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Gear Selection for Dual Electrified Axles with Multiple Electric Machines
Development of Gear Selection Methodology for Electrified Axles
EMIL ALEXSSON
SHAMITH SATISH
Department of Electrical Engineering
Chalmers University of Technology

Abstract
The electrification of heavy-duty trucks has been at the forefront of efforts to achieve
sustainability in transportation by replacing conventional internal combustion en-
gine propulsion systems. With advancements in electric propulsion technology, the
concept of electrified axles has emerged as a way to build more efficient propulsion
systems. This propulsion system configuration is the focus of this thesis, which
specifically examines dual electrified axles with multiple electric machines. The aim
of this thesis is to design a methodology for gear selection and to formulate a control
strategy for the gear selection process.

The project utilizes Volvo’s simulation environment in MATLAB and Simulink to
construct the gear selection system. Each eclectic axle consists of two electric ma-
chines and two two-speed gearboxes. The foundation of the gear selection control
strategy is based on the efficiency maps of the electric machines and the gearboxes.
Using these maps and the combinations of gear ratios (states) from the two-speed
transmission for each motor, a wheel torque versus vehicle speed map was gener-
ated to facilitate map-based gear selection, referred to as the state selection map.
To implement this map-based gear selection, a control methodology was developed
in Simulink, ensuring an optimized number of gearshifts and the efficiency of each
electrified axle.

The benefit of engaging different usage of the two axles is also evaluated using two
different control strategies: independent and parallel. The parallel control strategy
lacks the capability to independently assign different states to the two axles, which
is used for comparison with the independent control strategy that can send distinct
signals to each axle. Each strategy is tested under different operating conditions
including city driving, EU highway driving, and US highway driving. The results
show that the efficiency of the electrified axle for the independent and parallel control
strategies is similar. The independent strategy enables up to 1.79% higher efficiency
in every driving condition, except for when the truck is fully loaded to 64000 kg
and is operating in city traffic. In that case, it was found that the parallel control
strategy achieved 1.09% higher efficiency.

Keywords: Gear Selection, Dual Electrified Axles, Heavy Duty Vehicle, Truck Propul-
sion System
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1
Introduction

Since the advent of commercial vehicles on the road, there has been a continuous
evolution of technology. In recent years, this trajectory of technological advancement
has taken a signi�cant turn towards electri�cation to achieve sustainable transport
goals. This shift has given the possibilities for building more e�cient propulsion
systems. One such innovative approach is the concept of electric axles. This thesis
project is centered around the concept of the dual electric axle with dual motors
on each axle for heavy-duty vehicles. The thesis aim is to explore the gear shift-
ing sequence possibilities with multi speed transmission for better overall vehicle
e�ciency.

1.1 Background

Internal combustion engine propulsion systems have traditionally been powering
the heavy-duty vehicle (HDV) sector. Considering the environmental impact, the
demand for sustainable alternatives has risen and has led to the electri�cation of
the propulsion system. Electri�cation opens up new powertrain designs, like the
introduction of electric axles. Furthermore, the purpose of using multiple-speed
transmissions has risen to accommodate heavy-duty vehicles' torque requirements
e�ciently. This approach is aimed to meet the performance demands of heavy loads
but also to enhance energy e�ciency by optimizing gear ratios for varying driving
conditions.

1.1.1 Electri�cation

The heavy-duty vehicle (HDV) sector, which includes trucks and busses, has histor-
ically been powered by internal combustion engines (ICEs), which emitCO2 from
the combustion of fossil fuels. In 2022, the HDV sector emitted2282million metric
tonnes of tailpipe CO2 globally [1]. As the total emitted tailpipe emissions from
road transport was5870million metric tonnes in 2022, the HDV sector stood for
38:9% of the total CO2 emissions [2]. SinceCO2 is a greenhouse gas emission that
a�ects climate change towards a warmer climate, the demand for more sustainable
propulsion systems than the conventional ICE has increased both from consumers
and due to legislation [3]. Therefore, HDV manufacturers have begunelectrifying
trucks by developing electric propulsion systems with zero tailpipe emissions to re-
place products in their existing segments [4].

1



1. Introduction

1.1.2 Electri�ed Axles

The common parts in a battery electric vehicle (BEV) propulsion system typically
consist of the battery pack(s), inverter(s), electric machine(s), and power electron-
ics such as control modules for auxiliary components and chargers, etc [5]. As the
components are connected through cables with only a few mechanical connections,
they can be packaged in variouscon�gurations. When manufacturers began elec-
trifying trucks, a central drive systemcon�guration was often opted for because of
similarities with a conventional ICE con�guration, see Figure 1.1, [6].

Figure 1.1: Illustration of a truck with a central drive system con�guration, [5].

As seen in Figure 1.1, the electric machine(s) drives a conventional axle through
a gearbox and a driveshaft while the battery packs are mounted on the side of
the chassis. The power electronics, inverter, and electric machine, are packaged
in the location of the ICE and transmission in a conventional ICE truck layout.
The batteries are packaged on the sides of the frame where fuel tanks and storage
compartments would typically be mounted. Therefore, the driveshaft and drive
axle can be carried over from a conventional ICE truck while the batteries replace
the fuel tanks, which simpli�es the development. As research on electri�cation has
proceeded, another con�guration has been developed with fewer similarities to a
conventional ICE con�guration, see Figure 1.2 for illustration.

Figure 1.2: Illustration of a truck with an electri�ed axle con�guration. [5]

2



1. Introduction

This con�guration is called an electri�ed axle where the inverter(s), electric ma-
chine(s), gearbox, di�erential, and axle are integrated into one unit. There are a
number of bene�ts of this con�guration over the central drive system, since there
is no driveshaft, battery packs can be packaged in the middle of the truck as well
as the sides if needed. This con�guration is also more compact with fewer moving
parts, which simpli�es the propulsion system and potentially makes it cheaper than
a central drive system [7].

1.1.3 Dual Driven Axles

This thesis work will be centered on heavy-duty truck applications where two elec-
trical axles are utilized. This axle con�guration is commonly called adual or tandem
axle, and the nomenclature for these heavy-duty truck types is typically the number
of wheels in total and the number of driven wheels separated by an "X", e.g., 6X4,
8X4 and 10X4. The relevant applications for this propulsion system layout are all
applications where four driven wheels are desired for better traction than a two wheel
driven propulsion system. One large market for dual axles is the United States [11],
where the maximum axle weight limit is 9000kg compared to EU's 11500kg limit.
Due to this legislation, dual axles are preferred to allow for higher loads, [12] [13].

In a central drive unit propulsion system, both axles in a dual axle con�guration
are sent power from the same engine/electric machine and gearbox. However, with
electri�ed axles, each axle is powered by its own electric machine(s) which enables
them to operate at di�erent gear ratios. This means that for one axle, the electric
machine(s) might operate at a certain operating point while the electric machine(s)
in the other axle are operating at a completely di�erent operating point. Since the
operation points of electric machines greatly a�ect their energy e�ciencies, it is
interesting from a research point of view to evaluate if this ability could be taken
advantage of with a control system.

1.1.4 Electric Heavy-duty Vehicle Gearbox

The ideal torque-speed and power characteristics of a typical electrical machine
used for automotive use are illustrated in Figure 1.3. From standstill to the �eld
weakening region, the maximum torque is constant. When the speed of the electric
machine reaches the �eld weakening region, the maximum torque reduces, and the
maximum power remains constant. This is due to the fact that the electric machine
starts producing a counteracting electric magnetic �eld because of the motor speed,
called back-EMF [10].
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1. Introduction

Figure 1.3: Illustration of torque, speed and power characteristics of an automotive
electric machine. [10]

For lighter vehicles, such as cars or motorcycles, one single-gear reduction between
the electric machine and the driven wheels is typically used. The electric machine's
constant torque from standstill and relatively high maximum rotational speed can
often be matched to a gear ratio that results in satisfactory acceleration and top
speed. However, for heavy-duty vehicles hauling heavy loads from standstill to
highway speeds, the torque requirement to the wheels is signi�cantly larger. If a
single gear reduction is to be used in this application, the electric machine would
either need to be very large or rotate very fast. Therefore, it is relevant for heavy
vehicle manufacturers to utilize a gearbox with multiple gear ratios to ensure high
torque at low speeds while being able to coast at high speeds and lower torque, [8].

1.2 Propulsion System Layout

The dual electri�ed axle layout that will be studied in this thesis work is shown
in Figure 1.4. It utilizes two identical electri�ed axles with two identical electric
machines each:EM1, EM2, EM3, and EM4. The two electric machines on each axle
are connected to their owngearset, consisting of two gears and a neutral position.
The output shafts of the gearsets are connected to a shared output shaft, which in
turn drives the �nal drive, ultimately propelling the wheels.
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1. Introduction

Figure 1.4: Layout of the dual electric axle propulsion system.

The gearsets driven by the odd motors, EM1 and EM3, have the gearsi 1, i 3, and the
neutral position, iN . The even motors, EM2 and EM4, drive a gearset with the gears
i 2 and i 4 as well as a neutral position,iN . The gear ratios follow the enumeration,
meaning that i 1 has the lowest gear ratio, i.e., highest torque and lowest speed, and
i 4 has the highest gear ratio, i.e., lowest torque and highest speed. This means that
each axle has a total of 9 theoretical gear combinations, of which 8 are physically
possible. The combination of axle state using gear ratiosi 4 and i 1 is neglected due to
the substantial di�erence between these gear ratios. As a result, if this combination
is used, the electric machine engaged toi 1 would be operating near its maximum
speed limit, while the other electric machine would be operating at very low speeds.
To simplify referencing, each gear combination within one axle is de�ned as anaxle
state, as shown in Table 1.1.

Table 1.1: Table of the axle states, where the impossible combination ofi 1 and i 4

is marked with X.

Axle State 0 1 2 3 4 7 8 9 X
EM2/4 Gear N N 2 N 4 2 2 4 4
EM1/3 Gear N 1 N 3 N 1 3 3 1

Since there are two axles with 8 possible axle states each, there is a total of 64
theoretical axle state combinations when both axles are considered. These axle state
combinations are simply referred to asstates in this report. Of the 64 theoretical
states, 21 are given as relevant states to evaluate for the scope of this project. See
Table 1.2.
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Table 1.2: Table of the states to evaluate.

State 0 1 2 3 4 7 8 9 11 22 33 44 71 72 82 83 93 94 77 88 99
A1 State 0 1 2 3 4 7 8 9 1 2 3 4 7 7 8 8 9 9 7 8 9
A2 State 0 0 0 0 0 0 0 0 1 2 3 4 1 2 2 3 3 4 7 8 9

1.2.1 Independent Control Strategy

As seen in Table 1.2, some states do not share axle states between the axles, utilizing
the capability to control each axle independently. For example, state 71 engages
state 7 on axle 1 and state 1 on axle 2, resulting in gears 1 and 2 being engaged
on axle 1, while only gear 1 is engaged on axle 2, see Figure 1.5. In the project, a
control system capable of sending independent demands to the axles is referred to
as theindependent control strategy. The independent control strategy can utilize all
21 states shown in Table 1.2.

Figure 1.5: Illustration of the independent control strategy engaging state 71.

1.2.2 Parallel Control Strategy

To evaluate the bene�ts of the independent control strategy, a simpli�ed control
strategy is de�ned for comparison. The control system, referred to as theparallel
control strategy, can only send identical signals to both axles. Consequently, the
parallel control strategy utilizes only states 0, 11, 22, 33, 44, 77, 88, and 99, see
Figure 1.6 for an example where state 77 is demanded from the control system.
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Figure 1.6: Illustration of the parallel control strategy engaging state 77.

1.3 Simulation Environment

The thesis work is carried out using MATLAB/Simulink as the modeling and sim-
ulation tool. MATLAB Simulink is commonly used in the automotive industry due
to its model-based systems engineering (MBSE) capabilities. MBSE is a develop-
ment method where hardware is represented by digital models, enabling developers
to test systems and adjust parameters virtually. This approach is particularly ad-
vantageous for systems with numerous components, such as a heavy-duty truck. At
the outset of the thesis work, a MATLAB/Simulink model of a heavy-duty truck
equipped with all hardware for the propulsion system layout presented in Section
1.2 had been developed at Volvo Trucks. The model comprises the complete propul-
sion system and is enabled to run a variety of drive cycles. The input and output
parameters of the state selection control system are illustrated in Figure 1.7. [17]
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Figure 1.7: Illustration of input and output parameters of the state selection
control system.

1.4 Aim

This thesis aims to investigate optimal control strategies for dual electri�ed axles
regarding energy e�ciency. Each electri�ed axle has a gearbox with multiple gear
ratios as well as two electric machines. A control strategy for the gear selection
of these axles will be developed and evaluated against energy e�ciency and torque
delivery. The strategy should select a gear for each axle which operates the electric
machines in an optimal way given a wide range of operating conditions while enabling
the axles to be individually controlled. Additionally, an alternate control system will
be developed in which both axles are controlled by the same kind of single, where
both axles have the same kind of gear selection and work as one unit. This control
approach will be developed to evaluate the bene�ts of individually controlled gear
selection.

1.5 Limitations

To streamline the work and make the thesis more concise, a set of limitations has
been established. The gearbox layout, including �xed gear ratios, is prede�ned as
described earlier. Speci�cations for the electric machines, gearboxes, and all other
propulsion system components are also predetermined. Each electric machine has
its own inverter and can operate independently. The two electric axles are identical
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in terms of motor speci�cations and gear ratios. Torque distribution is computed
using an existing model, which divides the wheel torque demand equally between
the electric machines. Lastly, the thesis project will evaluate the performance of the
gear selection strategy using three truck masses and three drive cycles.

1.5.1 Electri�ed Axle Layout

The layout of the dual electri�ed axle propulsion system is prede�ned as explained
in Section 1.2. The number of gears for each electric machine is pre-determined,
and there is no �exibility in changing the number of gears or the gear ratios. The
section also de�nes the states that this thesis is limited to evaluating.

1.5.2 Propulsion System Components

The propulsion system's hardware is prede�ned, as it is already modeled in the
simulation environment. The system consists of models for the battery, battery
management system, inverters, electric machines, gearboxes, �nal drives, and wheels.

1.5.3 Torque Distribution

An existing model for distributing torque to the active electric machines is utilized.
In this model, the wheel torque demand is divided equally among the active electric
machines. The torque for each machine is then calculated based on the selected
gear ratios and the proportioned wheel torque. Consequently, each activated electric
machine produces the same amount of power.

1.5.4 Truck Mass

Three di�erent truck masses are considered to evaluate the performance of the gear
selection strategy. A truck mass of 18000 kg is considered for a light truck tractor
without a trailer, while two di�erent truck masses are considered for a truck with a
trailer con�guration; 35300 kg and 64000 kg.

1.5.5 Driving Cycles

Ideally, the gear selection strategy should be evaluated against all possible driving
scenarios to guarantee its optimal functionality across various conditions. However,
conducting simulations for each conceivable scenario is a time-intensive process, and
given the project's time constraints, it becomes impractical to explore every possi-
ble driving situation. Consequently, the evaluation is streamlined to focus on three
drive cycles.

The City Drive Cycle is a 4.5 km drive cycle designed to simulate city driving con-
ditions characterized by low speeds and stops at stop signs or tra�c lights.

The EU Highway Drive Cyclespans 120 km, simulating a scenario where a truck
transitions from urban roads to the highway. The highway varies in inclination by
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� 5% and speed, with a maximum speed of 85 km/h which is the maximum speed
limit allowed for heavy-duty trucks in the EU [15].

The US Highway Drive Cyclesimulates 140 km where initial is urban driving fol-
lowed by highway conditions similar to the EU Highway Drive Cycle, but with cruise
speeds up to 70 mph, or 113 km/h, which is a common maximum speed limit allowed
for heavy-duty trucks in most US states [16].

1.6 Outline of thesis

The subsequent chapters of this report detail the comprehensive work�ow of the
thesis:

ˆ Chapter 2 - Methodology: This chapter outlines the methodology employed
in the thesis work, including the considerations adopted for developing the
control strategy. It details the development of the Simulink model used to
implement these control strategies.

ˆ Chapter 3 - Results: This chapter presents the results derived from the method-
ologies and Simulink model developed in the previous chapter. It discusses
various test cases used to evaluate the model.

ˆ Chapter 4 - Discussion: This chapter discusses the methodologies used and
the results obtained. It analyzes the �ndings, highlighting the insights they
provide.

ˆ Chapter 5 - Conclusion: The �nal chapter consolidates all the information
presented in the previous chapters and summarizes the thesis. It aims to syn-
thesize the key �ndings and underscore their relevance to the �eld.
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Methods

This chapter outlines the methodology used to investigate gear selection strategies
for dual electri�ed axles. It covers the evaluation of propulsion system components
to include in the e�ciency map used for this project, as well as the iterative process
to generate the state selection map. Finally, the methods for implementing the state
selection map in Simulink are explained in detail.

2.1 E�ciency Map

As mentioned earlier, the aim of this thesis is to investigate gear selection strategies
for dual electri�ed axles with respect to energy e�ciency. Each component in the
electric drive system has a power loss, which is due to factors such as electrical
resistance or mechanical friction, for example. The e�ciency of each component is
determined by the output and input power according to:

� =
Pout

Pin
=

Pin � Ploss

Pin
(2.1)

where� is the e�ciency, Pout is the output power,Pin is the input power, andPloss is
the power loss of the system. The propulsion system of each electri�ed axle consists
of a train of components as illustrated in Figure 2.1. The energy is supplied by the
Electric Storage System (ESS), which consists of a model of a battery that outputs
voltage and current to the Motor Drive System (MDS). The MDS consists of the
inverter and the electric machine which outputs torque and output shaft speed to
the mechanical propulsion system. The mechanical propulsion system consists of a
gearbox, �nal drive, and wheel model where the mechanical losses are due to friction.
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Figure 2.1: Illustration of one electri�ed axle's components in the Simulink model.

Since the components in the propulsion system are connected in series, the total
e�ciency can be divided into intermediate steps according to:

� tot = � ESS � � MDS � � GB � � F D � � wheel (2.2)

where � tot is the total e�ciency, � ESS is the e�ciency of the ESS, � MDS is the e�-
ciency of the MDS,� GB is the gearbox e�ciency, � F D is the �nal drive e�ciency and
� wheel is the e�ciency of the wheel model. To optimize the gear selection, only the
components whose e�ciency is a�ected by the rotational speed and torque of the
electric machines are of interest. Starting from the right side in Figure 2.1, the wheel
speed and torque demand follow the drive cycle and will remain una�ected by the
gear selection, resulting in a wheel e�ciency independent of what gears are engaged.
The same principle applies to the �nal drive, which connects directly to the wheels
and remains una�ected by gear selection in terms of torque output or rotational
speed. However, the gearbox e�ciency is largely dependent on the gear selection
since the gears change the input shaft speed and torque throughput, which in turn
a�ects the losses due to friction. Since the gear selection a�ects the rotational speed
and torque output of the electric machine, the e�ciencies of the electric machines
are also largely dependent on the gear selection. The same is true for the inverter,
which changes its output voltage and current depending on the speed and torque
of the electric machine. The ESS however, will output a steady voltage and vary
the current depending on the power demand of the inverters. The ESS e�ciency is
therefore linked to the drive cycle's power demand rather than the operation points
of the electric machines, and can therefore be neglected for the gear selection.

Ideally, the gear selection would be optimized with respect to the e�ciency of the
inverter, electric machine, and gearbox. However, due to that the inverter is inter-
twined with the MDS, the MDS e�ciency map is di�cult to obtain. An attempt
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to obtain the MDS e�ciency is shown in Appendix A.1.1, which was deemed unre-
liable due to that the model is dependent on various environmental factors, such as
ambient temperature, that can alter the result.

Thus, the gear selection is to be optimized with respect to the electric machine
e�ciency and gearbox e�ciency. In this chapter, a method for extracting e�ciency
mapsfor these components is presented. An e�ciency map can be seen as a matrix
wherein each element represents the e�ciency at a speci�c operating point, de�ned
by the rows and columns representing the torque and rotational speed. By using
the minimum and maximum torque and speed as the endpoints, the e�ciency map
covers all operating points:

� =

�
�
�
�
�
�
�
�
�
�
�
�

� T1 ;! 1 � T1 ;! 2 : : � T1 ;! n

� T2 ;! 1 :
: :
: :

� Tn ;! 1 � Tn ;! n

�
�
�
�
�
�
�
�
�
�
�
�

(2.3)

2.1.1 Electric Machine

The losses from the electric machines are highly dependent on the gear selection
since it a�ects the rotational speed and torque output. An e�ciency map used to
compute the losses exist in the electric machine Simulink model, see Figure 2.2.
This is a 42x21 matrix with rotational speed on the X-axis and torque on the Y-
axis. The �eld weakening region is not de�ned in this matrix, but two vectors for
maximum positive and negative torque are also available. As seen in Figure 2.2,
the maximum positive and negative torque is 500 Nm, and the maximum rotational
speed is 10,000 rpm. To standardize future data processing, the e�ciency map is
re-scaled to a square50x50 matrix.
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Figure 2.2: 42x21 e�ciency matrix from Simulink model of electric machine

2.1.2 Mechanical E�ciency

The gearbox losses highly depend on the gear selection since the gear ratio deter-
mines the speed and torque on the input shaft bearings and gears. In the existing
Simulink model of the transmission system provided by Volvo, the gearbox losses
are calculated by the input shaft speed and torque using two constants,Gef f and
Gcoef f , which are de�ned for each gear. The output shaft torqueTout is calculated
using the input shaft torqueTin , the gear ratio i for the selected gear, and the input
shaft speedwin according to:

Tout = Tin � i � Gef f �
(! in � 30

� )1:7 � Gcoef f

! in
: (2.4)

To convert the torque loss to e�ciency, the gearbox e�ciency� GB is de�ned accord-
ing to:

� GB =
Pout

Pin
=

Tout � ! out

Tin � ! in
=

Tout

Tin � i
(2.5)

and by combining (2.4) and (2.5), the gearbox e�ciency is calculated according to:

� GB =
Tin � Gef f � i

Tin � i
�

(! in � 30
� )1:7 � Gcoef f

! in � Tin � i
= Gef f �

(! in � 30
� )1:7 � Gcoef f

! in � Tin � i
(2.6)

Using (2.6), the motor e�ciency map can be processed to include the gearbox e�-
ciency for each selected gear. This is done by �rst de�ning a50x50 speed matrix
and a 50x50 torque matrix,! in and T in , where each column represents the rota-
tional speed of the electric machine from zero to maximum speed and each row
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represents the torque from maximum negative to maximum positive torque. Then,
an element-wise operation is done to produce the gearbox e�ciency matrix� GB

according to:

! in =

�
�
�
�
�
�
�
�
�
�
�
�

! 1 ! 2 : : ! 50

! 1 :
: :
: :

! 1 ! 50

�
�
�
�
�
�
�
�
�
�
�
�

T in =

�
�
�
�
�
�
�
�
�
�
�
�

T1 T1 : : T1

T2 :
: :
: :

T50 T50

�
�
�
�
�
�
�
�
�
�
�
�

Gef f =

�
�
�
�
�
�
�
�
�
�
�
�

Gef f Gef f : : Gef f

Gef f :
: :
: :

Gef f Gef f

�
�
�
�
�
�
�
�
�
�
�
�

� GB (i ) = Gef f �
(! in � 30

� )1:7 � Gcoef f

T in � ! in � i
= (2.7)

�
�
�
�
�
�
�
�
�
�
�
�

� GB 1;1 � GB 1;2 : : � GB 1;50

� GB 2;1 :
: :
: :

� GB 50;1 � GB 50;50

�
�
�
�
�
�
�
�
�
�
�
�

The resulting matrices� GB (i ) represents the gearbox e�ciency for a speci�c gear
at each operation point of the electric machine in the same 50x50 matrix format as
the e�ciency map.

2.1.3 Total E�ciency Map

The e�ciency map representing the combined e�ciency of the electric machines and
the gearbox,� tot , is calculated by element-wise multiplication:

� tot = � EM � � GB (i ) =

�
�
�
�
�
�
�
�
�
�
�
�

� EMGB 1;1 � EMGB 1;2 : : � EMGB 1;50

� EMGB 2;1 :
: :
: :

� EMGB 50;1 � EMGB 50;50

�
�
�
�
�
�
�
�
�
�
�
�

(2.8)

2.2 State Selection Map

The previously de�ned total e�ciency maps, � tot (i ), are used as the foundation for
the gear selection strategy. Neglecting operating points with lower e�ciency than a
certain e�ciency value, or e�ciency threshold, constructs e�ciency islands . Based
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on these e�ciency islands and the gear ratios,gear operation islandscan then be
constructed, specifying at which wheel torques and vehicle speeds each gear can
operate. Since each state is a combination of one or multiple gears, the gear opera-
tion islands are then utilized to construct thestate operation islandsfor each state.
When all state operation islands are de�ned for a certain e�ciency threshold, these
are overlaid on each other to form thestate selection map, where each element rep-
resents an operating point containing the possible states at the e�ciency threshold.

Once the state operation islands are de�ned for a given e�ciency threshold, they
are overlaid to create the so-called state selection map. In this map, each element is
a vector representing an operating point and contains the possible states that meet
the speci�ed e�ciency threshold.

By incrementally raising the e�ciency threshold from 0-100% while constructing a
new state selection map at each increment, the most e�cient states at each operat-
ing point are determined by overwriting the previous state selection map at every
operating point containing one or more possible states.

2.2.1 E�ciency Islands

For the gear shifting strategy to be e�cient, the e�ciency map of the electric drive
system (including mechanical losses) is divided intoe�ciency islands , where an ef-
�ciency island is a region of an e�ciency map where all operating points are above
a speci�ed e�ciency threshold.

A logic matrix is generated by comparing the threshold with the complete e�ciency
map, using the less-than operator. The e�ciency island matrix� isl is constructed
by �rst making a copy of the e�ciency map � tot and then using the logic matrix to
exclude all values less than the threshold e�ciency by replacing these values with
NaN values:

� isl =

�
�
�
�
�
�
�
�
�
�
�
�

NaN NaN NaN : NaN
NaN � tot 2;1 :
� tot 2;1 : � tot 2;1

: :
NaN NaN

�
�
�
�
�
�
�
�
�
�
�
�

(2.9)

With this method, any e�ciency threshold can be used to construct an e�ciency
island. See Figure 2.3 for a plot of multiple e�ciency islands derived using the
described method.
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Figure 2.3: Plot of e�ciency map with multiple e�ciency islands di�erentiated by
color.

2.2.2 Gear Operation Island

The e�ciency islands de�ne the motor speeds and torque an electric machine can
operate at while ensuring that the propulsion system operates above a certain e�-
ciency threshold. For a given gear, the motor's rotational speed and torque can be
translated to vehicle speed and wheel torque according to:

vvehicle =
wEM

i gear � iF D
� rwheel (2.10)

Twheel = TEM � i gear � iF D (2.11)

wherewEM and TEM is the rotational speed and torque of the electric machine,i gear

and iF D is the gear ratio for the selected gear and for the �nal drive, andrwheel is
the wheel radius. The operating points of a speci�c e�ciency island can thus be
scaled to vehicle speeds and wheel torque if the gear ratios and wheel dimensions
are known. See Figure 2.4 for a plot of the vehicle speed and wheel torque operation
points for EM1 engaged to gear 1 operating on the97% e�ciency island. This
represents agear operation island, A GOI , for gear1 at 97%e�ciency.
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Figure 2.4: Gear operation island,A GOI , for EM1 engaged to gear 1 and 97%
e�ciency.

The core of the gear operation islands is two matrices,! and T , which represent
motor speeds and motor torque for all operating points of a selected gear.w and
T are in turn constructed by two vectors,v and T W supported by a vector of ones,
V 1:

v = [0 : : : vmax ] (2.12)

T W = [ � TW;max : : : TW;max ] (2.13)

V 1 = [1 : : : 1] (2.14)

wherev is a vector incrementing from0 to the maximum vehicle speed,vmax , which
de�nes the X-axis of the map for the gear operation island. In this case,vmax is
set to 34 m/s, which is equal to 122.4 km/h or 76.1 mph, which is higher than the
maximum legal speed in the EU as well as in the US for heavy-duty trucks, [15]
and [16]. The number of increments de�nes the resolution of the map of the gear
operation island and can be varied, but in this project, 100 increments are used.
T W is a vector containing the wheel torque from the electric machine, incrementing
from the maximum negative wheel torque to the maximum positive wheel torque.
This vector de�nes the Y-axis of the map for the gear operation island, containing
100 increments to produce a square 100x100 matrix.V1 is a vector of ones with 100
indices, which is used to produce the matrices! and T according to:

! = v � V |
1 �

30� iF D � i gear

� � r
= (2.15)

�
�
�
�
�
�
�
�
�

0 : : ! vmax

: :
: :
0 ! vmax

�
�
�
�
�
�
�
�
�
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T = T |
W � V 1 �

1
iF D � i gear

= (2.16)

�
�
�
�
�
�
�
�
�

� TEM;T W;max : : � TEM;T W;max

: :
: :

TEM;T W;max TEM;T W;max

�
�
�
�
�
�
�
�
�

The elements in! and T represent the theoretical rotational speed and torque of
the electric machine when it is engaged to the gear with gear ratioi gear at all vehicle
speeds and wheel torques. To evaluate which of these operation points are within the
speci�ed e�ciency island, the e�ciency at each operating point is evaluated by using
the built-in MATLAB function griddata , the e�ciency map, and two additional
vectors de�ning the axes of the e�ciency map,Vw and VT :

Vw = [0 : : : wmax ] (2.17)

VT = [ � Tmax : : : Tmax ] (2.18)

whereVw and VT represent the rotational speeds and torques of the electric machine.
The MATLAB function griddata outputs an interpolated matrix where each ele-
ment represents the e�ciency at each operation point, and if the operation point is
outside of the e�ciency island, it outputs NaN . This constructs thegear operation
island, A GOI , for this particular gear, according to:

A GOI = � isnan(griddata(Vw ; VT ; A � isl ; A w ; A TW ) = (2.19)

�
�
�
�
�
�
�
�
�
�
�
�

a1;1 a1;2 : : a1;n

a2;1 :
: :
: :

an;1 an;n

�
�
�
�
�
�
�
�
�
�
�
�

.

Each element,ar;c , represents a vehicle speed and wheel torque and is a1 or 0
depending on if the operating point of the electric machine is on the e�ciency
island or not.

2.2.3 State Operation Island

The truck con�guration utilizes two identical electri�ed axles with two electric ma-
chines each which in turn can be engaged to two gears or neutral. For states that
only activate one out of four electric machines, the gear operation islandA GOI is
su�cient to de�ne all operation points of the truck. However, for states that acti-
vate multiple electric machines, theA GOI of each activated electric machine must be
combined into one e�ciency island, which represents the accumulated wheel torque
contribution. This leads to the introduction of the state operation island, A SOI ,
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which represents every state's operating points.

Each axle features two electric machines with distinct gear ratios, causing them to
rotate at di�erent speeds when both are engaged. To �nd the common operating
points of the motors where they operate above an e�ciency threshold, the mini-
mum and maximum motor speeds must be taken into account. Thetrailing electric
machine with the lower gear ratio will be rotating faster than theleading electric
machine with the higher gear ratio. See Figure 2.5 for an example where EM1 is
engaged to gear 1 while EM2 is engaged to gear 2, representing state 7 (see Table
1.1 for the de�nition of the states). To ensure that the trailing motor is not over-
speeding, i.e., rotating faster than the e�ciency island allows for, the upper limiting
speed,vUL , is de�ned as the vehicle speed where the trailing electric machine is
operating at the highest rotational speed on the e�ciency island. Similarly, the
lower limiting speed,vLL , is de�ned as the vehicle speed where the leading electric
machine is operating at the lowest rotational speed on the e�ciency island.vUL and
vLL are found using the previously de�ned gear operation island matrices for the
active gears,AGOI , by �nding the �rst and last column where all active motors have
common operating points.

Figure 2.5: Illustration of gear operation islands,A GOI , for EM1 and EM2 in state
7, wherevUL and vLL is marked.

For each vehicle speed betweenvLL and vUL , the minimum and maximum torque,
TLL and TUL , for each electric machine de�nes the state's minimum and maximum
wheel torque, see Figure 2.6 where the torque is marked at 7 m/s.
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Figure 2.6: Torque contribution from EM1 and EM2 between the minimum and
maximum speed in state 7.

The machines' torque contributions are summarized at each vehicle speed, resulting
in the state operation island,A SOI , illustrated in Figure 2.7. The same method is
applicable to all states, regardless of how many electric machines are activated.

Figure 2.7: Illustration of the state operation island, A SOI , for state 7 with 97%
e�ciency.
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2.2.4 State Selection Map

With the state operation islands de�ned for all states, the possible states at every
operation point and e�ciency thresholds are known. A MATLAB script starts an
iterative process by computing the state operation islands at0%e�ciency threshold
for all states and combines them in a cell matrix, where each element is a vector
with the possible states. In the next iteration, the e�ciency threshold is raised by
a de�ned increment, and a new cell matrix with all possible states is constructed.
Each element in the new cell matrix that is not empty overwrites the element in the
cell matrix from the last iteration. By continuing this process until the e�ciency
threshold reaches100%, the most optimal state is represented in each element of
the �nal cell matrix, referred to as the state selection map. Figure 2.8 illustrates the
iterative development of a state selection map.

Figure 2.8: Three iterations of the state selection map.

The resulting state selection map is a 100x100 matrix where each element represents
the optimal state choice at that speci�c wheel torque demand and vehicle speed,
de�ned by the rows and columns. Since the aim of this thesis work is to compare an
independent to a parallel control strategy, two state selection maps are constructed.
See Figure 2.9 and 2.10, which illustrate examples of an independent and a parallel
state selection map, where each state is marked in color. These state selection maps
represent the optimal state choices at all vehicle speeds and wheel torque demands.
As seen in the �gures, the state selection map for the independent control strategy
contains independent states, while the state selection map for the parallel control
strategy only contains parallel states.
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Figure 2.9: Illustration of a state selection map for an independent control strategy,
with states marked in color.

Figure 2.10: Illustration of a state selection map for a parallel control strategy,
with states marked in color.

2.3 Gear Shifting Strategy

The state selection map de�nes which state is optimal in terms of e�ciency for
any wheel torque demand and vehicle speed, which is to be used as a gear-shifting
strategy in Simulink. The state selection map is implemented into the Simulink
environment by using a '2D-Lookup Table', see Figure 2.11. The state selection
map is divided into two halves, one for positive and one for negative wheel torque
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demand. Based on the sign of the wheel torque, a switch controls which of the two
maps is used.

Figure 2.11: Simulink model for selecting states based on wheel torque and vehicle
speed using the state selection map.

Using only the state selection map as a gear selection strategy results in the vehicle
speed and wheel torque demand shown in Figure 2.12. As seen in the �gure, the
target speed increases rapidly from30km/h to 46km/h at 73s and is then gradually
decreased at the rate of� 1:75 km/h per second at81 s. The wheel torque demand
increases from2 to about 29 kNm with the target speed increase. When the actual
speed is approaching the target speed, the torque is reduced and then �uctuates
until the target speed reduces gradually.

Figure 2.12: Vehicle speed and wheel torque demand.

As seen in Figure 2.12, the maximum target speed of46km=h is not reached. In-
stead, the actual speed �uctuates between41 and 43km=h, indicating that there are
problems with the gear selection. The traced state selection on the state selection
map is shown in Figure 2.13.
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Figure 2.13: State selection tracing in the state selection map.

During the rapid increase of the target speed, the selected state goes from3 to 88
via 33 and 83. During the acceleration, state88 remains until the torque demand
drops when approaching the target speed. Then, the selection goes through state
99 and 33 until �nally reaching state 3. When state 3 is engaged, the torque starts
rising again, leading to that state88 being chosen again after going through states
33 and 99. The torque keeps �uctuating the gear selection until the target speed
reduces which lets the state selection settle at state3 and 4. This rapid change in
state selection greatly a�ects the state selection to each axle, see Figure 2.14.
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Figure 2.14: Selected and current states from the state selection map.

Since the state selection depends solely on the state selection map, the selected
states for each axle are identical to the state map (except that the signal is divided
into two signals, one for each axle). The current states di�er from the selected
states because the gearbox must complete the gear engagement process from the
previous state selection before a selected state can become the current state. The
fork actuation must be �nished, and the electric machines must synchronize to the
input shaft speed, which leads to a delay from when a newly selected gear has been
sent to when it becomes a current gear. Therefore, rapid state selections might be
missed and even disturb the engagement of the states. This happens to axle1 at 73s
where state8 is chosen but state3 remains engaged. Thisfailed shift contributes to
that the target speed of 46 km/h in Figure 2.12 is not reached.

2.3.1 Engagement Check

As previously shown, it is important to ensure that a selected state is allowed to
engage before selecting a new state to avoid failed shifts. To con�rm the engagement
of a selected state before selecting a new state, a function referred to as "Engagement
Check" is developed, which compares the current state to the selected one. If the
current and selected states are equal, a new state from the state selection map is
transmitted via a switch. During the interval in which a gear shift request is being
processed and the gear engagement is underway, any incoming gear shift requests
are not passed through the switch. This ensures that the gear shift process is
not interrupted or compromised by new requests. It emphasizes the importance
of allowing each gear shift to fully complete before considering additional changes,
ensuring a reliable transition between gears. Each signal that gets passed through
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the switch is stored in a memory, ensuring a steady selected state signal, see Figure
2.15.

Figure 2.15: Simulink model for the Engagement Check.

Using this function, all selected states become current states, meaning that there
are no incomplete shifts impeding the vehicle from reaching the target speed, see
Figure 2.16.

Figure 2.16: Graphs showing the vehicle speed and wheel torque demand.

Figure 2.17 shows the states sent from the state selection map, the selected and
current states as well as the switch position for the engagement check. The switch
position is 1 when the selected and current states are the same, and0 when they are
not. When the selected gear has changed during the gear shift process, the switch
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position goes from0 to 1 when the process is done and then immediately back to0
again since a new selected state starts a gear shift process.

Figure 2.17: Selected and current states using Engagement Check.

As seen in the �gure, there are multiple sub-one second shifts, which are not de-
sirable for torque delivery, referred to asmis-shifts. During highly transient torque
demands, large portions of the state selection map are swept through before the
torque demand has settled. These sweeps through the state selection map generate
a �ow of state requests that are being sent to the Engagement Check. Selections
from the �ow of state requests will be sent, depending on the Engagement Check
switch position.

2.3.2 Satellite Filter

To reduce the issue of rapid state changes due to sudden �uctuations in torque re-
quirements, and consequently avoid rapid gear change requests that can result in
failed shifts and poor torque delivery, a function termed "Satellite Filter" is intro-
duced. This function involves the use of two additional points, referred to assatellite
points, which are positioned� sat indices away from the desired operating point in the
Y-direction. One satellite point lies � sat indices below the desired operating point
and the other � sat above the operating point. When all three points are within the
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same state island, a switch and memory are used similarly to the Engagement Check
to transmit the state. See Figure 2.18.

Figure 2.18: Implementation of the Satellite Filter in Simulink.

The amplitude � sat depends on the rate of change in wheel torque demand and is
calculated by utilizing a derivative �lter. The transfer function for this derivative
�lter, Gdf (s), e�ectively smooths out rapid �uctuations in torque demand. Using
Gdf (s), the amplitude � sat is continuously calculated according to:

Gdf (s) =
kds

1 + sTd
[14] (2.20)

� sat = Gdf (s) � Twheel;demand (2.21)

wherekd is the �lter gain, and Td is the �lter's time constant. These parameters are
to be tuned for the state selection map resolution and the propulsion system torque
capabilities. For the state selection map size of 100x100 and the propulsion system
at hand, it is found that kd = 0:00025and Td = 0:5 results in good functionality.
Figure 2.18 shows an illustration of how the Satellite Filter operates. Initially, when
the torque demand and vehicle speed are in steady-state, the amplitude� sat is low,
resulting in the satellite points being close to the operating point within the island
of state 3. When the wheel torque requirement quickly rises,� sat becomes larger,
resulting in the satellite points separating, which avoids the states33 and 83. When
the wheel torque requirement has settled between28 and 30 kNm, the operating
point and the satellite points are in the same state island, and state88 is passed
through the Satellite Filter.
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Figure 2.19: Function of the Satellite Filter.

Figure 2.20 shows how the Satellite Filter improves the state selection. As expected,
state 33 and 83 are avoided, and state88 is chosen instead at73. Similarly, when
the torque demand lowers, the states99 and 33 are ignored. During this particular
part of the driving cycle, the Satellite Filter reduces the number of selected states
from 5 and 8 to 2 for both axles1 and 2, respectively.
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Figure 2.20: Selected and current states using the Satellite Filter.

Figure 2.20 shows that the Satellite Filter avoids mis-shifts at high torque change
rate. Figure 2.21 shows a later part of the same drive cycle as the previous, where the
selected state for axle1 goes back and forth between state3 and 4 from timestamp
95s to 118s. This type of shifting is undesired and referred to asgear hunting, where
the wheel torque demand is at the border between two state islands. The Satellite
Filter amplitude is not large enough to counteract the gear hunting between states
when the change rate of the wheel torque demand is low.
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Figure 2.21: Gear hunting at low torque change rates.

2.3.3 Hysteresis

To avoid gear hunting at low torque change rates, a function referred to as Hys-
teresis is introduced. The Hysteresis function holds the current states as long as
the wheel torque demand lies between ahigh and low band, which are de�ned as
the wheel torque if the active motors produce 450 Nm and 50 Nm, respectively,
through the engaged gears. The choice of 50 Nm for the low band is due to that
the e�ciency drops rapidly below this torque output, seen in Figure 2.2. While the
electric machines have good performance even at the maximum torque of 500 Nm,
450 Nm is chosen for the high band to give the same margin as the low band. See
the e�ciency island in Figure ?? for reference. Additionally, a maximum speed of
7000 rpm is set to ensure that the motors are not stuck operating at a high speed.
The Hysteresis function is implemented in Simulink according to Figure 2.22.
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Figure 2.22: Illustration of the Hysteresis function implementation in Simulink.

The purpose of the Hysteresis function is to allow the current state to stay engaged
even though the state selection map and Satellite Filter request a state change, as
long as the active electric machines can operate with good (but not optimal) e�-
ciency. This function sacri�ces e�ciency for better torque delivery and driveability.
See Figures 2.23 and 2.24 for the Hysteresis function in operation on the same part
of the drive cycle shown in Figure 2.21.
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Figure 2.23: Hysteresis function operation during low torque change rate.

Figure 2.24: Wheel torque and electric machine speed using the Hysteresis func-
tion.

The gear hunting between states3 and 4 are eliminated since the wheel torque does
not fall below the low band of state4. This is a signi�cant improvement for the
driveability of the truck since there will be fewer disruptions in the torque delivery.
However, the Hysteresis function does not eliminate the risk of mis-shifts, which can
be seen at160s in Figure 2.23. This shows that the Hysteresis function works well
for slow torque change rates, but does not ensure that the gears are held during
rapid changes that are not eliminated by the Satellite Filter.
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2.3.4 Hold

To avoid mis-shifts at low torque change rates, a function denoted as Hold is imple-
mented. For each axle, once a gear shift request has been sent, no new gear shift
request will be accepted for the next two seconds following the transmission of the
previous signal. Consequently, any gear shift initiated will be in e�ect for at least
two seconds. This is implemented using a combination of delay block, memory block,
relational operator, and switch block within the control system, see Figure 2.25. The
delay block introduces a �xed time delay after a gear shift request is sent, ensuring
that a subsequent request can only be considered after the two-second interval. The
memory block retains the state of the last gear shift request to facilitate comparison
with new requests. The relational operator is used to cross-check the two-second
hold of the gear state used. the switch block controls the �ow of gear shift signals
based on the evaluation from the relational operator, e�ectively preventing any new
requests from being processed too soon after the last shift.

Figure 2.25: Implementation of the Hold function in Simulink.

As seen in Figure 2.26, the mis-shift at the timestamp162 is ignored due to that
state 33 being held during the time that the state selection map outputs99.
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Figure 2.26: Hold function operation during a drive cycle simulation.

With the addition of the Hold function, the gear selection strategy operates as
desired without failed shifts, gear hunting, or mis-shifts, ensuring good driveability
and torque delivery while operating in states with high e�ciency.

2.3.5 Simulink Model

As demonstrated in the previous subsections, implementing the gear selection strat-
egy requires four key functions: Engagement Check, Satellite Filter, Hysteresis, and
Hold. Figure 2.27 provides an overview of how these functions are implemented in
Simulink, along with the necessary input and output parameters.
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Figure 2.27: Flow of signals from input to output for the complete gear shifting
strategy.
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3
Results

The following chapter presents the results of this study. It presents the EM and
gearbox e�ciency maps, followed by the resulting state selection maps constructed
from these for both independent and parallel control strategies. Next, the chapter
delves into the results obtained from each implemented method in Simulink. Finally,
it presents the results from all drive cycles and truck masses, as well as the simpli�ed
state selection map based on these results.

3.1 E�ciency Maps

This section describes the resulting e�ciency maps for the electric machine and the
mechanical e�ciency of the gearbox. These e�ciency maps are the foundation of
the state selection maps, which are compared later in Section A.2.

3.1.1 Electric Machine

The given 42-by-21 matrix of the electric machine e�ciency presented in the Meth-
ods chapter, see Figure 2.2, is re-scaled to 50-by-50, and all points outside the �eld
weakening region de�ned by the maximum positive and negative torque are set to
zero. The electric machine has a maximum speed of 10000 rpm and a maximum
torque of 500 Nm, with the �eld weakening region starting at approximately 5600
rpm.

This results in the e�ciency map in Figure 3.1, which has identical e�ciency islands
as the given e�ciency map, which is expected. The e�ciency map has a relatively
large e�ciency island with above 97% e�ciency. Most of the e�ciency map is above
95% e�ciency, with exceptions for torque levels below 70 Nm and high torque lev-
els below 2500 rpm. The electric machine performs similarly but with slightly less
e�ciency at negative torque in generator mode.
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Figure 3.1: Interpolated 50x50 e�ciency map of the electric machine

Because of the large area covered by above95%e�ciency, the shape of the e�ciency
map is rather �at. It does, however, have distinct peaks at approximately 5600 rpm
and � 260Nm where the e�ciency is 97:4%.

3.1.2 Mechanical E�ciency

The gearbox e�ciency matrix � gb is calculated according to (2.7) for each gear, see
Figure 3.2 for the� gb of gear 1.

Figure 3.2: Gearbox e�ciency for all operating points of the electric machine for
gear 1
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As seen in the �gure, the e�ciency decreases with speed due to friction losses from
the bearings, etc. The gearbox e�ciency is also higher at higher torques, which is due
to that the frictional losses from the gear teeth are lower relative to the throughput
power at high torque than at low torque.� gb is then element-wise multiplied by the
rest of the propulsion system e�ciency. See Figure 3.3 for a comparison of the EM
e�ciency with and without the gearbox e�ciency.

Figure 3.3: Comparison of electric motor e�ciency without and with mechanical
e�ciency

As previously stated, the peak EM e�ciency without the gearbox e�ciency is97:4%
at 5600 rpm and 260 Nm. If the gearbox e�ciency is included, the peak e�-
ciency drops to 95:2%, and the operation point is shifted to 5000 rpm and 340
Nm. This shows that the gearbox e�ciency in�uences the optimal operation point
of the propulsion system.

3.2 State Selection Map

The state selection map is a crucial aspect of the control strategies examined in this
study. It determines the optimal states in terms of e�ciency for all operation points
of the vehicle.

3.2.1 Independent State Selection Map

The independent control strategy state selection map is generated using all de�ned
states in Table 1.2 on page 6, and is illustrated in Figure 3.5 where all states are
marked in color. As seen, states 44, 77, 88, and 99 cover large portions of the surface,
and these are the states with the highest torque capabilities at their respective vehicle
speed. The black border indicates the maximum wheel torque that the active motors
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