
functionality is considered, as illustrated in Figure 4.1. The disconnect functionality
enables complete mechanical decoupling of the EDU from the drive axle, allowing genuine
free-coasting operation in which the vehicle utilizes its kinetic energy without incurring
powertrain losses or drag. The energy-saving potential of disconnect functionality in a
single-motor powertrain is closely linked to the possibility of optimizing the vehicle speed
trajectory itself. By allowing bounded deviations from a reference speed and strategically
planning acceleration and coasting phases, the clutch can be disengaged more frequently
and for longer durations.
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Figure 4.1: Single-motor powertrain with disconnect functionality.
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4.2 Eco-driving strategy

The eco-driving strategy can be formulated as an optimal control problem (OCP), in
which vehicle dynamics, road information, and a reference speed profile are incorporated.
The objective is to minimize powertrain energy loss by determining an optimal vehicle
speed trajectory within a permissible range.

4.2.1 Problem formulation

Since road gradient and speed limits are location-dependent, the problem can be
reformulated in spatial coordinates as

dv dv ds dv
G dsdt - a8 (4.1)

where ¢ and s are the time and distance notations, respectively. By combining (2.20) and
(4.1) and assuming that the brake demand is fully covered by regenerative braking, the
vehicle dynamics in spatial form are derived as

-

ds (m +my;)v

dv T —mgsin(0(s)) — 5pCaAv® — Crmg cos(6(s))

By applying the Euler forward method, (4.2) is discretized as

ok +1) = vlk) + —28 <Tdem

mtm)o\ R, mgsin(6(s)) — %paC’dsz — Cymg cos(@(s))).

where As is the discretized distance interval. Since eco-driving is intended for real-world
implementation with continuously updated road preview information, the OCP must
be solved online. MPC is therefore adopted, as it enables real-time, receding-horizon
optimization while incorporating future route information.

Eco-driving without disconnect functionality

For the conventional powertrain without disconnect functionality, the EDU torque is the
only control variable for the OCP as
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u(k) = [T(k)] (4.3)

The cost function consists of two terms representing the control objectives of trip time
and cumulative powertrain energy loss over the control horizon as

N N
As As
in A —_— 1+ A Posslk +1 | k]l ——-— 4.4
o I;v[l@+i|k]+ 2; loss 0 -4 | K] T (44)

where the prediction and control horizons are set as N, [k + i|k] denotes the value of the
corresponding variables at the future i-th distance step predicted at the current distance
step k, and A1 and A are the weighting factors.

In addition, the problem is subject to

Tmin(v[k + 1 | k]) < T[k +i ‘ k] < Tmax(v[k"‘i | k]) (4.5)

(1 - adev)vref[k + 'L] < 'U[k +1 ‘ k'} < (1 + adev)vref[k + Z] (46)

The constraints above ensure the EDU torque demand stays within the limits. Moreover,
a coefficient age, is introduced to define the permissible deviation from the reference
speed, ensuring that the actual speed stays within an acceptable range relative to the
reference speed vycf.

To facilitate numerical computation within the OCP, the static EDU loss maps are

approximated using polynomial functions. Accordingly, the EDU loss power is represented
as a polynomial function of vehicle speed and EDU torque as

Pioss (v, T) = a1v + azv® + asT? + agvT? + as0*T?, (4.7)

where a; ..., as are the fitting coefficients.

Similarly, the torque limits are approximated as polynomial functions of vehicle speed as

Tmax('U) = b11}5 + b2U4 + b31)3 + b41]2 + bsv + bg, (48)

5 4 3 2
Tinin (V) = 10° + v + c3v° + c4v° + c5v + g,
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where by ...,bg and ¢y ...,cg are the fitting coefficients. These fitted representations
provide smooth and computationally efficient approximations of the original map-based
characteristics as depicted in Figure 4.2.
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Figure 4.2: EDU loss map and torque envelope in reference to vehicle speed and EDU
torque.

Eco-driving with disconnect functionality

For the single-motor powertrain with disconnect functionality, the OCP incorporates two
control variables

u(k) = [T(k), c(K)], (4.10)

where c¢ is the clutch state which is a binary variable indicating engagement and
disengagement states with 1 and 0, respectively. To account for the transient energy
loss associated with EDU synchronization during engagement and braking during
disengagement, a clutch actuation variable z is introduced to represent clutch state
transitions as

zlk+ilkl=clk+i|k]—ck+i—1]k] (4.11)

with
z[k+i| k] € {-1,0,1}, (4.12)
where z = —1,0, 1 indicate disengagement, no actuation, and engagement, respectively.

To represent transient energy losses associated with synchronization and braking events in
a compact form, the formulation in (3.2) is modified by introducing a signed speed term.
This is achieved by multiplying the clutch state transition variable z with the vehicle
speed v, yielding
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Esync/brk =dy (ZU)Z + dQ(ZU)a (413)

where positive values of zv correspond to clutch engagement (synchronization), while
negative values represent disengagement (braking), as illustrated in Figure 4.3. This
representation enables both engagement and disengagement transient losses to be captured
within a unified mathematical expression suitable for numerical optimization.
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Figure 4.3: Transient energy loss during engagement and disengagement events in reference
to vehicle speed.

Consequently, the cost function consists of three terms representing the objectives of trip
time minimization, cumulative powertrain energy loss, and transient energy loss over the
prediction horizon. The OCP is formulated as

clk +i| k]As
Poss[k e
(|k) c(\k) 12 k+z\k: +>\22 loss [+ | 4 vk 41| K]

+A2§:Esym/brk[k+z | K],
i=0 (4.14)
st. Tlk+i|k]>clk+1i| k] Tmin(vik+1i]|k]),
Tlk+i| k] <clk+il| k] Tmax(v[k+1i| k),
(1 — o) Vref[k + 1] < vk +1i | k] < (1 + adev) Vret[k + 1],
clk+i|kl€{0,1}, i=0,...,N.

Since the cumulative powertrain loss and the transient synchronization/braking energy
are of the same physical scale, the same weighting factor Ao is applied to both terms.
When the clutch is disengaged (¢ = 0), the powertrain loss term becomes zero, reflecting
the elimination of no-load losses. The first two constraints ensure the EDU torque is zero
when the clutch is disconnected.
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4.2.2 MPC setup

The eco-driving OCP is solved in a receding-horizon framework using MPC. At each
spatial step, the OCP defined in (4.14) is solved over a finite horizon N using the latest
available road preview information, including road gradient and speed limits. In this
work, a spatial discretization step of As = 20 m is adopted. The prediction horizon is set
to N = 5, corresponding to a preview distance of 100 m.

For a conventional powertrain without disconnect functionality, the OCP is a continuous
nonlinear programming (NLP) problem. The interior-point optimizer (IPOPT) is employed
due to its efficiency in handling large-scale nonlinear optimization problems with smooth
dynamics and constraints.

In contrast, for the single-motor powertrain with disconnect functionality, the clutch
state ¢ € {0,1} introduces discrete decision variables into the optimization problem.
This results in a mixed-integer nonlinear programming (MINLP) formulation, where
continuous variables, such as vehicle speed and traction torque, are coupled with binary
clutch actuation decisions. The MINLP is solved using the open-source solver BONMIN,
which employs a branch-and-bound framework with NLP relaxations to determine the
optimal clutch engagement sequence and torque trajectory.

To improve computational efficiency in the receding-horizon implementation, a warm-start
strategy is employed [116].

4.3 Results and discussion

4.3.1 Driving route

Three representative driving routes are selected, corresponding to Low-Speed (LS),
Medium-Speed (MS), and High-Speed (HS) operating conditions, as illustrated in
Figure 4.4. These routes capture different traffic characteristics and road environments
typical of real-world driving. The route data, including speed profiles and elevation
information, are obtained from measurement campaigns described in [100].

4.3.2 Efficiency improvement

To assess the energy-saving potential of the proposed eco-driving strategy with disconnect
functionality, three simulation cases are considered. Two powertrain configurations
are evaluated using identical vehicle parameters (Table 3.2) and EDU characteristics
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Figure 4.4: Investigated representative routes in the Vistra Gétalands region, Sweden.

(Figure 4.2). First, a baseline case without eco-driving is established, in which the
vehicle strictly follows the recorded speed profile obtained from the route data. Second,
an eco-driving strategy is applied to a conventional single-motor powertrain without
disconnect functionality. Finally, the proposed eco-driving strategy with disconnect
functionality is evaluated. To ensure a fair comparison without compromising trip
duration, the weighting factors in the MPC cost function are slightly adjusted for each
scenario such that comparable trip times are achieved.
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Figure 4.5: Structure of the co-simulation framework.

A co-simulation framework combining GT-Suite and Simulink is employed, as illustrated
in Figure 4.5. Within the GT-Suite environment, a powertrain model is developed. The
high-level eco-driving controller based on MPC is implemented in Simulink and MATLAB
using the CasADi toolbox [117]. The controller utilizes road and traffic information
along with real-time vehicle state feedback to compute optimal traction torque and clutch
actuation commands. These control inputs are subsequently communicated to GT-Suite
to evaluate the resulting vehicle response and energy consumption.

Table 4.1 summarizes the resulting energy consumption for the three investigated driving
routes under a permissible deviation from the reference speed profile of age, = 10% when
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applying the eco-driving strategy. As illustrated in Figure 4.6, the primary energy-saving
mechanism of eco-driving in a conventional powertrain lies in smoothing the speed
trajectory, thereby reducing torque fluctuations and associated losses. Consequently,
the implementation of eco-driving already leads to a noticeable reduction in energy
consumption across all routes, confirming the effectiveness of predictive speed planning
and trajectory smoothing.

Table 4.1: Energy consumption for different driving routes.

Route Baseline Eco-driving w/o disconnect Eco-driving w disconnect
[kWh/100 km] [kWh/100 km] [kWh/100 km)]
LS 14.08 13.33 (-5.3%) 12.44 (-11.6%)
MS 18.26 16.96 (-7.1%) 16.58 (-9.2%)
HS 23.31 22.34 (-4.2%) 21.20 (-9.1%)

Further improvements are achieved when disconnect functionality is incorporated into
the eco-driving strategy. Compared to the baseline case, energy reductions of 11.6%,
9.2%, and 9.1% are obtained for the LS, MS, and HS routes, respectively, whereas
the eco-driving strategy without disconnect functionality yields smaller reductions of
5.3%, 7.1%, and 4.2%. These results highlight the additional benefit of enabling genuine
free-coasting operation, which allows the vehicle to utilize its kinetic energy without
incurring powertrain losses during disengaged phases.

The relative improvement is most pronounced in the LS route due to its highly dynamic
speed profile, which provides more frequent opportunities for disengagement and extended
coasting. In this scenario, the drivetrain remains disengaged for approximately 64%
of the driving time. In contrast, the MS and HS routes exhibit less dynamic speed
variations, resulting in reduced coasting opportunities, with disengagement occurring
for approximately 50% of the time. The resulting operation resembles a pulse-and-glide
(PnG)-like behavior [34, 35]; however, the proposed eco-driving framework maintains
adherence to a continuously varying reference speed profile and explicitly accounts for
route-dependent constraints.

4.3.3 Summary

This chapter investigated the role of disconnect functionality when integrated within
an eco-driving strategy for single-motor powertrains. In addition to the conventional
efficiency improvements achieved through speed trajectory smoothing and predictive
control, mechanical decoupling enables genuine free-coasting by allowing the EDU to
remain disconnected during suitable operating phases. This capability introduces a
distinct energy-saving mechanism that complements traditional eco-driving approaches.

Moreover, the advantages of disconnect functionality can potentially extend beyond
single-motor configurations. In the AFRID powertrain discussed in Chapter 3, disconnect
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Figure 4.6: Vehicle speed under eco-driving compared to the reference profile. (a, c,
e) Powertrain without disconnect functionality. (b, d, f) Powertrain with disconnect
functionality. Rows represent LS, MS, and HS driving scenarios, respectively.

capability can introduce an additional operating mode alongside FWD, RWD, and AWD,
namely a dedicated coasting mode. This expanded operational flexibility allows the
powertrain to transition into a fully disengaged state when propulsion is not required,
thereby enhancing overall efficiency.
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5 Adjustable DC-link Voltage

This chapter is based on the work presented in Papers IT and VII. The main objective
is to evaluate the potential improvement in the energy efficiency of BEV powertrains
through optimal adjustment of the DC-link voltage.

5.1 Powertrain configuration

The adjustable DC-link voltage powertrain, illustrated in Figure 5.1, incorporates a
bidirectional DC-DC converter between the battery and the inverter. This configuration
enables independent control of the DC-link voltage during both propulsion and regenerative
operation of the powertrain.
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Figure 5.1: Adjustable DC-link voltage powertrain configuration with bidirectional DC-DC
converter.

Depending on the arrangement of the high-voltage and low-voltage sides of the DC-DC
converter with respect to the battery terminal and the DC-link, the converter can be
arranged in either boost or buck configuration. In boost configuration, the DC-link voltage
is increased above the battery terminal voltage. Conversely, in buck configuration, the
DC-link voltage is reduced below the battery terminal voltage.

5.2 Operating principle

5.2.1 Varying DC-link voltage

For the motor operations, the energy-efficient MTPA control strategy is constrained by
the available DC-link voltage supply, as described in Section 2.1.3. Below the base speed
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(i.e., before the DC-link voltage constraint becomes active), the motor operation follows
the MTPA trajectory. In this operating region, the motor losses and torque output are
largely insensitive to the DC voltage. As the supplied DC-link voltage increases, the
voltage constraint in the I;—I, plane expands, resulting in a higher base speed and a
larger operating region where the MTPA strategy can be maintained. Consequently,
a higher DC-link voltage can improve torque capability and efficiency at higher motor
speeds. Figure 5.2 illustrates the motor loss maps under different DC-link voltages.
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Figure 5.2: Motor loss maps with different DC-link voltages. (a) 250 V (b) 450 V.

On the other hand, the inverter losses are also influenced by the DC-link voltage, as
described in Section 2.1.2. Figure 5.3 shows inverter loss maps corresponding to different
DC-link voltage levels. At low motor speeds, operating below the base speed, the required
motor current remains nearly identical across different DC-link voltages under the MTPA
strategy. As a result, the conduction losses in the inverter remain unchanged. However,
switching losses increase with higher DC-link voltage, making a lower DC-link voltage
more favorable for efficiency in low-speed operating conditions. At higher speeds, the
inverter losses are increasingly dominated by conduction losses. Since a higher DC-link
voltage extends the motor’'s MTPA operating region and reduces the current required to
produce the same torque, the inverter conduction losses decrease. Therefore, a higher
DC-link voltage becomes advantageous in high-speed operating conditions.
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Figure 5.3: Inverter loss maps with different DC-link voltages (Infineon FS820R08A6P2B
IGBT module). (a) 250 V (b) 450 V.
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These observations indicate that the optimal DC-link voltage depends strongly on the
operating conditions of the powertrain. Lower DC-link voltage is generally beneficial
at low-speed operation due to reduced switching losses, whereas higher DC-link voltage
becomes advantageous at higher speeds by reducing current-related losses. In a
conventional BEV powertrain, the DC-link voltage is determined by the battery terminal
voltage and therefore cannot be independently controlled. The introduction of a
bidirectional DC-DC converter between the battery and the inverter decouples the
DC-link voltage from the battery voltage and enables dynamic adjustment of the DC-link
voltage according to the vehicle operating conditions, thereby improving overall powertrain
efficiency.

5.2.2 DC-link voltage optimization

While a DC-DC converter enables DC-link voltage adjustment, it also introduces additional
conversion losses. Consequently, a thorough optimization of powertrain energy efficiency
across different driving conditions must be performed at the system level. This requires
accounting for losses in all powertrain components, including the DC-DC converter. To
explore the full energy-saving potential offered by adjusting DC-link voltage over different
driving conditions, DP-based optimization is employed to determine the optimal DC-link
voltage sequence over a given drive cycle. The optimization explicitly considers the
variation of battery operating conditions, including the dependence of battery OCV and
internal resistance on the SoC, as well as the voltage drop across the internal resistance
under load.

The drive cycle is discretized into N stages with a sampling time of AT = 1s. At
each stage k, the vehicle speed vy is assumed to be known, and the corresponding EDU
operating point (wg, T)) is obtained from the longitudinal vehicle dynamics as described
in (2.20). The battery SoC is defined as the state variable zy,

xr = SoCy. (5.1)

The control input is defined as the DC-link voltage

U = Vdc,ka (52)

which is constrained within the allowable voltage range determined by the converter
configuration and battery terminal voltage. The state transition is governed by the
battery current according to

Tvat, i (Tr, uk)

AT, k=0,1,...,N—1. (5.3)
Obat

Te41 = Tk —

55



The instantaneous powertrain loss at stage k is defined as

9k (Tk, uk) = (Poat loss(Tk, k) + PpeDC loss (Tk, Uk ) + PEDU loss (Wks Ty uk)) AT, (5.4)
The optimization is subject to the following constraints

SOCmin S Tk S SOCmaxa
Tmin(wka uk:) S Tk S Tmax(wkauk)u

Ibat,min S Ibat,k(mkauk) S Ibat,ma)n (55)
Voat k() < ke < Ve max, (boost configuration),
Vie,min < Uk < Voat k(T1), (buck configuration).

where SoCpyin and SoCpax denote the minimum and maximum allowable battery SoC
limits, respectively. Ipat,min @nd Ipat,max denote the minimum and maximum allowable
battery current, determined by the battery operating limits and the current capability of
the power electronic components during regeneration and propulsion, respectively.

Operating points violating these constraints are excluded from the DP search. The EDU
loss can be evaluated directly from loss maps and analytical models as functions of speed,
torque and DC-link voltage. In contrast, the battery loss and DC-DC converter loss
depend on the battery current and terminal voltage. To evaluate these quantities, the
DC-link power balance is enforced as

Poat, i — Ppepc,ioss (Th, k) = Pepu toss(Wk, Ty k) + Pmeen (Wi, Tk), (5.6)

where Phatt = Vbatklbat,k denotes the battery terminal power and Pyech(wk,Tk)
represents the mechanical power delivered by the EDU. This formulation solves for
battery current Iy, and the terminal voltage Vit i, allowing the corresponding battery
and DC-DC converter losses in (5.4) to be evaluated under different operating conditions
and battery states during the DP process.

5.3 Results and discussion

5.3.1 Boost configuration with Si and SiC devices

A Dbattery pack with 300 V nominal voltage is considered, with OCV and internal
resistance characteristics shown in Figure 5.4. The DC-DC converter is implemented
in a boost configuration, allowing the DC-link voltage to be adjusted above the battery
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terminal voltage. Two types of semiconductors for power electronics are investigated: a
Si IGBT module (Infineon FS820R08A6P2B) and a SiC MOSFET module (Wolfspeed
CAS300M12BM2). The maximum DC-link voltage is limited to 450 V, determined by
the blocking voltage rating of the IGBT module and motor voltage withstand capability,
including an additional safety margin to account for transient overvoltage events.
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Figure 5.4: Battery pack data under charge and discharge conditions. (a) OCV. (b)
Internal resistance.

The simulations are carried out in PLECS with a circuit-based model (illustrated in
Figure 5.5), capturing detailed power electronics losses based on semiconductor device
characteristics obtained from manufacturer datasheets, including conduction voltage drop,
on-state resistance, and switching-energy lookup data. To evaluate the energy efficiency
improvement enabled by the adjustable DC-link voltage powertrain, a baseline powertrain
without a DC-DC converter is used for comparison. The energy consumption is evaluated
over WLTC drive cycle.

Optimal DC-link voltage and semiconductor

Table 5.1 summarizes the WLTC drive-cycle energy consumption of the baseline
and adjustable DC-link voltage powertrains for both Si-IGBT and SiC-MOSFET
implementations at an initial battery state of charge of 80%. The corresponding
optimized DC-link voltage trajectories obtained from the DP optimization are illustrated
in Figure 5.6.

Table 5.1: Energy consumption of baseline and adjustable DC-link voltage powertrains
under the WLTC drive cycle at 80% battery SoC.

Semiconductor Baseline powertrain Adjustable DC-link voltage powertrain

[KWh,/100 km] [KWh/100 km]
SiIGBT 19.85 19.62 (-1.16%)
SiC-MOSFET 19.29 18.92 (-1.92%)

It can be observed that the optimal DC-link voltage remains relatively low and is generally
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Figure 5.5: Simulation scheme in PLECS.

aligned with the battery terminal voltage during low-speed operation. This is expected
since the motor operates below its base speed at the battery terminal voltage. In contrast,
during high- and extra-high-speed operation, the optimal DC-link voltage reaches its
upper bound. During medium-speed operation, the switching and conduction losses are
of comparable magnitude, leading to different optimal voltage trajectories for IGBT- and
MOSFET-based adjustable DC-link voltage powertrains. The optimal trade-off between
loss components therefore depends strongly on the semiconductor characteristics, resulting
in distinct optimal DC-link voltage profiles.

For the IGBT-based powertrain, the optimized DC-link voltage reduces the energy
consumption from 19.85 to 19.62 kWh/100 km, corresponding to an improvement of
1.16%. A larger benefit is observed for the MOSFET-based powertrain, where the
energy consumption decreases from 19.29 to 18.92 kWh/100 km, yielding a reduction of
1.92%. This indicates that the adjustable DC-link voltage offers greater energy-saving
potential when combined with SiC devices. A detailed breakdown of the powertrain losses
is provided in Figure 5.7. In the IGBT-based adjustable DC-link voltage powertrain,
the additional losses introduced by the DC-DC converter still represent a noticeable
portion of the total powertrain losses. In contrast, when SiC MOSFETs are employed,
similar improvements in electric machine efficiency can be achieved while significantly
reducing the power electronic losses. As a result, the additional DC-DC converter losses
become comparatively small, enabling the adjustable DC-link voltage powertrain to more
effectively realize its energy-saving potential.
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Figure 5.7: Powertrain loss breakdown.

Impact of SoC

The battery OCV varies significantly with SoC, while the terminal voltage also
varies substantially during drive-cycle operation. Both effects influence overall powertrain
efficiency. To capture this effect, simulations are conducted for an initial SoC of 20 %,
representing low-SoC operating conditions.

Table 5.2: Energy consumption of baseline and adjustable DC-link voltage powertrains
under the WLTC drive cycle at 20% battery SoC.

Semiconductor Baseline powertrain Adjustable DC-link voltage powertrain

[KWh/100 km] [KWh/100 km]
Si IGBT 20.28 19.77 (-2.51%)
SiC MOSFET 19.72 19.08 (-3.25%)

Table 5.2 presents the WLTC drive-cycle energy consumption results for the low SoC
condition. Compared with the high SoC case (80 %) shown in Table 5.1, the baseline
powertrains exhibit an increase in energy consumption of approximately 2.1 % for both
IGBT- and MOSFET-based powertrains when the battery SoC decreases to 20 %. In
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contrast, this efficiency degradation due to reduced battery SoC is significantly mitigated
when an adjustable DC-link voltage is employed. The corresponding increase in energy
consumption is limited to approximately 0.8% for the adjustable DC-link voltage
powertrains. This indicates that the adjustable DC-link voltage concept not only improves
overall energy efficiency but also reduces the sensitivity of powertrain efficiency to battery
SoC variations.

5.3.2 Buck configuration in a 900 V system

As modern BEV platforms increasingly adopt high-voltage battery architectures (800 V
and above), it becomes important to evaluate the effectiveness of adjustable DC-link
voltage powertrains for such systems, particularly the potential benefit of employing
a buck converter. In this section, a baseline powertrain supplied directly by a 900 V
high-voltage battery is compared with an adjustable DC-link voltage powertrain employing
a buck configuration with the same battery. In addition, an adjustable DC-link voltage
powertrain using a lower-voltage 400 V battery combined with a boost configuration is
also investigated.

The power electronics (with Infineon FSO1IMR12A8MA2B SiC MOSFET module) and the
motor (shown in Figure 5.8) are designed for 900 V nominal DC-link voltage. To enable
a fair and systematic comparison, the 400 V and 900 V battery packs are constructed
using the same cell, with different numbers of series-connected cells to achieve the desired
voltage classes while maintaining realistic pack energy levels representative of modern
BEVs. The investigated battery configurations are summarized in Table 5.3.

12000

& Power loss
——EM torque envelope

10000

8000

———————————————————————————————————— 6000

4000

Torque T'[Nm)]

2000

000 ——

0 2000 4000 6000 8000 10000 12000 14000
Speed w(rpm]|

Figure 5.8: Motor loss map at 900 V DC-link voltage.

Table 5.3: Investigated battery pack configurations.

Nominal voltage No. of series cells No. of parallel strings Pack energy [kWh]

400 V 107 2 90.0
900 V 241 1 101.4
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Table 5.4 summarizes the overall energy consumption over the WLTC drive cycle for the
three investigated powertrain configurations. Both adjustable DC-link voltage powertrains,
with buck and boost configurations respectively, demonstrate superior energy efficiency
compared to the baseline powertrain, achieving energy consumption reductions of 0.64%
and 1.02%, respectively.

Table 5.4: WLTC drive-cycle energy consumption of investigated powertrains.

Battery voltage Energy consumption

Powertrain V] [kWh/100 km]
Baseline powertrain 900 18.55
Adjustable DC-link voltage powertrain (buck) 900 18.43 (-0.64%)
Adjustable DC-link voltage powertrain (boost) 400 18.36 (-1.02%)

[ElBattery EAIDC-DC [JInverter [l Motor|
0.25 . : ,

Energy loss [kWh]

Baseline Buck Boost

Figure 5.9: Powertrain loss breakdown over the WLTC drive cycle.

From the detailed loss breakdown in Figure. 5.9, it can be observed that the motor losses
are nearly identical across all three configurations. This is because each configuration is
capable of achieving the same maximum DC-link voltage of 900 V, enabling equivalent
voltage capability for MTPA region and field-weakening operation at high speeds. In
contrast, inverter losses show substantial variation. The baseline powertrain exhibits
the highest inverter loss, as the inverter operates continuously at the full 900 V DC-link
voltage, leading to increased switching losses. As shown in Figure 5.10, the adjustable
DC-link voltage powertrain significantly reduces inverter losses by dynamically lowering
the DC-link voltage during operating conditions where high voltage is unnecessary. Since
inverter switching loss scales strongly with DC-link voltage, this voltage reduction directly
decreases inverter loss. This improvement, however, comes at the cost of additional losses
introduced by the DC-DC converter. While both buck and boost configurations incur
converter losses, these losses are outweighed by the reduction in inverter losses achieved
through DC-link voltage optimization. It is also observed that the baseline powertrain
and adjustable DC-link voltage powertrain with buck configurations exhibit slightly lower
battery losses, as they operate at higher battery voltages, resulting in lower battery
current and consequently reduced ohmic losses.
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Figure 5.10: Optimized DC-link voltage over the WLTC drive cycle. (a) Buck configuration
(with minimum 50 V DC-link voltage). (b) Boost configuration.

5.3.3 Summary

This chapter investigated the effectiveness of adjustable DC-link voltage as a system-level
approach for improving powertrain energy efficiency. By decoupling the DC-link voltage
from the battery terminal voltage, the proposed powertrain enables dynamic voltage
adjustment over a wide range of operating conditions, thereby enhancing overall efficiency.

The results further demonstrate that the efficiency benefits of adjustable DC-link voltage
are more pronounced when SiC-MOSFET semiconductors are employed. Their lower
switching and conduction losses allow the advantages of voltage optimization to be more
fully exploited compared with Si-IGBT-based implementations. In addition, the proposed
powertrain reduces the sensitivity of energy efficiency to battery SoC variations, enabling
more consistent energy consumption under low-SoC conditions.

The analysis also indicates that the concept remains beneficial for higher-voltage powertrain
architectures. For systems designed with a nominal DC-link voltage of 900 V, a buck
configuration enables dynamic voltage reduction during low- and medium-speed operation,
thereby mitigating excessive inverter switching losses without compromising high-speed
performance. From an energy-efficiency perspective, however, the results suggest that a
lower-voltage battery combined with a boost configuration can achieve superior efficiency
when system-level constraints such as fast-charging requirements or component voltage
limitations are not dominant.
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6 Powertrain Torque Modulation

This chapter is based on the work presented in Paper IV. The objective of this chapter is
to develop a torque modulation strategy that alternates the powertrain torque demand
for improving powertrain energy efficiency.

6.1 Operating principle

EDUs can achieve high peak efficiency at their optimal operating point. However, this
efficiency is not uniform over the full speed—torque operating range [118, 119]. In practice,
motors and inverters often operate less efficiently at low torque demand [22, 120], as
illustrated in Figure 6.1.
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Figure 6.1: Combined efficiency map of inverter and motor assembly.

One approach to mitigate this issue is to avoid continuous operation at inefficient
low-torque operating points. Torque modulation addresses this by replacing a low torque
demand with a pulsating torque command that alternates between zero torque and a
higher torque level while preserving the same average delivered torque. By doing so, the
EDU can operate in a more efficient region of the torque—speed plane and thereby avoid
the low-efficiency zone. As depicted in Figure 6.2, the desired torque demand is modulated
into a pattern of alternating between zero and a higher amplitude at a specific modulation
frequency, denoted as fioq. Within each modulation period, Ty,04, the on-state torque,
Ton lasts for a certain duration, ¢, followed by the off-state when the inverter is switched
off below base speed. To maintain the same averaged output torque, the relation between
the raw torque demand and the modulated torque can be described as

ton
Tdem = TiTon = DTon' (61)

mod
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where D is the modulation duty cycle which is defined as Tt"“d.
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Figure 6.2: Illustration of torque modulation with a duty cycle of 0.5.

From an overall powertrain perspective, each component might exhibit distinct loss
characteristics in response to such an operation, which is described in the following.

IPMSM

The torque generated by an IPMSM consists of magnetic torque and reluctance
torque which are linear and quadratic functions of the stator current according to (2.12)
and the resistive copper losses in the motor windings quadratically increase with the
stator currents as (2.16). This suggests that the torque modulation will increase the
motor copper losses by a factor of (%)2 -D = % compared to the no-modulation case

for the linear term in (2.12). In contrast, for the quadratic term of (2.12), the copper

loss remains unchanged with torque modulation ((\/LBQ) -D =1). As a result, it can be

concluded that the total copper losses of the motor are increased with torque modulation.
However, the iron losses can be reduced when the inverter is switched off, as the magnetic
excitation approaches a sinusoidal waveform and the additional harmonic components
introduced by PWM switching are eliminated [121]. In the low torque region where the
iron losses are more dominant (shown in Figure 6.3), the overall loss of the IPMSM can
be reduced with the torque modulation.
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Figure 6.3: Relative proportion of iron losses to the sum of iron and copper losses.
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Inverter

The inverter losses mainly consist of conduction losses and switching losses, as
described in Section 2.1.2. These losses can be represented by a quadratic term and linear
terms with respect to the current. Similar to the motor copper losses, the quadratic
loss component increases with torque modulation, whereas the linear loss components,
including the conduction loss caused by voltage drop and the switching loss, may decrease.

Battery

Battery losses are primarily resistive and scale with the square of the current.
Consequently, higher instantaneous current resulting from torque modulation can lead to
increased battery losses.

Transmission

The transmission achieves higher efficiency at higher torque demands as illustrated

in Figure 6.4, which means the transmission losses can be reduced with the torque
modulation.
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Figure 6.4: Transmission efficiency map.

6.2 Optimal modulation strategy

6.2.1 Modulation duty cycle

The modulation duty cycle for each operating point (in reference to unmodulated torque
demand) should be determined by considering the losses of the entire powertrain, including
the battery, inverter, motor, and transmission.
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Modulation with single motor

For a powertrain consisting of a single EDU, the overall powertrain loss during one torque
modulation period consists of the losses occurring during both the on-state and the
off-state, which can be expressed as

On-state Off-state

DTioa Ty Tmoa
/ (PEDU,loss (w7 D€m> + Pbat,loss) dt + / PEDU,no—load(w) dt
0 DT‘mod

Poss =
: Tmod
(6.2)

where PEDU no-load 1s the EDU loss during the off-state.

To capture the dynamic and transient battery behavior under high-frequency pulsating
current, a first-order RC equivalent circuit model is adopted to represent the battery
operation, which is influenced by the pulsating loads induced by torque modulation. For
the purpose of analytical loss estimation, the battery ohmic loss can be approximated
using a simplified resistive representation as

Prat = 0.8 - 12, - (Ro + Ry), (6.3)

where I},,; is the DC current and Ry represents the resistance associated with the RC
branch. This simplified representation is used to reduce the complexity of the analytical
formulation. As reported in [122], a pure resistive model tends to overestimate battery
losses by up to 20% compared with the full first-order RC model used in powertrain
simulations. Therefore, a correction factor of 0.8 is introduced. The battery losses can be
further expressed as

? 271—( 7’1dem P Them

: — 60" D oss \W, =
) (llo + Rl) =0.8 [ 60 D EDU, L ( S )
ibat

Pbat,loss =0.8 ( (RQ + Rl)

(6.4)
It is worth noting that the nominal values of V4,4, Ry and R; are used in the calculation
with their dependency on the battery loading and SoC neglected for simplification. By

combining (6.2) and (6.4), the overall powertrain losses of the single-motor powertrain
with torque modulation technique can be simplified to
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D Vbat
+ (1 = D)PEDU no-load (w)-

Thom 2m  Tdem + P oss (W, Taem
Ploss = DPEDU,loss (Wa . ) + 0.8D [ 60 D S ( D ) (RO + Rl)

(6.5)

Finally, for each powertrain operating point, the optimization problem that minimizes
the overall powertrain loss with regard to the optimal torque modulation duty cycle can
be generalized as

min Pioss(D),

st. 0<D<1,

where wy, is the motor base speed. To find the optimal duty cycle for each powertrain
operating point of w and Tyen,, a grid-search-based method is employed.

Modulation with dual motors

The implementation of the torque modulation in a dual-motor powertrain should ensure
complementary on- and off-states between the two motors. That is, when one motor is in
the on-state, the other should be in the off-state to prevent superimposed high powertrain
torque outputs and intermittent battery currents and, thereby, avoid increased battery
losses and deteriorated driver comfort. This requires complementary torque modulation
PWM waveforms used for the front and rear motors. Depending on the modulation duty
cycle of the front and rear motors (denoted as Dy and D,., respectively), three different
scenarios can occur as illustrated in Figure 6.5.

In Scenario I, where the sum of Dy and D, is smaller than one, the front and rear motors
have complementary on-state timings with a torque blanking time between the respective
on-states. Scenario II represents a specific scenario where the sum of the front and rear
modulation duty cycles is exactly one, meaning that there is no torque blanking time from
the powertrain. In addition, if both Dy and D, are equal to 0.5, the front and rear motors
have perfectly complementary modulation so that there is no torque fluctuation from the
powertrain. While in Scenario III, where the sum of Dy and D, is bigger than one, an
overlapped modulation time occurs and both front and rear motors are simultaneously
operating at on-state, resulting in a high torque output from the powertrain. This also
leads to superimposed battery currents, hence amplified battery losses.

The overall powertrain losses of a dual-motor powertrain with the torque modulation
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Figure 6.5: Possible scenarios of torque modulation in a dual-motor powertrain. (a)
Scenario I: Dy + D, < 1. (b) Scenario II: Dy + D, = 1. (c) Scenario III: Dy + D, > 1.

consist of the losses occurring during on- and off-states for the identical front and rear
EDUs as

1
Ploss = 7

Dmeod Tmod
T / Pepu,toss(w, T'y) dt + / PEDU no-load (w) dt
mod 0

D ¢Tmoa

D, Tnoa Tmod
+/ PEDU,loss(W,Tr)dt+/ PEDU no-load (w) dt
0 D, Tnoa

= DfPEDU,loss(wa Tf) + (2 - Df - DT)PEDU,no—load<w) + DTPEDU,loss(w7 Tr)
+ Pbat,lossa

+ Pbat,loss (67)

where Ty and 7). are the on-torques of front and rear EDUs, respectively. Based on the
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three scenarios, the battery loss can be further expressed as
itDy+ D, <1:

- 2
D, 22 wTs + Pepu,loss (w, Ty)
Vbat

Pbat,loss =0.8

25T + Pepuitoss (0, )\
+DT>(GOW BDU loss (4 )> (Ro + Ry).,

Vb at

ifo+DT>1:

2
Phat loss = 0.8 55wy + PEpU loss (wny)> (6.8)
at,loss — Y.

(1=Dr) ( Vhbat

2 2
2T 4 P T
+ (1-Dy) (sow EDU loss (W r))
Lbat

_ 2
+ (éow (Tf + T’r) + PEDU,loss (OJ, Tf) + PEDUJOSS (w’ T,«)
Vbat

(Dy + Dy — 1) (Ro + R1)

Thus, the optimization problem can be formulated as

min Ploss(DfaDTan7TT’)7

D;.D,. Ty Ty
st. 0< Df <1,
0<D, <1,

0<w<w, (6.9)

Tmin(w) S Tf S Tmax(w)v
Tmin(w) S Tr S Tmax(w),
Dfo + DrTr = Tdem-

The cost function for the dual-motor powertrain (6.7) involves more variables with
conditional expressions associated with battery loss (6.8). Therefore, a PSO algorithm is
used for identifying the optimal Dy, D,, Ty and T for each powertrain operating point.

6.2.2 Modulation frequency

The torque modulation frequency is constrained within specific upper and lower limits.
On one hand, this frequency must not surpass the motor torque response time to ensure
enough time for the motor to reach the desired Ty, within the on-state duration, t,,. On
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the other hand, an excessively low modulation frequency should be avoided, as it may
lead to discernible pulsating torque output which could potentially compromise driver
comfort.

Upper limit

The motor torque response time is closely related to the performance of the
current control loop. In this study, two commonly used current control strategies are
considered: a proportional-integral (PI)-based current control and a deadbeat control.
With an inverter switching frequency of f,, = 10kHz and an equal sampling frequency
of fs = 10kHz, the resulting current control bandwidth is approximately 1000 rad/s.
Accordingly, the time constant for the torque response is 7 = 0.001s [123]. For a PI-based
current control, the torque response time (from 0% to 98.2% of the target value) can
therefore be estimated as

tresp,PI =47 = 0.004s (610)

The deadbeat control serves as a promising alternative to be applied along with the
torque modulation, since it calculates control actions at each sampling instant to reach
the desired setpoint in minimal steps. Therefore, it pushes the torque response time of
the discrete-time system to the limit set by the inverter switching frequency [123, 124],
achieving a much faster torque response time as

tresp,DB = = 0.0001s (6.11)

SwW

Figure 6.6 illustrates the torque and three-phase current response with the two current
control methods.

Therefore, the theoretical maximum torque modulation frequencies for ensuring the motor
has sufficient time to reach T, within one modulation period T,,,q for the PI controller
and deadbeat controller are 250 Hz and 10 000 Hz, respectively. However, since the on-state
duration t,, can be significantly shorter than the duration of one modulation period
Tiod in the case of a low modulation duty cycle, and the desired Ty, needs to last for an
adequate duration to effectively utilize the torque modulation strategy, it is advisable
to keep the torque response time within 10% of one modulation period. Therefore, an
appropriate upper limit for the modulation frequency can be determined as 25 Hz for the
PI controller and 1000 Hz for the deadbeat controller.

Lower limit

A low torque modulation frequency may result in perceptible driver discomfort
due to the pulsating torque output. Therefore, the lower limit of the modulation
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Figure 6.6: Illustration of torque and three-phase current response. (a) Motor torque
response with PI control. (b) Phase currents with PI control. (c) Motor torque response
with deadbeat control. (d) Phase currents with deadbeat control.

frequency is governed by the threshold of the driver discomfort which depends on both
the torque amplitude, Ty, and the modulation frequency, fioq.- The discomfort level can
be quantified using vibration total value (VTV) according to ISO2631-1, which indicates
the potential impact of vibrations on human discomfort by considering factors such as
the magnitude of the vibration, its frequency, the direction of vibration, as well as the
duration of exposure. The ISO2631-1 also lists the reference values used to assess the

discomfort level as given in Table 6.1.

Table 6.1: Approximate indications of likely reactions to various VT'Vs.

VTV [m/s?]

Comfort level

Less than 0.315
0.315 - 0.63
05-1

0.8-1.6

1.25 - 2.5
Greater than 2

Not uncomfortable

A little uncomfortable
Fairly uncomfortable
Uncomfortable

Very uncomfortable
Extremely uncomfortable

The frequency-weighted Root-Mean-Square (RMS) acceleration, a,,, can be derived as

ay = |y (wia)? (6.12)

%

where a; is the RMS acceleration for the corresponding frequency and w; is the weighting
factor for each frequency, as shown in Figure 6.7.
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Figure 6.7: ISO2631 frequency weighting curves.

The VTV combines the vibration in all directions and is then assessed at the vehicle
center of gravity as

ay = \/k:2a2 + k2a2, + k2a2, (6.13)

zYwx ywy

where Gy, Gy, G- are the frequency-weighted RMS accelerations with respect to the
orthogonal axes x,y and z, respectively; kg, ky, k. are the weighting factors.

6.3 Results and discussion

6.3.1 Optimal modulation duty cycle

The studied EDU efficiency characteristics are illustrated in Figure 6.1 and Figure 6.4.
The optimal modulation duty cycle for the single-motor powertrain, adopting one EDU,
is illustrated in Figure 6.8.
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Figure 6.8: Optimal modulation duty cycle of the single-motor powertrain.
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For the dual-motor powertrain, two identical EDUs are employed in FRID configuration.
Due to system symmetry, the optimal modulation duty cycle yields Dy = D, and Ty =T,
for all the operating points. Hence, for the dual-motor powertrain, the optimal modulation
duty cycle can be expressed as Dy = D, = Doy and Ty =T, = Z.Tjgi‘:t Figure 6.9 shows
the optimal modulation duty cycle (Dopt) for both front and rear motors. Compared to
the single-motor powertrain, the effective area of the torque modulation is expanded. The
powertrain operates predominantly as in Scenario I in the low torque demand area. In
contrast, in areas characterized by low speed but medium torque demand, Scenario 111
becomes the preferred mode of operation with reduced overall powertrain loss despite
an increase in the battery loss. Notably, as the operating speed increases, the optimal
modulation duty cycle is limited to a maximum of 0.5 (as in Scenario IT) since the excessive
battery loss caused by the superimposed battery current becomes significant within the
powertrain.
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5
(=] =]
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=3
=

<
S
S

0 2000 4000 6000 8000 10000 12000 14000 16000
Motor speed [rpm]
Figure 6.9: Optimal modulation duty cycle of the dual-motor powertrain
with Ty = T, = L.

6.3.2 Driver comfort

A full vehicle model of the considered vehicle is utilized in IPG CarMaker to calculate the
body acceleration caused by the pulsating torque output from the powertrain, including
effects such as suspension damping and powertrain torsional stiffness. The VTV is
calculated and mapped across the entire powertrain operating range within the effective
torque modulation area, following the procedure illustrated in Figure 6.10. For each
operating point, the vehicle is initialized at the corresponding speed in the simulation
setup. The torque demand is then modulated based on the optimal modulation duty
cycle. The resulting longitudinal (x) and vertical (z) body accelerations at the vehicle’s
center of gravity are recorded. Fast Fourier transformation (FFT) is then applied for
deriving the VIV according to (6.13).

The resulting VIV values are mapped over the entire powertrain operating region

and are presented in Figure 6.11. As expected, increasing the modulation frequency
leads to a reduction in the overall VIV values due to the diminished amplitude of
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Figure 6.10: Calculation procedure of VTV wvalue.

low-frequency torque pulsations transmitted to the vehicle body. Furthermore, the
dual-motor configuration consistently exhibits lower VTV values than the single-motor
powertrain for the same powertrain operating point due to complementary operation.
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Figure 6.11: VTV wvalues of single- and dual-motor powertrains with optimal modulation
duty cycle at different torque modulation frequencies. (a), (c), and (e) correspond to
the single-motor powertrain at 10Hz, 15Hz, and 20 Hz, respectively. (b), (d), and (f)
correspond to the dual-motor powertrain at 10Hz, 15 Hz, and 20 Hz, respectively.
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In regions where the torque modulation strategy operates under Scenario III, characterized
by overlapping on-states of the front and rear motors, the VIV values reach their peak.
Nevertheless, these values remain below the threshold of perceived discomfort. In contrast,
when the strategy operates under Scenario II, corresponding to perfectly complementary
on- and off-states of the two motors, the modulation-induced vibration becomes almost
negligible.

Overall, the results indicate that increasing the modulation frequency improves vibration
comfort; however, even at a relatively low modulation frequency of 10 Hz, the perceived
discomfort is effectively eliminated for both single- and dual-motor powertrains.

6.3.3 Efficiency improvement

To demonstrate the energy efficiency improvement achieved through torque modulation,
the WLTC drive-cycle energy consumption is evaluated for both powertrain configurations
and compared against regular operation without torque modulation, based on the vehicle
parameters specified in Table 3.2. The energy consumption results are summarized in
Table 6.2. It can be observed that the application of torque modulation effectively reduces
energy consumption for both configurations.

Table 6.2: WLTC drive-cycle energy consumption of single- and dual-motor powertrains.

Powertrain configuration No modulation Torque modulation

[KWh,/100 km] [KWh/100 km]
Single-motor 19.68 19.47 (-1.05%)
Dualmotor 20.78 20.32 (-2.21%)

Note: Results obtained with a torque modulation frequency of 20 Hz and PI current control.

Figure 6.12 presents the detailed loss breakdown of the powertrain components. For the
single-motor powertrain, torque modulation leads to noticeable reductions in inverter,
motor, and transmission losses due to improved operation within higher efficiency regions.
However, the pulsating current associated with torque modulation introduces additional
battery loss. Nevertheless, a net reduction in total powertrain loss is achieved.

A similar trend is observed for the dual-motor powertrain. Despite the inherently higher
baseline energy consumption caused by additional no-load loss from the second EDU,
torque modulation provides a more pronounced reduction in total energy consumption.
This improvement can be attributed to two main factors. First, the effective operating
region where torque modulation can be applied is significantly expanded in the dual-motor
powertrain, as shown in Figure 6.13. Second, the torque demand is shared between two
EDUs, enabling each unit to operate at lower torque levels, where the effectiveness of
torque modulation increases as the torque demand decreases. As a result, the torque
modulation strategy can be utilized more effectively while maintaining an acceptable
increase in battery loss. It should be noted that, in the dual-motor powertrain, an operating
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Figure 6.12: WLTC drive-cycle losses breakdown. (a) Single-motor powertrain. (b)
Dual-motor powertrain.

condition with a modulation duty cycle of D = 0.5 results in operation equivalent to
having one inverter completely deactivated while the other EDU delivers the required
torque. In this particular case, the effect is similar to single-motor operation without
torque modulation. However, the distribution of operating points over the WLTC drive
cycle, shown in Figure 6.13, indicates that the powertrain operates outside the D = 0.5
regime for most of the cycle duration, where the benefits of torque modulation can be
effectively exploited.
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Figure 6.13: WLTC drive-cycle powertrain operating points projected on the effective
torque modulation area. (a) Single-motor powertrain. (b) Dual-motor powertrain.

6.3.4 Summary

This chapter investigated the effectiveness of the proposed torque modulation control
strategy in improving powertrain energy efficiency. By transforming the raw torque
demand into a pulsating torque request under low-to-medium load conditions and below
the base speed region, torque modulation enables more efficient operation of the EDU.
Although the introduction of pulsating current results in additional battery loss, the
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reductions in inverter, motor, and transmission losses outweigh this penalty, leading to an
overall improvement in system efficiency.

The results further demonstrate that the efficiency benefit of torque modulation is more
pronounced when applied to a dual-motor powertrain with FRID configuration. The
additional degree of freedom in torque distribution between the two EDUs expands the
effective operating region in which torque modulation can be utilized, thereby enhancing
the achievable efficiency gains.

Furthermore, the analysis indicates that the potential impact on driver comfort caused
by pulsating torque output can be maintained at a negligible level when an appropriate
modulation frequency is selected. In dual-motor configurations, the complementary
operation of the two EDUs further mitigates perceived drivability disturbances.
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7 Energy-Efficient Powertrain
Thermal Management

This chapter is based on the work presented in Paper V. The objective of this chapter
is to develop an energy-efficient powertrain thermal management strategy that actively
regulates the temperatures of powertrain components in order to minimize powertrain
losses and the corresponding auxiliary energy consumption associated with the thermal
management system.

7.1 Thermal management system

Figure 7.1 illustrates the schematic of the investigated powertrain thermal management
system, which comprises interconnected oil and coolant circuits. In the oil circuit, an
electric oil pump circulates oil from the sump through the oil cooler. The cooled oil is
then delivered to spray channels, where it is injected onto the motor end windings through
spray nozzles and subsequently flows into the transmission for lubrication and cooling.
Finally, the oil returns to the sump by gravity.

Transmission
Motor il
Y e v) B v R
! Inverter i
/r\ |
@ Coolant
T Pump 1
; Fan 811 |
~ ooler
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Shutter === CoolantCircuit

Figure 7.1: Schematic of the investigated powertrain thermal management system.

In the coolant circuit, an electric coolant pump circulates a water—glycol mixture
(EGL50/50) through the inverter cooling channel, the motor housing water jacket, and
the oil cooler. After absorbing heat from these components, the heated coolant flows to
the radiator, where thermal energy is dissipated to the ambient air. Airflow through the
radiator is regulated by a radiator fan and an active grille shutter (AGS), which improves
cooling performance while maintaining aerodynamic efficiency.
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7.2 Energy-efficient powertrain thermal management
strategy

The goal of powertrain thermal management is to maintain component temperatures within
operational limits while ensuring efficient operation in optimal ranges. Conventionally,
rule-based strategies assign temperature targets to each component, regulating auxiliary
actuators (e.g., pumps and fans) to meet these targets. However, these approaches can
result in overly conservative control and excessive energy consumption by auxiliaries. This
section introduces an energy-efficient thermal management strategy based on MPC which
minimizes energy consumption in both powertrain and auxiliary components.

7.2.1 Problem formulation

Unlike conventional rule-based thermal management strategies that track predefined
temperature references, the energy-efficient powertrain thermal management problem is
formulated as an OCP. The objective is to minimize the total electrical energy consumption
associated with powertrain operation and thermal actuation while satisfying component
temperature limits and actuator constraints.

The states of interest correspond to the temperatures at critical locations within the
powertrain and thermal management system. The state vector is defined as

Tr = [T}h TW7 Tpm7 T}civ /Ticov Temcm Temoh Temom Tso]Ta (71)

where Tj; is the inverter junction temperature, Ty, is the motor winding temperature, Ty,
is the permanent magnet temperature, Ti.; and Ti., are the inverter coolant inlet and
outlet temperatures, respectively, Tomco is the motor coolant outlet temperature, Tymo;
and Temoo are the motor oil inlet and outlet temperatures, respectively, and Ty, is the
sump oil temperature.

The control variables governing the thermal management system actuation are defined as

U= [(257 dfan, ‘./:37 Vo] , (72)

where ¢ is the AGS opening angle, dg.,, is the radiator fan duty cycle, and V. and V, are
the coolant and oil volumetric flow rates, respectively.

The nonlinear thermal dynamics governing the temperature evolution of the powertrain
components are represented in discrete-time form as
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z(k+1) = f(z(k),uk)), (7.3)

where the function f(-) represents the discretized form of powertrain thermal dynamics
detailed in Section 7.3. The OCP is formulated over a finite prediction horizon N, which
is chosen to be equal to the control horizon, as

N
Iil(lgl Zfo(ﬂﬁ(k)vu(k))
)

st. x(k+1)= f(x(k),u(k)), (7.4)

The cost function minimizes the total electrical energy drawn from the high-voltage battery
over the prediction horizon. To this end, the discrete-time stage cost fo(k) represents the
instantaneous electrical power consumption at time step k and is defined as

fO(k) = Ptrac(k) + Hoss,w(k) + -Ploss,pm(k) + ]Dloss,inv(k) + Hoss,tran(k)
——
Traction power Powertrain losses
+ Pfan(k) + Ppum(k) + Ppu.,O(k) : (7~5)

Cooling power

where Pi... denotes the mechanical traction power demand, influenced by the AGS
angle ¢ through aerodynamic drag. Positive values of P, indicate propulsion, where
minimization reduces the electrical energy required from the battery. Negative values
correspond to regenerative braking, and minimizing this term promotes maximization of
the recovered electrical energy through regeneration. Plogssw represents the lumped motor
loss at the winding node, Poss,pm the lumped loss at the magnet node, and Pss tran the
transmission power loss. Furthermore, P, denotes the electrical power consumption
of the radiator fan, while P, . and Ppy,, represent the coolant and oil pump power
consumption, respectively.

The optimization is subject to physical and safety constraints on both the system states

and control inputs. The temperature limits of the critical powertrain components are
imposed as
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T, < 180°C, (7.6)
Tom < 140°C, (7.7)
Ty < 150°C, (7.8)

while the coolant and oil temperatures are constrained within the admissible operating
range to avoid fluid phase changes and ensure proper thermal performance

—20 < T, < 100°C, (7.9)
—20 < T, < 100°C. (7.10)

In addition, the control inputs are bounded by actuator and system limitations

0<¢<90°,

0 < dgan <100 %,
2Lmin"!' <V, <18Lmin"!,
1Lmin~! <V, < 18Lmin~'.

The AGS angle is restricted to 0°- 90°, representing fully closed and fully open positions,
respectively. The fan is regulated via a PWM duty cycle, constrained between 0% and
100 %. The coolant flow rate is bounded between 2L min~! and 18 Lmin™!, whereas the
oil flow rate ranges from 1L min~! to 18 Lmin~!, ensuring maintenance of idle flow.

7.2.2 MPC setup

The energy-efficient thermal management OCP is solved in a receding-horizon framework
using MPC. At each control update, the OCP is solved over a finite prediction horizon
using the latest available preview of the vehicle speed profile. A discretization step
of At =1 s is adopted, which is sufficient to capture the dominant thermal dynamics
while maintaining computational tractability. The prediction horizon is set to N = 10,
corresponding to a preview duration of 10 s.

For the considered thermal management strategy, the OCP is formulated as a continuous
NLP problem since all control inputs (e.g., coolant flow rate, pump/fan actuation) are
continuous. The resulting NLP is solved using a sequential quadratic programming
(SQP) method, which is well suited for smooth nonlinear optimal control problems with
constraints and enables fast convergence in receding-horizon applications.
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To improve computational efficiency in the receding-horizon implementation, a warm-start
strategy is employed.

7.3 Control-oriented model

A control-oriented model is developed to capture the thermal dynamics of the powertrain
components, cooling auxiliaries, and temperature-dependent loss characteristics. This
model provides a computationally efficient representation of the coupled thermal—electrical
behavior of the system and is used for the formulation and real-time solution of the OCP
underlying the proposed energy-efficient powertrain thermal management strategy. For
compactness, a function of multiple variables is denoted as () and fitted coefficients are
represented by « and .

7.3.1 Thermal model

Inverter

Figure 7.2 illustrates the inverter geometry together with the corresponding reduced-order
lumped-parameter thermal network (LPTN) [125, 126].

Chip (SiC’
[ DBC copper I Rjta Ti  Ripic Tico PRicoici
[ DBC ccramic | L]
[ DBC copper [
[ Bascplate |
Heat sink
(a)

Figure 7.2: Inverter cooling system and thermal model. (a) Geometry. (b) Reduced-order
LPTN representation.

For simplicity, the inverter loss power is applied to a single junction node representing the
average temperature of the semiconductor devices. The generated heat is rejected to the
coolant through convection and to the surrounding air in the powertrain compartment,
which is assumed to be at ambient temperature T,. The thermal dynamics of the junction
temperature Tj; and inverter coolant outlet temperature Tic, are described as

(7.15)

Ty, 1
dt — Cy

Y, A~ (Hoss,inv - ,Tjt _ Tico - ,Tjt — Ta) ’

Rjt-c Rjt-a
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d/Tico 1 T — T‘ico CZ-‘ico - /Tici
- ( j ) | (7.16)

dt B C'ico Rjt—c - Rico—ici

where Cj; and Cjc, denote the thermal capacitances of the junction and inverter coolant
outlet nodes, respectively, Rji.c is the thermal resistance between the semiconductor
junction and the coolant, Rji., is the thermal resistance between the junction and the
ambient air, and Rjcq.ic; is the thermal resistance associated with heat transfer between
the inverter coolant outlet and inlet.

The thermal resistances associated with convective heat transfer to the coolant, Rji.c
and Rjco-ici, depend on the coolant volumetric flow rate VC Following the simplified
formulation proposed by Semikron [127], the flow-rate-dependent thermal resistance is
modeled as

: B
Ve
R= R [ = , 7.17

o (eref) ( )

where R,qf is the reference thermal resistance at the reference flow rate Viet.

IPMSM

Figure 7.3: Motor cooling system and thermal model. (a) Geometry. (b) Reduced-order
LPTN representation.

Figure 7.3 illustrates the motor geometry and the corresponding reduced-order LPTN.
Due to the high level of abstraction, the stator and winding losses are aggregated into a
single heat source Possw applied at the winding node. Similarly, rotor and permanent
magnet losses are combined into a single heat source Fogss pm applied at the magnet node.
The thermal dynamics are described as
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fom — o (P 4 T Lo im) (119)
ATomeo _ 1 (Tw — Temeo  Temeo — Temci) , (7.20)

dt Ceme Remco-w Remco-emci
Tomo o (T Topoe—Tons  Tfomn) )

where Cy, Cpm, Ceme, and Cemo denote the thermal capacitances of the winding,
permanent magnet, motor coolant, and motor oil nodes, respectively. Ry.pm is the
thermal resistance between the winding and the permanent magnet. Remco-w and Remoo-w
are the thermal resistances between the winding and the motor coolant outlet and motor
oil outlet, respectively. Remco-emci @1d Remoo-emoi are the thermal resistances between
the coolant outlet and inlet, and between the oil outlet and inlet, respectively. Rapm
and Ra.emoo account for the thermal resistances between the ambient and the permanent
magnet, and between the ambient and the motor oil outlet, respectively. Tome denotes
the motor coolant inlet temperature, which is assumed to be the same as the inverter
coolant outlet temperature Ti,.

The thermal resistances associated with convective heat transfer to coolant and oil,
Remco-ws Remco-emeis Remoo-ws a0d Remoo-emoi, are modeled according to (7.17), thereby
capturing their dependence on the coolant and oil volumetric flow rate.

Transmission

Heat transfer within the transmission occurs through two primary pathways:
natural convection to the surrounding air in the powertrain compartment and convection
to the lubricating oil via both dripping oil exiting the motor and the immersion of gear
pairs in the oil sump. The thermal model focuses on the oil sump temperature T;,, as it
correlates strongly with transmission power losses [128, 129]. Transmission losses arising
from gear mesh friction and bearing friction are treated as uniformly distributed heat
sources in the oil mass, while the sump oil exchanges heat with the ambient air through
an effective heat transfer coefficient hg, and associated area Ag.

Applying the first law of thermodynamics to the oil sump control volume yields the energy
balance as
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dTso
dt

MsoCp,o

= memoocp,o(Temoo - Tso) + Hoss,tran - hsoAso (Tso - Ta)u (722)

where ms, is the oil mass in the sump, ¢, , is the specific heat capacity of the oil, and
Temoo 18 the o0il mass flow rate returning from the motor.

7.3.2 Auxiliary component

AGS
The AGS regulates the airflow entering the radiator, thereby influencing the cooling

performance of the thermal management system as well as the vehicle aerodynamic drag.
With AGS, the aerodynamic drag coefficient in (2.20) is determined as

Ca(d) =) ;¢ (7.23)
1=0

Pump

The electrical power consumption of each pump is estimated using polynomial
fits based on the fluid flow rate and corresponding pressure rise, as

3 1
Pouc(Ves Appue) = D D aigVEAD,, . (7.24)
i=0 j=0
3 1 . )
Ppu,o(%a Appu,o) = Z Z aijVolAp%u,oa (725)
i=0 j=0

where Appy e and Appy, are the corresponding pump pressure rises.

The pressure drops in the coolant circuit—across the radiator (Apyad,c), inverter cooling
channel (Apiny,c), motor housing water jacket (Apem,c), and oil cooler (Apoc)—as well
as those in the oil circuit—across the oil cooler (Apgc,o) and motor oil spray channel
(Apem o)—are modeled using polynomial fits. Each pressure drop is expressed as a function
of fluid flow rate and inlet temperature. The pressure losses in connecting pipes are
neglected. Thus, the required pressure rise of the coolant pump Appy, . and oil pump
Appu,o are approximated as the sum of the major component pressure drops as
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Appu,c(') = Aprad,c(‘./:u Tocco) + Apirlv,c("/m Tici) + Apern,c(VCa Temci) + Apoc,c(VCa Temco)

occo

2
= Z (i Vi T + i VET + i VAT s + 0 ViTheo) (7.26)

2 1
Appu,o(') = Apoc,o(VOa Tso) + Apem,o(%v Temoi) = Z Z (Olmvongjo + aijV(jTgmoi)-

(7.27)

Heat exchanger

The coolant temperature at the radiator inlet is assumed equal to the oil cooler outlet
temperature Ty.co. The radiator outlet temperature is taken as the inverter coolant inlet
temperature Ti;. The oil cooler coolant inlet temperature is set to the motor coolant
outlet temperature Tomeo. On the oil side, the cooler inlet temperature is assumed equal
to the sump oil temperature T;,, and the outlet temperature is assumed to be equal to
the motor oil inlet temperature Tipo;-

For both the radiator and oil cooler, the heat transfer rate is modeled as a polynomial
function of the fluid inlet temperatures and flow rates as

2 3 1
Qrad(') = Z Z Z aijkv::zmiirTc])Ccco (728)
i=0 j=0 k=0
3 2 1 1 . )
QOC(') = Z Z Z a’ijkl‘/cleekmcoTslo (729)
i=0 j=0 k=0 1=0

where Qraq and Qo are the radiator and oil cooler heat transfer rates, respectively. For
(7.28) a certain ambient temperature is assumed.

Fan

The electrical power consumption of the fan is approximated as a polynomial
function of the air mass flow rate and PWM duty cycle as
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1

1
Pfan (maira dfan) = Z Z aijm;irdgan~ (730)
=0 j=0

The air mass flow rate through the radiator is approximated using a polynomial fit as a
function of the AGS position angle, fan PWM duty cycle, and vehicle speed as

1 2 2
mair(') = Z Z aijdgan'l)j . Z ak¢k. (731)
k=0

i=0 j=0

7.3.3 Temperature-dependent loss

Inverter

For the inverter loss model described in (2.9), the AC current amplitude is primarily
determined by the motor operating point. In addition, the winding and permanent
magnet temperatures influence the current required for a certain motor operating
point [130, 131]. Therefore, the AC current amplitude is approximated using a polynomial
fit as a function of motor speed, torque, winding temperature, and permanent magnet
temperature as

2 2 1 1
L) =D 33" aijuiwin T T T, (7.32)

where wey, is the motor speed and torque Tg,, is the motor torque. In addition to the
temperature-dependent current usage, the on-state resistance and switching energy are
approximated by polynomial fits as functions of the junction temperature as

2

ras(Tye) = Y iy, (7.33)
=0
2 .
Esw (Tjt) = Z aiirjlt (734)
i=0
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Motor

The power loss Plossw at the winding node includes both copper losses and stator iron
losses, whereas Pioss pm represents the combined magnet losses and rotor iron losses. These
losses depend on the motor operating point and both winding and permanent magnet
temperatures. Therefore, polynomial fits are used to approximate the winding and magnet
losses as

2 3 1 1
Possw() =3 3 cvijuiwln T TETL (7.35)

=0 j=0 k=0 {=0

1
D ijwin T, TET, (7.36)

em~*em~w* pm
01=0

M“

3 2
Ploas pm g E

1=0 j=0

~
Il

Transmission

The transmission loss PFssran i approximated as a function of motor speed,
motor torque, and sump oil temperature as

1 3 2
-Ploss,tran Z Z Z azgkwengst}f) (737)

=0 =0 k=0

7.4 Results and discussion

7.4.1 Rule-based strategy

A rule-based thermal management strategy is implemented as a baseline, with the objective
of maintaining component temperatures within predefined operational limits. In such
strategies, temperature targets are assigned to individual components, and auxiliary
actuators (e.g., pumps and fans) are regulated to track these targets. As illustrated in
Figure 7.4, the rule-based thermal management strategy is divided into three independent
domains: air, coolant, and oil flow management.

In the airflow control domain, the actuator is governed by the radiator coolant outlet
temperature, Tic;. When Ti.; is below 65°C, the AGS remains fully closed (¢ = 0°),
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Figure 7.4: Rule-based powertrain thermal management strategy.

and the fan is turned off. When Ti.; > 65°C, the AGS is fully open (¢ = 90°), and the
fan PWM duty cycle is regulated proportionally to the deviation from the preset 65°C
target. To avoid frequent toggling of the fan, a 10-s hysteresis delay is introduced between
transitions.

The coolant flow control domain monitors four component temperatures: winding 75,
magnet Tppn,, inverter junction Tj;, and motor oil inlet Timei. For each temperature
exceeding the preset threshold of 65°C, the coolant flow request is computed linearly
based on the deviation from this target, according to ch = f(T; — 65) + 2L min~},
where 2L min~"' represents the idle flow—i.e., the minimum flow rate required to circulate
coolant through the circuit. If the temperature remains below the threshold, the idle flow
VCZ is maintained at 2L min~!. Among the four individual requests, the maximum is
selected to determine the final coolant flow rate demand: VC = maX(VC,i).
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The oil flow control operates in a similar manner to the coolant flow control, regulating flow
based on the winding temperature Ty, and sump oil temperature Ty,. For each temperature
exceeding 65 °C, the requested oil flow is computed as VM = k(T; — 65) + 1 Lmin™1,
whereas idle flow Vo,i = 1Lmin""! is applied otherwise. The final oil flow rate demand is
given by the maximum of the two individual requests: V, = max(f/m).

7.4.2 Driving route

To evaluate the effectiveness of the proposed thermal management strategy under
representative real-world conditions, sufficiently long driving routes are considered. Due
to the inherently slow thermal dynamics of powertrain components, short driving routes
may not lead to significant temperature rise and therefore cannot adequately reveal the

impact of thermal management strategies on energy efficiency and component thermal
limits.

Accordingly, two routes in Gothenburg are selected: one representing low-speed urban
driving conditions and the other corresponding to high-speed highway operation. The

associated vehicle speed profiles and road grade information for each route are shown in
Figure 7.5.
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Figure 7.5: Speed profile and road grade of the representative real-world driving routes.
(a) Urban. (b) Highway.

The urban route lasts 5019s and is characterized by low speeds (mostly below 50 km/h)
and frequent stop-and-go traffic. The road grade is dynamic, with multiple steep uphill
and downhill segments reaching +£10%. In contrast, the highway route spans 6576s,
beginning with a short rural segment averaging 70km /h for the first 1000s, followed by
sustained high-speed driving near the speed limit of 110 km/h. The highway portion has
a relatively smooth road grade with minimal variation.
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7.4.3 Efficiency improvement

The simulation adopts a co-simulation approach using GT-Suite, Motor-CAD, and
Simulink. An electro-mechanical-thermal model of the powertrain is developed in GT-Suite,
incorporating detailed representations of key powertrain components and the thermal
management system. The motor is simulated in Motor-CAD and integrated into GT-Suite
as a functional mock-up unit, allowing for high-fidelity thermal behavior within the
system-level simulation.

The thermal management strategy is implemented in Simulink and interacts with the
plant model in a closed loop. As illustrated in Figure 7.6, the MPC receives the ambient
temperature, the vehicle speed profile, and the road slope over the prediction horizon
as external inputs. It continuously updates relevant temperature states using feedback
from the plant model. Based on this information, the controller computes the optimal
AGS angle, fan PWM duty cycle, coolant flow rate, and oil flow rate by solving an NLP
problem using the CasADi toolbox. The optimal actuation commands are then sent back
to the plant model as the control inputs.

Environment & Prediction | /Electra-mechanical-thermal Plant Model\
) Bl '..,, e A
,é i V 0\5
P) 7 r—

Ambient Speed Slope

[vvens Ta, 9}i External inputs

MPC Controller
Controls

& CasADi q = s Vo V)

Nyp—1
min J:E So @k, i)
[CAhin

k=0

st Ep = f (@, @)
Zo =20 States
Tmin < & < Tmax
20 = [T, Twr Toms Ticis Ticor Temeos Temois Temoos Teo)

Umin < Uk < Umax

Figure 7.6: Implementation of the MPC-based thermal management strategy and its
closed-loop interaction with the powertrain plant model.

The energy consumption for the urban and highway routes under rule-based and
MPC-based thermal management strategies is summarized in Table 7.1. For this study,
the ambient temperature is set at 23 °C, and the vehicle is assumed to be fully thermally
soaked to this temperature prior to departure. The results indicate that the MPC-based
strategy reduces battery energy consumption compared to the rule-based strategy in both
driving routes. The urban route shows a marginal reduction of 0.26 %, while the highway
route achieves a more significant saving of 1.06 %.

A detailed breakdown of energy usage differences between the rule-based and MPC-based

strategies, categorized into auxiliary component consumption, powertrain losses, and
aerodynamic energy losses, is shown in Figure. 7.7.
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Table 7.1: Energy consumption of rule-based and MPC-based thermal management
strategies.

Route Rule-based MPC-based
[kWh/100km] [kWh/100 km]
Urban 15.36 15.32 (-0.26%)
Highway 20.85 20.63 (-1.06%)
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Figure 7.7: Breakdown of energy usage difference between rule-based and MPC-based
thermal management strategies. (a) Urban route and (b) Highway route.

Urban route

Figure 7.8 illustrates the comparison of actuator control commands and key component
temperatures under MPC-based and rule-based strategies during the urban route. Both
strategies maintain powertrain component temperatures within safe limits. However,
owing to the low-speed and low-power nature of the urban route, thermal stress is
minimal, resulting in all component temperatures remaining well below their upper
bounds.

The MPC-based strategy relies on AGS instead of the fan to increase airflow through the
radiator. At low speeds, aerodynamic drag is negligible, so the increased AGS opening
has minimal impact on energy consumption. The fan is not used under the MPC-based
strategy, whereas the rule-based strategy activates the fan occasionally after 3000s along
with a fully opened AGS. In contrast, the MPC strategy employs partial but more frequent
AGS openings, resulting in energy savings of 2.03 Wh from aerodynamic drag and 0.53 Wh
from the fan.

In the rule-based strategy, no active cooling occurs during the first 2000s, as the
target threshold of 65 °C is not reached. In contrast, the MPC-based strategy initiates
active cooling earlier by increasing the coolant flow rate. This results in slightly
lower powertrain component temperatures and an increase in coolant pump energy
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Figure 7.8: Actuator control commands and key component temperatures for the urban
route. (a) AGS angle. (b) Fan PWM duty cycle. (c¢) Coolant flow rate. (d) Oil flow rate.

(e) Inverter junction temperature. (f) Motor winding temperature. (g) Motor magnet
temperature. (h) Transmission sump oil temperature.

consumption of 3.43 Wh. Reduced inverter and motor temperatures contribute to lower
power losses, yielding savings of 1.09 Wh and 2.89 Wh, respectively. These savings result
from reduced current demand due to enhanced magnet strength with cooler magnets
under the maximum-torque-per-ampere control strategy, as well as temperature-dependent
reductions in motor winding resistance, semiconductor on-state resistance, and switching
energy [130, 132]. Furthermore, the MPC-based strategy maintains the oil pump at idle
flow for almost the entire route, resulting in a 9.25 Wh reduction in oil pump energy.
The coolant loop can sufficiently handle the thermal load under mild urban driving
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conditions and is more energy-efficient than the oil circuit, which operates at higher
pumping pressure. Conversely, the transmission experiences a 6.37 Wh increase in losses
under the MPC-based strategy. For the studied transmission, efficiency follows a parabolic
relationship with oil temperature, peaking approximately at 80 °C. Operating below this
optimal temperature leads to increased losses due to higher oil viscosity.

The MPC-based strategy results in higher coolant pump energy consumption and increased
transmission losses, offset by greater savings in inverter and motor losses, oil pump
usage, and aerodynamic drag. This leads to a modest 0.26 % reduction in battery
energy consumption over the urban route, consistent with the low power demand and
limited thermal stress characteristic of mild driving conditions. The results indicate
that under urban driving conditions, transmission losses and associated oil pump energy
consumption significantly affect thermal management optimization. Specifically, oil pump
energy reduction and increased transmission losses yield a net contribution of 2.88 Wh
toward energy reduction. However, when excluding the oil pump and transmission
losses, the remaining energy terms reflect a net reduction of 3.13 Wh, comparable to
the transmission-oil pump contribution. This demonstrates that the transmission and
oil circuit play a critical role in optimizing integrated powertrain thermal management.
Consequently, MPC-based thermal management strategies developed without considering
the transmission may not fully exploit potential energy savings under low-speed operating
conditions.

Highway cycle

Figure 7.9 shows the details and comparison of the actuator control commands
and key component temperatures under MPC-based and rule-based strategies during
the highway cycle. The highway cycle involves high-speed, high-power operation,
resulting in greater thermal stress on powertrain thermal management compared to the
low-speed, low-power urban cycle. Consequently, powertrain component temperatures
are significantly higher in both rule-based and MPC-based strategies. The MPC-based
strategy permits components to operate closer to their thermal limits, with motor
winding, magnet, and transmission sump oil temperatures nearing their upper bounds,
and the inverter junction temperature reaching its limit approximately at 2000s.

In the rule-based strategy, a strong cooling effort is evident, characterized by frequent
fully opened AGS angles but limited fan activation. In contrast, the MPC-based strategy
features fewer AGS openings, applying increased fan usage in the later stages of the
cycle where accumulated thermal stress becomes critical. Given the high vehicle speeds
during highway driving, natural airflow through the AGS is more effective, favoring the
rule-based strategy. However, this results in higher aerodynamic drag, with 125.22 Wh
consumed versus 117.19 Wh in the MPC-based strategy. Thus, in high-speed scenarios,
it may be more energy-efficient to use fans with partially open AGS rather than fully
opening the AGS, as aerodynamic drag has a stronger impact.

Furthermore, both coolant and oil flow rates are generally lower in the MPC-based strategy,
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Figure 7.9: Actuator control commands and key component temperatures for the highway
route. (a) AGS angle. (b) Fan PWM duty cycle. (c¢) Coolant flow rate. (d) Oil flow rate.
(e) Inverter junction temperature. (f) Motor winding temperature. (g) Motor magnet
temperature. (h) Transmission sump oil temperature.

and active cooling starts much later at approximately 2000s compared to 800s in the
rule-based strategy. At this point, powertrain component temperatures are nearing their
upper limits: the magnet reaches 140 °C, the transmission sump oil approaches 100 °C, the
inverter junction hovers approximately at 100 °C, and the motor winding reaches 150 °C.
Conversely, the rule-based strategy implements conservative cooling, maintaining lower
component temperatures: inverter junction at 70 °C, motor winding at 100 °C, magnet at
100 °C, and transmission sump oil at approximately 75 °C, after an initial warm-up phase.
This approach leads to higher auxiliary energy consumption, with 21.36 Wh and 19.99 Wh
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used for the coolant and oil pumps, respectively. The elevated operating temperatures
under the MPC-based strategy yield the opposite effect compared to the urban cycle
regarding powertrain losses. During highway driving, vehicle speed exceeds 100 km/h,
corresponding to motor speeds above 8000 rpm, entering the field-weakening region for
the studied IPMSM. The increased magnet temperature reduces its strength, thereby
requiring less demagnetizing current. Despite higher winding resistance, semiconductors’
on-state resistance and switching energy due to elevated temperatures, the inverter and
motor losses are reduced by 9.01 Wh and 264.61 Wh as an overall result, respectively. The
MPC-based strategy effectively utilizes the full thermal operating range of powertrain
components, leveraging predictive information to maximize thermal margins and minimize
cooling efforts. This reduces auxiliary energy use and component losses, resulting in
a significant 1.06 % reduction in battery energy consumption over the highway cycle,
consistent with the high power and thermal demand of this driving condition.

Additionally, the sump oil temperature in the MPC-based strategy is slightly above the
optimal level, whereas it is slightly below in the rule-based strategy. Consequently, the
transmission experiences marginally higher losses in the MPC case, with an increase
of 6.5 Wh compared to the rule-based approach. In the highway cycle, overall energy
reduction is primarily driven by motor loss reduction, unlike the urban cycle. The
MPC-based strategy intentionally regulates the transmission sump oil temperature near
its upper limit of 100 °C to enhance motor efficiency. Without explicitly modeling the
integrated oil-cooled transmission, high-temperature operation could risk transmission
overheating. Thus, incorporating the transmission and oil circuit is essential to
fully leverage temperature-dependent motor efficiency benefits under highway driving
conditions.

7.4.4 Summary

This chapter investigated the effectiveness of an energy-efficient powertrain thermal
management strategy in improving powertrain energy efficiency. The conventional
rule-based strategy maintains conservative temperature margins by activating cooling
auxiliaries based on predefined thresholds, leading to persistent auxiliary power
consumption and limited utilization of temperature-dependent efficiency characteristics.
In contrast, the proposed MPC-based energy-efficient thermal management strategy
coordinates thermal management actuators using predictive information, enabling
powertrain components to operate closer to their admissible thermal limits while
minimizing cooling effort.

The results further demonstrate that the achievable efficiency benefit depends strongly on
the thermal loading imposed by the driving condition. Under urban operation, limited
thermal stress restricts the potential for reducing powertrain losses, and energy savings
are primarily associated with reduced auxiliary operation. Under highway operation,
higher thermal loading allows the MPC strategy to exploit the full admissible thermal
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operating range of powertrain components. Elevated operating temperatures improve
motor efficiency in the field-weakening region and reduce cooling demand, resulting in
energy savings dominated by reductions in motor and inverter losses.
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8 Conclusions and Future Work

This chapter summarizes the work presented in this thesis and outlines the future work.

8.1 Conclusions and discussion

This thesis has investigated energy-efficient BEV powertrains from the perspectives of
powertrain architecture, control, and thermal management. A common finding throughout
the studies is that system-level approaches, which modify either the powertrain architecture
or its operation to shift key components toward more favorable operating conditions, can
effectively improve the energy efficiency of BEV powertrains.

For dual-motor powertrains, disconnect functionality provides a significant efficiency
benefit by eliminating unnecessary no-load losses from inactive EDUs. For the investigated
AFRID powertrain, the optimized operating-mode strategy reduces WLTC energy
consumption by 8.21% compared with the conventional FRID configuration. The
results also demonstrate the strong coupling between powertrain architecture and
control: the additional operating flexibility introduced by the clutches can only be
fully exploited through an appropriate EMS. This interaction can be further strengthened
through configuration-aware motor design, where jointly optimizing the front and rear
motor geometries and EMS provides an additional energy-consumption reduction of
approximately 0.98% compared with an AFRID configuration employing identical motors.

Disconnect functionality can provide further benefits when combined with eco-driving.
By allowing controlled deviations from the reference vehicle speed, longer and more
frequent free-coasting periods can be introduced in which the powertrain is completely
disconnected and EDU no-load losses are avoided. The achievable energy saving depends
strongly on the allowable speed deviation and the availability of predictive road and traffic
information. Although this approach can provide substantial efficiency improvement,
its practical implementation requires closer integration with advanced driver assistance
systems and navigation functions.

Adjustable DC-link voltage provides an additional degree of freedom by decoupling the
DC-link voltage from the battery voltage. The results show that the optimal DC-link
voltage varies with operating condition and battery terminal voltage. For lower-voltage
battery systems, a boost configuration can improve efficiency particularly at high-speed
operation, whereas high-voltage architectures can benefit from buck conversion by reducing
unnecessary switching losses at lower-load conditions. The use of SIC-MOSFETs further
improves the energy-saving potential by reducing the additional losses introduced by the
DC-DC converter. However, these benefits must be balanced against the added converter
cost, mass, packaging, and control complexity.
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Torque modulation demonstrates that powertrain efficiency can also be improved primarily
through control adaptation without substantial hardware changes. By periodically
shifting operation away from inefficient low-torque regions, overall energy losses can
be reduced when the modulation parameters are optimized from a complete powertrain
perspective rather than considering only the motor and inverter. In dual-motor powertrains,
complementary modulation between the front and rear motors provides additional
operating freedom and can reduce the resulting total powertrain torque fluctuation.
Nevertheless, the efficiency benefit must be balanced against driver comfort and the
additional cyclic loading imposed on powertrain components.

The thermal-management study further shows that component temperature can be treated
as an optimization variable rather than only as a constraint. By coordinating powertrain
component temperatures together with the thermal management system, the proposed
strategy balances temperature-dependent powertrain losses against cooling-system
auxiliary consumption. However, operating components at temperatures that are favorable
from an energy-efficiency perspective may increase thermal aging. The resulting efficiency
benefit must therefore be balanced against component lifetime.

Considering the investigated solutions together, there is a clear trade-off between achievable
energy saving and implementation effort. Architecture-level solutions such as disconnect
functionality and adjustable DC-link voltage introduce additional operating flexibility, but
also require additional hardware, packaging, and control development. Their effectiveness
is closely linked to the corresponding control strategy, highlighting that novel powertrain
architectures and control optimization should preferably be developed together rather
than independently. Configuration-aware motor optimization follows the same principle
and is particularly relevant during the early stages of powertrain development.

In contrast, control-oriented solutions such as torque modulation can generally
be introduced with fewer hardware modifications and therefore potentially lower
implementation cost. Energy-oriented thermal management can also make greater use of
existing hardware, although it requires more advanced numerical modeling, control, and
calibration. These approaches may provide smaller or more operating-condition-dependent
energy savings, but can be attractive when major hardware redesign is undesirable. Their
implementation must, however, account for trade-offs with other vehicle attributes,
particularly driver comfort and component durability.

Overall, approaches with larger potential energy savings often require greater hardware
modification or system integration, whereas software-oriented approaches can usually be
implemented with lower additional cost but provide more operating-condition-dependent
benefits. The appropriate solution should therefore be selected by considering
energy-efficiency improvement together with implementation effort, cost, complexity,
drivability, and durability. The findings consequently emphasize the importance of
coordinated powertrain architecture, control, and thermal management in the development
of energy-efficient BEV powertrains.
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8.2 Future work

Based on the work presented in this thesis, the following research can be conducted in
the future.

¢ Integration of architecture-level efficiency enhancement methods.

In this thesis, architecture-level efficiency improvement methods are investigated
in dedicated studies. Future research may explore their integrated application.
For instance, the combination of disconnect functionality and adjustable DC-link
voltage in dual-motor powertrains could further expand system operating flexibility.
In particular, the front and rear EDUs could be designed to operate at different
DC-link voltage levels depending on driving conditions, where one EDU is primarily
dedicated to low-speed operation using a buck-configured DC-DC converter, while
the other is optimized for high-speed operation with a higher DC-link voltage. When
combined with task-oriented asymmetric motor design, such an architecture could
enable the two EDUs to cover complementary high-efficiency regions more effectively
and enhance the flexibility of FWD/RWD operation. However, this may increase
system cost and control complexity. Therefore, a thorough investigation is required
to evaluate the overall trade-offs between efficiency improvement, hardware cost,
system reliability, and control implementation feasibility.

¢ Thermal management with complex powertrain architectures.

This thesis investigates energy-efficient thermal management for a simple
single-motor powertrain architecture. Future research can investigate the coordinated
design of thermal management strategies with more complex powertrain architectures.
For example, in dual-motor powertrains, torque split optimization could be extended
to explicitly consider the thermal states and limits of individual EDUs, enabling
thermally aware energy management and improved system efficiency. In addition,
different powertrain architectures may require tailored thermal management system
designs. For instance, the introduction of adjustable DC-link voltage architectures
necessitates dedicated cooling considerations for additional components such as
DC-DC converters. Therefore, integrated electro-thermal powertrain optimization
frameworks should be developed to capture the interactions between powertrain
configuration, control strategies, and thermal system design.

o Integrated vehicle-level energy and thermal management.

This thesis primarily focuses on powertrain-related energy losses and thermal
management. Future research should extend the proposed efficiency-oriented control
and optimization frameworks to the complete vehicle energy management system,
including cabin heating and cooling, battery thermal management, and other
auxiliary circuits. In particular, the interactions between the powertrain thermal
management system and cabin climate control become critical under extreme
ambient conditions, especially in cold-weather operation where heating demand
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can significantly affect overall energy consumption and driving range. Developing
coordinated vehicle-level energy and thermal management strategies would enable
more effective utilization of waste heat, improved system integration, and enhanced
overall vehicle efficiency.

Real-time implementation of predictive control strategies.

Several strategies proposed in this thesis rely on optimization-based predictive
control, such as MPC-based eco-driving with disconnect functionality, which leads
to mixed-integer nonlinear optimization problems. Standard solution methods, e.g.,
branch-and-bound, may not be sufficiently fast for real-time onboard applications.
Moreover, these strategies typically depend on route preview information and
online optimization. Future work should therefore focus on reducing computational
complexity, improving solver efficiency, and developing embedded implementations
suitable for real-time vehicle control units. In addition, robustness against model
mismatch, sensor uncertainty, and imperfect route preview information should be
systematically investigated.

Adaptive and learning-based models for powertrain efficiency
optimization.

The control-oriented models adopted in this thesis are primarily based on
physics-informed approximations and fitted loss maps. In addition, static maps
used for constraining the EMS are typically generated offline and may become
inaccurate due to variations in operating conditions, temperature effects, aging,
and component degradation. Future research can therefore investigate adaptive
or hybrid physics-based and data-driven modeling approaches that enable online
parameter updating using operational data. Such methods could improve the
prediction accuracy of thermal behavior, powertrain losses, and route-dependent
vehicle performance over the vehicle lifetime, thereby enhancing the effectiveness of
EMS.
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