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Battery electric heavy vehicles with a drivetrain on each axle and friction brake on each wheel offer significant
opportunities to enhance vehicle performance and energy efficiency. This paper presents three actuator
coordination algorithms for an all-wheel driven heavy vehicle to influence the wheel torque with the aim
of optimising the power efficiency and vehicle stability. Two of these algorithms exploit the principle of
instantaneous power loss minimisation by using the power loss models of actuators. The wheel force limits were
included as a constraint to ensure safe vehicle operation. These strategies were simulated using a high-fidelity
vehicle model, including simplified models for the powertrain and friction brakes. Measures such as the power
loss of the actuators, longitudinal tyre slip losses, and energy consumption of the coordination strategies during
a realistic drive cycle were analysed. Results show that the power loss minimisation algorithm including idle
losses in the decision logic, can reduce the energy consumption by up to 7% compared to a strategy only

maximising tyre grip.

1. Introduction

The adoption of battery-electric heavy vehicles (BEVs) for long-haul
transport is currently limited by factors such as range anxiety, inconsis-
tent vehicle performance, and high operational costs. For typical Euro-
pean 4X2 tractor semi-trailers with internal combustion engines (ICEs),
fuel consumption during long-haul cycles is around 30 L/100 km [1].
These vehicles have variable fuel tank capacities (300-600 litres), low
diesel fuel costs, and a dense refuelling infrastructure, making driving
range a less critical performance metric. In contrast, BEVs, which lack
a similar charging infrastructure and having a finite driving range
influenced by battery capacity, face greater challenges [2,3].

The primary challenge to the widespread adoption of BEVs for long-
haul cycles is the driving range, which is influenced by multiple factors,
including vehicle design parameters such as aerodynamic drag, rolling
resistance, battery capacity, and gross combination weight (GCW). En-
vironmental factors like weather, traffic conditions, and infrastructure
also impact performance [4,5]. While vehicle design can be limited by
legislation and infrastructure constraints, driving style, charging strat-
egy, and the control of vehicle actuators offer potential for improving
performance [6].

To address these challenges, this study focuses on developing energy-
efficient wheel torque allocation strategies that minimise power losses

while ensuring safe vehicle operation. These strategies consider not
only the power losses from electric drivetrains but also idle losses, tyre-
road friction limits, and actuator operating limits. By integrating these
factors into actuator coordination for BEVs, this study aims to optimise
energy efficiency in real-world long-haul driving conditions [7,8].

1.1. Background

BEVs have the potential to revolutionise long-haul transport, but
their adoption is constrained by performance limitations, particularly
driving range. BEVs require effective coordination between various
motion actuators, such as electric drivetrains, friction brakes, suspen-
sion systems, and steering, to optimise performance. The optimisation
of energy consumption and the reduction of power losses are critical
factors for increasing the range and operational efficiency of BEVs.

Vehicle motion control (VMC) algorithms are key to achieving
optimal coordination of these actuators. By integrating and coordi-
nating motion actuators, VMC algorithms generate the desired wheel
torques and satisfy primary and secondary objectives such as min-
imising energy consumption, actuator wear, and power usage [8]. For
BEVs, representing an over-actuated system, control allocation (CA)
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Symbol Description unit

Ay req Longitudinal acceleration request m/s?

Uy req Longitudinal velocity request m/s

@ry Road grade rad

Fy e Total longitudinal resistive force N

Uy aet Actual longitudinal vehicle speed m/s

Fyrs Feed-forward controller force request N

Fy 7y Feedback longitudinal force request N

Fearo Longitudinal force request from the N
driver model

Sreq Steering angle requests at the wheel rad

Fy req Regulated longitudinal force request N

Fonine.i Minimum or negative force limit of N
electric drivetrain on an axle

FymaxEM i Maximum or positive force limit of N
electric drivetrain on an axle

FrreqEm i Force request to the electric drivetrain N
from the actuator coordinator

Fopmi Force corresponding to generated actual N
torque by the electric drivetrain

TreqEMm i Torque request to the electric drivetrain Nm
from the actuator coordinator

Tepm, Actual torque request to the wheel from Nm
the electric drivetrain

Frominbrici Minimum or negative force limit of the N
friction brakes on an axle

Fumaxbri.i Maximum or positive force limit of the N
friction brakes on an axle

Freqbrkci Force request to the friction brakes from N
the actuator coordinator

Treqbri.i Torque request to the friction brakes Nm
from the actuator coordinator

Torii Actual torque request to the wheel from Nm
the friction brakes

F,; Actual normal load on an axle N

F,; Estimated lateral force generated on an N
axle

Fyimi Longitudinal wheel force limit of an axle = N

Freqi Longitudinal wheel force request to an N
axle

Pt cons Total electrical power consumed from kW
the battery

Ppast gen Total electrical power regenerated to kW
the battery

Py Instantaneous mechanical power kW
generated by the electric drivetrain

Piossem.i Instantaneous power loss of the electric kW
drivetrain

Pyosshrii Instantaneous power loss of the friction kW
brakes

Pogs sx Total Longitudinal tyre slip loss kW

Piossrr Total rolling resistance loss kW

PrechEM i Mechanical power of an electric kW
machine

Pypm. Electric power associated with an kW
electric machine

Fopi Longitudinal force on a wheel N

Uy Longitudinal speed of a wheel m/s

@y Rotational speed of a wheel rad/s

Few,i Effective rolling radius of a wheel m

Fopi Normal load on a wheel N

Tyrirni Braking torque on a wheel Nm

v Longitudinal speed of an axle measured m/s

xact,i

at the centre
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techniques play a pivotal role in coordinating actuator outputs while
meeting the vehicle’s motion requirement [9].

The complexity of optimising BEV actuator coordination increases
with the inclusion of multiple actuators, such as dual-motor systems or
systems with multiple axles. Additionally, power losses from various
components, including electric machines, inverters, and tyres, must be
considered in the optimisation process. These losses, when accurately
modelled, can lead to more effective torque allocation strategies that
improve energy efficiency and overall performance.

1.2. Literature review

Many studies have focused on CA-based wheel torque distribu-
tion strategies for enhancing vehicle handling, safety, and energy ef-
ficiency [9-21]. These strategies often use optimisation algorithms and
real-time control to minimise power losses and improve handling. For
instance, previous studies in [10,11,13,21] explore torque vectoring
for multi-motor electric vehicles to improve understeer characteristics.
In contrast, other studies, such as [9,14,16-20], focus on longitudinal
dynamics, optimising algorithms to maximise energy efficiency while
maintaining vehicle stability. However, these studies often rely on ideal
conditions such as constant road friction, precise torque measurements,
and infinite computational resources. Such assumptions can lead to
discrepancies between simulated and real-world performance. Further-
more, many studies focus on passenger vehicles or limited driving
cycles, which makes it difficult to apply their findings to heavy vehicles
operating in complex, real-world conditions.

Another difference observed in the literature is the sources of power
losses included in wheel torque allocation algorithms. For instance,
in [10-12], electric machine, transmission, and tyre losses, obtained
from experiments, are analysed, while other studies, such as [9,13,
20], focus primarily on electric machine and inverter losses. Tyre-
related power losses were modelled with improved accuracy in [20]
compared to [9,13]. However, tyre slip models often oversimplify
tyre-road interactions, potentially underestimating energy losses in
dynamic conditions. Additionally, inclusion of friction brake losses in
the optimisation formulations are limited in literature.

Furthermore, with the different approximations of losses, optimisa-
tion methods also differ including both offline and online schemes [9,
12,13,15,16]. Studies, such as [9,12,13], especially provide insights
into offline optimisation strategies. Offline optimisation is typically
more computationally intensive and requires pre-calculation of torque
allocation strategies for various driving conditions. In contrast, on-
line optimisation adjusts the torque distribution in real-time, making
it more suitable for dynamic driving conditions. The literature also
suggests that higher-order polynomial models or advanced optimisation
techniques, such as machine learning approaches, may be necessary
to accurately represent system behaviour in high or low load condi-
tions [9,15]. For example, in [16], a method that satisfies the KKT
conditions was presented for a 6X6 heavy vehicle, especially to handle
the non-convex power loss characteristics. The KKT-based approach
helps address the challenges of optimising the torque distribution for
non-convex problems, but its application is computationally demanding
and may not be suitable for real-time systems without significant
simplifications or approximations.

Previous studies have also examined idle losses and torque distri-
bution strategies under different drivetrain configurations, including
dual-motor and multi-axle vehicles [16-19,22,23] In [18], different
algorithms to optimise clutch usage for wear and comfort are presented.
In [23], the authors proposed a system-level optimisation of power
losses in an electric vehicle (EV) driven by front and rear induction
motors under steady state conditions, avoiding mechanical clutches.
However, many of these studies focus on passenger vehicles, limited
test manoeuvres involving complex operation of mechanical clutches,
making it difficult to apply their findings to heavy vehicle applications.
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1.3. Contributions

This study complements the literature through the following contri-
butions:

+ Introducing a novel actuator coordination strategy for power loss
minimisation with the inclusion of idle losses (power loss when
zero output torque) and wheel force limits to ensure safe vehicle
operation, which can be extended to cases with multiple axles and
actuators.

Comparing alternative actuator coordination strategies using a
high-fidelity heavy vehicle model, comprehensive power loss
models, and realistic transport operation.

Proposing a method for evaluating and analysing the actuator
coordination for 2-axle heavy vehicles with different electric driv-
etrains on the front and rear axles.

1.4. Layout

The remainder of this paper is organised as follows. Section 2
introduces the problem formulation solved via optimisation. Section 3
describes the different power loss models used in the objective function
of the optimisation and for the analysis of the results. Section 4 specifies
the vehicle configuration and driving cycle. Section 5 presents the
models used for the driver, control system, actuators, and vehicle,
including the interfaces. In Section 6 different wheel torque allocation
strategies are described. Section 7 presents the results, discussion, and
conclusions of the analysis in Section 8.

In this paper, the symbols representing the variables and parameters
concerning the axle and wheels are described using the following sub-
scripts: i, axle; w, wheel; EM, electric machine; and brk, friction brake.
The symbols are specified using the following format entity,.,,qor.axie> OF
as entity,,, for e.g. F,,;, F,;. The axles are numbered starting from
the front axle of the tractor as 1, followed by the rear axle as 2, and in
that sequence until the last axle of the trailer as 5.

2. Problem formulation

In this paper, wheel torque allocation is described as a CA problem
solved by optimising actuator requests u*. The optimisation variables
chosen here are expressed as forces rather than torques, which are then
rescaled to torques after optimisation. The optimal actuator coordina-
tion problem is solved for u, a vector of actuator requests. The objective
function ®(u, x) is expressed as a function that minimises power losses,
where x is a vector of non-optimised variables like state variables.

u* = arg muin (D (u, x)) 1)
s.t v=f(x,u)
u < h(x,u)
up(x,u) < u < uy(x,u)

A nonlinear mapping exists between the requested global forces v on
the vehicle and actuator forces at each instant.

v = f(x,u()) 2

Additionally, a nonlinear mapping exists between the tyre forces at the
contact patch and the applied actuator forces, with a feasible region
associated with them.

u < h(x, u(t)) 3

By solving the actuator coordination problem at every instant, a linear
mapping is satisfactorily performed for the nonlinear system, which
allows (2) and (3) to be expressed with the actuator constraints as
follows:

v=B-(u®) ()]
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us<G-u@®) C))

where B denotes the control effectiveness matrix, and G denotes the
axle capability matrix.

Similarly, the actuator upper and lower bounds u; and u,, re-
spectively, representing the positive and negative force limits, can be
rewritten as:

wp(x, u()) < u(t) < uyp(x, u(t) (6)

3. Sources of power losses

Vehicle motion is associated with power dissipation from numerous
sources, such as aerodynamic losses, rolling resistance losses, tyre slip
losses, electric powertrains, cooling systems, batteries, and auxiliary
systems [24]. This requires a detailed understanding of the character-
istics and physics of power loss sources. Here, the important sources of
power losses influenced by wheel torque allocation are used to compare
the different strategies. Aerodynamic losses proportional to the third
power of the vehicle speed were excluded from the analysis. This reason
is that the vehicle speed remained nearly constant in the coordination
strategies.

3.1. Tyre slip losses

For pneumatic tyres, when a driving or braking torque is applied
to a wheel, force is generated at the tyre-road contact patch. The
generated longitudinal force is due to the relative motion between the
road surface and rubber tread of the tyre, which can be expressed by
a term called longitudinal slip. This longitudinal slip phenomenon can
be expressed as a relative slip velocity and is defined as the difference
between the translational velocity of the wheel centre and rotational
velocity of the wheel multiplied by the effective wheel radius. Thus, the
slip power loss [25] for the whole vehicle, assuming that the torque is
distributed equally between two wheels on an axle, can be expressed
as follows:

Ploss,sx = Z 2. wa,i(uxw,i — Wyt rew,i) 7

1

where F,,,; is the longitudinal force generated at the tyre-road contact
patch of a single wheel, r,,; is the effective rolling radius of the
tyre, v,,,; is the longitudinal velocity of the wheel centre and ,,; is
the rotational velocity of the tyre. In this study, the tyre slip losses,
namely longitudinal slip, were only analysed due to the wheel torque
coordination and are not minimised.

The analysis of lateral tyre slip losses is excluded in this study
because the lateral acceleration levels generated during the driving
cycle are predominantly below + 0.4 m/s?, representing near straight
line driving conditions. Additionally, due to the high friction levels
considered between the tyre-road contact, the wheel forces produced
are well within the tyre force limits. Hence, the produced lateral slips
did not influence the wheel torque allocation and they were nearly
same for the strategies described in Section 6. Thus, their effects are
considered small for the given application.

3.2. Rolling resistance losses

Another source of power dissipation due to the tyre characteristics
during rolling, owing to the viscoelastic properties of the rubber com-
pounds, is referred to as rolling resistance. Physically, this is due to
the deformation of the rubber elements that contact the road surface
and their return to the initial condition after a certain time, referred
to as the hysteresis phenomenon [26]. As a result, some of the energy
utilised in deforming the tyre is lost in the form of heat. The hysteresis
phenomenon is caused by internal damping within the tyre, which leads
to an offset in the pressure distribution in the rolling direction, which
creates a resistive wheel moment. A number of factors for e.g., tyre
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Fig. 1. Powerlosses of PMSM and IM expressed as function of the torque for different
vehicle speeds. The loss at zero torque is called “idle loss”.

construction, operating speed, normal load, tyre pressure, ambient
temperature, and applied torque. The rolling resistance moment can
be expressed in simplified form can be expressed as

Plr)ss.rr = Z 2. Crr . sz,i *Uyw,i (8)

1

where F, ,,;, is the vertical load on the wheel, v, ,,; is the longitudinal
velocity of the wheel centre and a constant C,r is a constant called
the rolling resistance coefficient. In this study, the rolling resistance
coefficient was assumed to be the same for all wheels. The rolling
resistance losses are only calculated and is not used as an objective to
be minimised in the optimisation of wheel torque coordination.

3.3. Electric drivetrain losses

A Study in [27] indicated that the most prevalent types of electric
machines used in BEVs are Induction machines (IM) and Permanent
Magnet Synchronous Machines (PMSMs), which have different charac-
teristics. This is primarily due to the design and construction of the
machines along with the principle of operation. The losses in the ma-
chines can be broadly classified as copper, iron, windage, and friction
losses. In this study, the losses were obtained from an electric drivetrain
model [28] and were found to have a quadratic nature with torque,
as shown in Fig. 1. It is important to utilise such a physical model as
against using efficiency-derived power losses to capture the influence
of idle losses in the control of electric drivetrains. This is because
the efficiency-derived power loss model lacks information about zero
torque and requires careful treatment.

Depending on the type of electric machine, switching off the power
supply may not be sufficient to isolate the idle losses [22]. In permanent
magnet synchronous machines, iron losses occur due to the rotation of
the magnets even when the stator is not supplied with a three-phase
electrical current. One solution to this problem consists of introducing
a clutch between the PMSMs and the wheel so that the rotor remains
stationary. However, this choice adds additional components to the
vehicle, thereby affecting its weight and cost. Frequent engagement
and disengagement also add to the wear and reduced life of the com-
ponents. Another possibility is to use induction machines, which have
the advantages of high reliability, robustness, and low cost. Exploiting
the self-starting principle of the induction machines by requesting zero
torque or switching off the associated inverter is sufficient to reduce
the idle losses [22,23,28] but not completely. This eliminates the need
of clutches in PMSMs. However, some losses, namely, windage and
friction losses, would be added due to the rotation of the rotor with
the wheel.

In BEVs with an electric drivetrain on each axle, the transmission
transfers the torque and power from the machine to each wheel.
The transmission parameters, namely the gear ratio, are specified
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depending on the vehicle application and performance requirements.
The transmission ratio also determines the operating point of the
electric machine. Generally, the main contributors to transmission
losses are speed, load, and temperature, leading to typical efficien-
cies within the range of 95%-97%. These losses can be divided into
load-independent losses, such as spring losses and air windage, and
load-dependent rolling and sliding. For load-dependent losses, physical
equations can be used to model such losses. However, in this study,
the load-dependent losses are simplified and expressed in terms of
efficiency. The efficiency of a single gear ratio-based transmission on
each axle i is simplified as #,,,,; and is assumed as a function of the
gear ratio.

=0995 wherei=1,2 ©)

rllrmmi

3.4. Electrical power conversion losses

In motoring mode, the electric drivetrain converts the electric power
to mechanical power, and in generator mode mechanical to electrical.
This conversion leads to inverter and battery losses. Battery losses
are due to internal resistance, which converts chemical energy into
heat energy instead of useful energy. Inverter losses, during AC-DC
conversion are due to frequent switching at high voltages and are also
converted to heat. These two losses are combined and modelled as the
lumped conversion efficiency:

Procnenmi = Perem i Mmot.i 10)
PeIEM,[ = LmechEM,i * ngen,i (11)

where as motoring P,,.,gy,; is the mechanical power, P, ), ; is the
electrical power, 7,,,; the motoring conversion efficiency and #,,,; is
the regeneration conversion efficiency.

3.5. Friction brake losses

The actuation medium in the brake system of a heavy commercial
vehicle is compressed air. The air is produced using a compressor and
stored in air tanks. The air is then relayed to the brake actuators using
the friction brake mechanism through tubes. The entire generation,
storage, and transmission processes produces losses. These losses were
neglected in this study because they remain constant and require
detailed modelling of the pneumatic circuit.

In addition, to the above-mentioned loss, the friction brake mecha-
nism converts the kinetic energy of the vehicle motion to heat energy.
This is achieved when the rotating disc connected to the wheel contacts
with non-moving friction pads connected to the chassis.

The heat losses due to friction braking can be expressed as a
linear relation between the braking torque 7),,,; on a wheel and the
rotational wheel speed o, ;:

Ploss,brk = z 2. Tbrkw,i c Wy i 12)
i

4. Description of vehicle and its application

This section introduces the methodology, assumptions, and practical
applications of wheel torque coordination strategies (see Fig. 2).

4.1. Vehicle and drivetrain configuration

The vehicle used to evaluate the wheel torque coordination strate-
gies was a 4 x 4 tractor with a 3-axle semi-trailer as shown in Fig.
2. A distributed drivetrain topology on a tractor was explored in [28]
using an electric machine with a single-reduction transmission ratio on
each axle. The cruise axle features a permanent magnet synchronous
machine (PMSM), which provides higher efficiency, higher torque den-
sity, and continuous power delivery. In contrast, the startability axle
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Fig. 2. Tractor and drivetrain configuration with cruise and startability axles. The VCM
is a vehicle control module.

Table 1

Vehicle and environment parameters.
Parameters value
Mass of the vehicle combination [kg], M, 40000
Mass of the Tractor [kgl, M 17100
Frontal area [m?], A, 9
Rolling resistance coefficient [-], C,, 0.005
Drag coefficient [-], C, 0.59
Wheel radius [m], r,,; 0.47
Wheel radius [m], r,, 0.495
Air density [kg/m®], p 1.2
Gravity constant [m/s?], g 9.81
Battery capacity [kWh], E,,, 400
Front axle gear ratio [-], gr, 12
PMSM max.continuous power [kW1, P, ;. 300
Road friction coefficient, p 0.8
Rear axle gear ratio [-], gr, 23
IM max. continuous power [kW], P, .z 300

uses an asynchronous induction machine (IM), which is slightly less
efficient but more reliable, durable, and free from permanent mag-
net losses when idle [29]. The motivation to choose a distributed
drivetrain topology with different electric machines is to exploit the
over-actuation capabilities of the drivetrain to minimise power losses
while achieving the traction requirements. The combination of PMSM
on the cruise axle and IM on the startability axle also ensures a balance
between cost, performance, and efficiency. The configuration of the
electric machines on both axles, along with the selected gear ratios, was
tailored to accommodate the entire vehicle’s operating speed range. The
specifications of the electric machines, gear ratios, and other vehicle pa-
rameters are shown in the Table 1. The electric machines were assumed
to be controlled using one torque request for each, with the option to
disconnect the IM inverter on demand. The wheels receive mechanical
power from the drivetrain on each axle through a differential, and stiff
shafts are assumed. Each wheel was configured with a friction brake
actuator, including the semi-trailer.

4.2. Driving cycle

A section of the E20 highway route between Gothenburg-Alingsas in
Sweden is chosen to evaluate the wheel torque coordination strategies.
The driving cycle was extracted and post-processed using the informa-
tion from Trafikverket’s road database available in the VTM library 5.1

Transportation Engineering 20 (2025) 100322

5 90 T T T 3
39 80 |
2
28 70 1
1.7 —
z 60 £
B §50 ] %
£.3 ° 5
=06 Q40 ©
o
5o 2 g
17 =30 1.0
28 20
2
3.9 10
5 0 - - ’ 3
0 5 10 15 20 25 30 35

Distance [km]

Fig. 3. Description of the driving cycle used in this study, showing a segment of long-
haul heavy vehicle operation.

and used in the simulation model, with example results shown in Fig.
3. The driving cycle includes the topography, curvature, speed profile,
and local road profiles in the longitudinal and lateral directions.

The original data from the database is limited to a distance of
approximately 16.25 km. This distance is doubled by mirroring the data,
and the vehicle is assumed to arrive at the starting point of the driving
cycle. Using this simplification, a total distance of 32.5 km was used to
define the driving cycle. The coefficient of friction between the tyre and
road was assumed to represent the summer weather driving conditions
on the tarmac and to be constant throughout the driving cycle.

5. Model for virtual verification

The system model is shown in Fig. 4 was developed and simulated
using MATLAB®/Simulink®. To accelerate the simulation performance,
a variable ODE solver (ODE45) was selected. In this study only the
forward motion was considered. Furthermore, the friction brake usage
of the trailer and hence the effect of the brake distribution between
units, is not included in this study. In addition, no active control and
safety functions were included in this analysis.

5.1. Vehicle dynamics

A high-fidelity vehicle model developed in-house by Volvo Group
Trucks Technology using the Volvo Transport Models library (VTM)
was used in this study [30]. The vehicle models within the VTM library
are primarily modelled using multi-body dynamics and do not include
drivetrain models. VIM is developed using MATLAB®/Simulink®, Sim-
scape™Multibody™ and is used to simulate heavy vehicle dynamics.
Heavy vehicle models in the VIM library were used for on-centre
handling evaluations, control system development, and driving simula-
tors. The VTM library has been validated using real test measurements
and can be quickly adapted to suit different vehicle configurations.
The default tyre models were developed using the PAC-2002 semi-
empirical tyre model. The inputs to the VTM models are the wheel
torque requests, steering wheel angle requests, and driving cycle inputs.

5.2. Driver model

The driver model uses the information of the drive cycle veloc-
ity profile, road gradient, and curvature as functions of the distance
travelled. This information is used to generate virtual force requests
for the actuator coordinator subsystem and steering wheel requests for
the vehicle dynamics model. The virtual force requests to the actuator
coordinator are then converted into wheel torque requests to achieve
the desired vehicle motion. The driver model is composed of two parts:
a longitudinal and lateral controller.
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Fig. 4. Simplified representation of the simulation model showing the different
subsystems and their interfaces.

5.2.1. Longitudinal control

The longitudinal controller was modelled to represent the cruise
controller and follow the desired speed profile according to the defined
driving cycle. This controller is designed to be adequate only for the
specified driving cycle and needs improvement to handle complex
scenarios. It is composed of a feed-forward and feedback part. The
output sum F, ,,, is requested by the actuator coordinator to maintain
the desired vehicle speed.

The feed-forward controller is modelled using longitudinal vehicle
dynamics model, as in (13), where a,,, represents the requested
acceleration and is calculated as a time derivative of velocity request,

Uy req At €ach instant.

Fx,ff =M, Ax req + Fx,res 13)

The term F, ,,, represents the sum of all resistive forces applied to the
vehicle motion.

F, =1.p-ca,.Av.u2

x,res 2 x,req

+ M, g-(C, +sin(-g,)) 14

To compensate for model errors in the feed-forward controller a
simple proportional-based feedback controller was used. The feedback
controller calculates the error of the actual vehicle velocity, v, 4.,
against the velocity request, v, ., of the drive cycle. Using a gain factor
of k, = é - M, the feedback force is calculated as:

Fx,fb = kb : (Ux,req - Ux,acr) (15)

Fx,drv = Lxrb + Fx,ff (16)

The feedback gain was adjusted through an iterative process of trial
and error to achieve a steady state error within + 0.1 m/s.

5.2.2. Lateral control

The lateral control part of the driver model is independent of the
longitudinal controller and sends the steering wheel angle request, 6,,,,
to the wheels. Hence, the vehicle speed is not compensated according to
the generated steering wheel inputs. This is a great simplification that
requires treatment to handle critical and complex driving scenarios.
One potential solution is to incorporate a driver interpreter and path
controller, as demonstrated in [31]. In this study, such a simplifica-
tion is justified to represent the scenario of driving with an active
cruise controller for a less demanding driving cycle and high road-tyre
friction.
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The current controller which is available in the VTM library, was
developed using a preview-based yaw tracking control strategy. The
road curvature and vehicle states are fed to the driver model to produce
the required output. A moderately selected driver setting is chosen and
the parameters are adapted accordingly.

5.3. Vehicle motion controller

The Vehicle motion controller (VMC) has two main functions. The
first step is to regulate the longitudinal force request from the driver
model F, ,, and the second step to coordinate the regulated force
request F, ., = v,, also called the virtual force request, as actuator
force requests.

5.3.1. Virtual force request regulator

The virtual force request regulator limits the request F, ;,, from the
driver model using the capability limits of the actuators and the tractive
force available on all wheels of the tractor unit. The information of the
maximum and minimum force capability limits of the actuators u, and
u; available at each instant are used to limit the force request from
the driver model. Additionally, the force request is further saturated
using the information of the total static load on the axles of the tractor
and the road friction coefficient. The regulation process is described in
(17) and it uses the maximum and minimum force capabilities of the
actuators shown in Section 5.4. It is also important to note that the
same limits must be applied to the optimisation algorithms to ensure
feasibility.

max(maX(Fx,drw Z ul(p))’ _Fxlim,T)’ if Fx,drv <0
p

v, = 17)
min(min(F, 4, Z u, (D)), Fjim1)s if Fy 4,y 20
p

where F;, r = - (Mg - g) and p is the total number of actuators.

FxminEM,l FxmaxEM,l
u = FxminEM,Z Uy, = FxmaxEM,Z
Fxminbrk,l Fxmaxbrk,l
Fxm/nbrk,2 Fxmaxbrk,2

This simplified implementation is sufficient for managing the vehicle
and its applications, as specified in this study. However, for driving
situations involving high acceleration, evasive manoeuvres on low-
friction surfaces and low-speed turning involving high steering wheel
angles are not sufficient. To handle such cases, a driver interpreter,
robust motion estimator, and wheel slip controllers are required. Such
systems arranged in an hierarchical architecture, explored in [32-34],
in achieving safe, efficient, and feasible requests.

5.3.2. Actuator coordinator

The main objective of the actuator coordinator is to map the virtual
force request v, to actuator requests. The coordinator uses information
on vehicle configuration, actuator capabilities, vehicle states, and vir-
tual force request v, to produce the actuator requests. The Wheel torque
coordination strategies presented in Section 6 are placed within this
interface definition and are separately simulated.

5.4. Actuators

As the goal of this paper is to evaluate the performance of wheel
torque coordination strategies, simplified models of actuators are utilised.
However, by adapting of the defined signal interfaces, detailed actuator
models can be easily added.
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lines) and force limits (F, and F, ), represented by thick blue lines, of 300 kW

xmin,i xmax.i

electric machines; (left): Electric drivetrain on cruise axle; (right): Electric drivetrain
on startability axle.

5.4.1. Electric drivetrain

The electric drivetrain on each axle includes models of the trans-
mission losses, torque transfer dynamics, and capability calculation.
The actuator models receive requests from actuator coordinators and
receive the wheel speed status from the vehicle dynamics model to
produce the required output. The torque transfer from the electric
drivetrain to the wheels on each axle was modelled using a linear
time-invariant system by introducing a time constant, r,, = 0.1 s.

dTrquM,i
TEM,i = Ntrmn,i * (TrquM,i —TEM T) (18)

TrquM,i = LxregeM,i * Tw,i

where 7#,,,,,; is the efficiency definition given in (9), which is used
to model the transmission losses on each axle. The torque request,
T,0qem > from each drivetrain is then distributed equally between the
left and right wheels. Additionally, the power losses associated with
the torque request were computed for each drivetrain using (26). In
the case of a disconnected rear axle drivetrain, the IM power losses
are limited to windage losses. This emulates a condition in which the
inverter associated with the IM is turned off [28].

Furthermore, to obtain the force capability limits, the torque-rotational

speed map of electric machines was modelled as lookup tables. The
lookup table, representing a point-to-set mapping, was used to compute
the minimum and maximum force capability limits of the electric
machine on each axle at each instant and for a given vehicle speed,
as in (19) and (20). The thick blue lines in Fig. 5, indicate the force
capability limits of the electric machines on each axle.

Fymingm,; = mMin(Fygps ;(0pp ) 19)

Fumaxem,i = Max(Fypa i (VEpr ;) (20)

where v, ; is the translated speed of the electric machine on the axle,
which is obtained using the relation.

VEm,i = (Ux,act) - 8T (21)

The capability limits are then transmitted to the actuator coordinator
at each time step.
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5.4.2. Friction brakes

At each instant, the brake force request from the actuator coordina-
tor is transmitted to the respective brake actuators. The brake system
was also simplified and modelled as a linear time-invariant system, and
the output brake torque on each axle, which was distributed equally
between the left and right wheels, was modelled as follows:

dTreqbrk,i
Tbrk,i = Lyegbrii — Thrk dr (22)

Treqbrkj

xregbrk,i * Tw,i

The time constant of the brake torque output was set to 7, = 0.2 s
considering the delay in the pneumatic system and friction brake
mechanism. Similar to electric machines, the brake actuator also relays
the force capabilities of the brake actuator on each axle to the actuator
coordinator, thus closing the loop as shown in Fig. 4

F,

xminbrk,i

=-2-425 kN, F,

xmaxbrk,i

=0kN

5.4.3. Battery

The influence of the battery management system and the effects
of battery dynamics on the energy storage and electrical power trans-
mission were excluded. Thus, the battery is modelled as an energy
storage system that accumulates and supplies electrical energy when
requested. The battery power consumption Pp,,  and regeneration

PBQ,,W models are shown below, as in (23) and (24).
Ppy
PBanc,,,,S = Z( n ] + PIOSSEM,i) (23)
i mot,i
PBang‘,n = Z(PEMJ “Mgen,i + P/ossEM,i) 24
i
Hmory = 0.9 and n,,,; = 0.85 are the motoring and regenerating

efficiencies. The term P, ), indicates the power losses, and P, ;
is the mechanical power associated with the drivetrain. The power
electronics losses of the inverters were also assumed to be constant and
included in the defined battery efficiency parameters.

6. Wheel torque coordination strategies

This section compares three wheel torque coordination algorithms
designed to enhance energy efficiency while preserving vehicle stabil-
ity. The algorithms are intended for normal driving conditions and are
anticipated to be supplemented by wheel slip control systems, such as
anti-lock braking system (ABS) and electronic stability control systems
(ESC), when necessary. However, during system activation, energy
efficiency is not the primary consideration.

The fundamental principle underlying the first two algorithms pre-
sented is to minimise instantaneous power losses of the actuators. These
two algorithms are then compared with a third algorithm that ensures
equal utilisation of friction on all wheels. All algorithms were modelled
as closed-loop systems, receiving feedback from actuators and vehicle
states with full knowledge of the states.

The actuator coordination strategies are applicable to both the
propulsion and braking torque requests. However, it is limited to the
coordination of the electric drivetrains and friction brakes on the
tractor. In addition, equal forces are assigned to the left and right
wheels on each axle in each strategy. Finally, it is assumed that both
electric drivetrains are operated for traction or regeneration on both
axles and are optimal [21].

6.1. Power loss minimisation (PLM)

In the PLM algorithm, the main objective is to minimise the instan-
taneous power losses associated with the usage of electric machines
and friction brakes while achieving the longitudinal motion request
within the actuator and wheel force limits. As observed in Fig. 1, the
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power losses of the chosen electric machines are nearly quadratic to
the applied machine torque and linear for the friction brakes as in
Section 3.5. Using this information, the actuator coordination task can
be described as an optimisation problem.

The optimisation algorithm is expressed as follows:

m m
ut = arg (mum(z PIastM,i + Z Plassbrk,i)) (25)
i i

st. B-u=v,
uy<u<u,

—h<G-u<h

where m = 2, for the given vehicle and control configuration. The
minimisation of the tyre slip and rolling resistance losses was excluded
in this problem formulation. The total force request to achieve the
desired vehicle motion is expressed as an equality constraint, the
wheel force limits as inequality constraints, and the actuator limits are
expressed using box constraints. The quadratic nature of the power
losses of the electric drivetrain along with linear equality and inequality
constraints ensures that the problem is convex and that there exists a
global minimum. Then, the algorithm then obtains numerical solutions
to a constrained quadratic problem at every instant [28]. However, for
higher order power losses, this method leads to a sub-optimal solution
and requires a different treatment of the problem.

To numerically solve the quadratic problem, the power loss P,y
of the electric machine is expressed as a second-order polynomial.

2
Prossemi = aemi - Tey Y 0emi Temi +Cemi (26)

where, agy ;. bppy > and cgy,; are the curve fitting coefficients

The method and framework for extracting coefficients through regres-
sion for each instant and solving the optimisation problem is presented
in [28]. However, in the present study, the overall simulation time
is improved if these coefficients are extracted offline at the cost of
some accuracy of the power loss information. Therefore, the power loss
curves of both electric machines were curve-fitted on 50 x 50 grid data
and stored as a look-up map. During the simulation, the coefficients are
interpolated for intermediate operating points that are not defined in
the grid.

Additionally, the equality constraint B - u = v, ensures that the
total longitudinal force request v,, as calculated in (17), achieves the
desired vehicle motion. This is achieved by distributing v, as torque
requests among the actuators. The term B in the equality constraint
is referred to as the control effectiveness matrix, which indicates the
number of active actuators and the effective capacity of each actuator
to contribute to coordination. Similarly, the maximum and minimum
force capability limits of the actuators, u, and u;, respectively, ensure
that the individual actuator limits are not violated. Physically, these
limits correspond to the maximum torque limits of the EMs and friction
brakes for a given speed defined in (17), Sections 5.4.1 and 5.4.2.

In addition, to achieve safe driving performance, the lateral limits
of each axle were determined. This limit is introduced as an inequality
constraint to ensure that the lateral force limits on each axle are
not violated when allocating the longitudinal forces. To calculate the
lateral force limits on each axle, the normal loads F,; and estimated
lateral forces F,; on each axle of the tractor unit at each instant were
used along with the defined road friction coefficient. The matrix G
consisting of 1’s and 0’s specifies the configuration of the actuators,
electric machine, and friction brakes available on the axle. A detailed
overview of the implementation of this constraint and some results are
presented in [28].

m m
-h< (Z FxrquM,i + Z Fxreqbrk,i) <h (27)
i i=1
m

hzzFxlim,izzm

Transportation Engineering 20 (2025) 100322

The representation given in (27) ensures that the wheel force limits
are not violated during actuator coordination for the given vehicle
specification and drive cycle.

The optimisation problem in (25), using (26), (27), and (12), is
reformulated into a standard quadratic optimisation formulation as
follows:

u* = arg (min %uTHu +gTu) (28)
u
s.t. B-u=v,
u <u<u,
G-u<h
where,
2
aEM,1 ‘rw
B Tt 0 0 0
8r )
H=2.| 0 RSN 0
8ry
0 0 iy 0
0 0 0 apn
b Tl bEM2TW,
gT = [%}l’ %22’ (=Vxaer,1)» (_Uxact,Z)]
-1 0 -1 0
o -1 0 -1
B=(1 1 1 1|,G=
[ ] 1 0 1 0
0 1 0 1
Fxlim,l FxrquM,l
F.; F,
v.=F , h= xlim,2 u= xreqEM 2
r xred Fxlim,l Fxreqbrk,l
Fxlim,l Fxreqbrk,z

_ _ 1,5
and  ap | = app = le.

The terms v,,,; and v, , represent the longitudinal velocities of the
axle, and a,,; and a,, are numerical constants used to make the
hessian H positive definite for quadratic programming.

The quadratic problem was solved at each time step using the
MATLAB® quadprog solver. The output from the optimisation was con-
verted into wheel torque requests using the actuator model. Note that G
effectively becomes a matrix with entries of ternary number, i.e. —1, O,
and 1, indicating the actuators available to achieve the motion request
and also indicates the configuration of actuators on the vehicle.

Finally, it is important to note that, in a standard quadratic pro-
gramming formulation, the constant term c,, ;, from the curve fitting,
is neglected because it does not influence u*. Thus it is assumed that
the measure of idle losses of the electric machines is excluded from the
actuator coordination. In other words, the implementation of using a
clutch or switching the drivetrain electrically cannot be captured using
a quadratic program. Thus, the algorithm always finds a solution that
coordinates requests between actuators on both axles.

6.2. Power loss minimisation including idle losses (I LPLM)

The principle in this strategy is to include the influence of the
constant term cp,, ; in (26) representing the idle losses (power loss at
zero torque) while coordinating the actuators. Fig. 1 shows that the
idle losses are higher for the IM at all speeds compared to the PMSM.
Hence, to account for the idle losses of the IM, wheel torque allocation
is performed by comparing the power losses of the PLM method, the
idle losses of the PMSM, and the friction brakes on the startability axle.
The simplified logic flow of the ITLPLM algorithm is seen in Fig. 6.
The I LPLM algorithm operates by refining the outputs from quadratic
programming using condition statements, thereby treating the cg,,;
term.

The decision nodes in the logical flow chart of Fig. 6 compare the
power losses in the PLM algorithm with the power losses excluding
IM. The following steps were followed to achieve optimal wheel torque
coordination:
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Run PLMalgorithm l Ur
(28)
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Plossgma = Piossema (1v7)
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Plossgm+2 = Piossemi(Wpim (1)) + Prossemz (UpLm(2))
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Fig. 6. Logical flow chart of the ILPLM algorithm for optimal actuator coordination.

-

The PLM algorithm is evaluated at every instant, and the output
is used to calculate the power losses of the electric machines using
the curve fitting coefficients.

Using the outputs from the PLM power losses of the combina-
tion of the PMSM, IM and friction brake on startability axle is
computed.

The force request F, ., used in the PLM computation is paral-
lelly checked if it is within the cruise axle force limits (minimum
of wheel and PMSM limit). Additionally, the power losses asso-
ciated with operating the PMSM, is compared with those of the
sum of the PMSM and friction brake on the startability axle. If the
power loss of PMSM is lower and if force request is feasible, the
force request is forwarded to the PMSM.

If the force request is above the capability limits of the PMSM,
then a similar check is made by comparing with the sum of the
cruise and startability axle force limits. Simultaneously, an extra
feature was added to the I LPLM algorithm by considering the
possibility of using friction brakes on the startability (rear) axle if
it is power loss optimal, as shown in Fig. 6. If the calculated power
loss when using the PMSM and friction brakes on the startability
axle is less than the power loss with the use of the PMSM and IM,
then the PMSM and friction brakes are recommended. Otherwise,
the request is forwarded to the PLM algorithm and the respective
actuators.

Fig. 7, shows the power losses associated with the ILPLM and
PLM algorithms for the operation points achievable by only using
electric machines. When friction brakes are used, a wider range of
operating forces is possible. The contour levels highlight the optimal
power losses associated with the operation of the actuators in each
algorithm. As mentioned for the I LPLM, friction brakes can be used
on the startability axle. The red curves in the upper subplot of Fig. 7

Transportation Engineering 20 (2025) 100322

«10% ILPLM

Force [N]
o

4
.2
Z
8o
o
w
-2
-4
0 5 10 15 20 25
Speed [m/s]

Fig. 7. Contour of power losses obtained using the ILPLM and PLM algorithms,
represented using the force v/s velocity diagram. The contour levels represent the
power losses associated with the operating electric machines and friction brakes in the
case of the ILPLM and without friction brakes for the PLM. The blue thick lines
represent the limits of the total maximum force achieved using only the drivetrains. The
contour level values are expressed in kW . In the upper subplot, the area between the
red curves represents where it is optimal to demagnetise the startability axle drivetrain.
Furthermore, a similar region enclosed between the lower red and cyan curves, shows
where it is optimal to use friction brakes instead of electric machines on the startability
axle.

represent the boundary between the two operating modes. The region
within the red curves, also referred to as switching curves in literature,
indicate the operating points achieved using only the electric drivetrain
on the cruise axle. Therefore, for lower force requests, it is optimal
to allocate all the forces to the cruise axle drivetrain. This result can
be further verified by comparing the contour levels of the PLM and
ILPLM algorithms. Furthermore, a similar region enclosed between
the lower red and cyan curves, shows where it is optimal to use friction
brakes, in addition to the front axle drivetrain, instead of electric
machines on the startability axle. Fig. 7 also shows that this region
is not significant at higher speeds and is usually efficient at very low
speeds. Hence, this region was excluded from the I/ LPLM algorithm.
Finally, in the regions outside these switching curves or boundaries, the
power losses are similar to those of the PL M algorithm and confirm the
operation of the electric drivetrains on both axles. The characteristic of
the switching line depends on the following:

« performance characteristics and electric machine type.

- different sources of losses included for optimisation.

» hysteresis characteristics for safe, reliable, and smooth actuator
operation.

6.3. Equal friction utilisation (EFU)

To evaluate the performance of power loss minimisation-based
wheel torque allocation strategies, a method commonly used in brake
force distribution is introduced. In principle, this strategy ensures the
equal utilisation of tyre road friction on each wheel, depending on the
normal loads on each axle. The relationship between the axles to ensure
equal friction is defined as follows:

Fx,l _ Fx,2 (29)
,qu,l ”Fz,z

where F, | is the longitudinal force, and F,, is the axle load on the first
axle, and F, , and F,, are the axle loads on the second axle. Thus, the
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Algorithm 1 Pseudo code to compute u* for EFU

if (F, ., >=0) then
if Fxreq,Z > min(FxmaxEM,Z’ Fxlim,2) then

:rquM,] = min(min(FxmaxEM,l > Fxl[m,] )’
(Fxreq,l + (Fxreq,Z - min(FxmngM,Qs
Fyiim2))));

else
F;rquMA,l = min(Ferq,l’ mm(FxmaxEM,l!
xlim,l));

end if

if Fxreq,l > mi”(FxmaxEM,l’ Fxlim,l) then
5 . .
xregEM2 — mln('mn(FxmaxEM]’ Fxlim,Z)’

(Fxreq,Z + (Fxreq,l - min(FxmaxEM,l’
Fxlim,l N);
else

* o .
Fxrqusz - mm(Fxreq,Z’ mm(FxmaxEM,Zv

xlim,2 5
end if
* _ * —
Fx,brkll,req - 0’ Fx.brkZl,req =0

else
if Fxreq,Z > min(abs(FxminEM,Z + Fxminbrk,Z)’ Fx/im,Z) then
FxrquMA,l = min(min(abs(FxminEM,l +Fxminbrk,l)’ Fxlim,l)’ (Fxreq,l +
(Fxreq,2 - min(abS(FxminEM,Z + Fxminbrk,2)ﬁ Fxlim,2))));

else
FxrquM,l = mjn(Fxreq,] ’ min(abS(FxminEM,]
+Fxminbrk,l)’ Fxlim,l ))!
end if

if Fxreq,l > min(abs(FxminEM.l + Fxminbrk,l )’ Fxlim,l) then
FXVZ‘IEM,Z = min(min(abs(FxminEM,ZJ’_Fxminbrk,Z)’ Fxlim,Z)’ (Fxreq,2+
(Fxreq,] - mjn(abS(FxminEM,l + Fxminbrk,l ’ Fx[im,l )))))7
else
FxrquM,Z = min(Fxreq,2! min(abs(FxmaxEM,Z
+Fxminbrk,2)’ Fxlim,Z));
end if

* —— '
FxrquM,l = sgn(FX’,eq) * mm(FX,qu]VL1

’abS(FxminEM,l))

if Sgn(Fx,req) * (FxrquM,l) < FxminEM,l then

* _ _*
xreqbrk,1 (Sgn(FXJ?[I) * FxrquM,l) FxrquM,]
else

* —

cmreqbrk,l =0

end if

if Sgn(Fx,req) * (FxrquM,Z) < FxminEM,Z then

* _ _*
Fxreqbrk,Z - (Sgn(FXs’elI) * FxrquM,Z) FxrquM,Z
else
* —
Fgcreqbrkl =0
end if
end if

total longitudinal force request from the driver can be fulfilled through
axle force requests.

Fx,req = Fxreq,l + Fxreq,Z

(30)

Using Egs. (29) and (30), the force request on each axle can be
expressed as:

z,1
Fxreq,l = m : Fx,req (31
z, z,
Fxreq,Z = Fx,req - Fxreq,l (32)

where F,,, | and F,,,, are the axle force requests. However, when the
request for an actuator force exceeds the available wheel force limits,
the surplus request is transferred to the other axle. In addition, as a

10
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Fig. 8. Plot of longitudinal acceleration versus lateral acceleration measured at centre
of gravity (CoG) of vehicle. These measures were obtained from the vehicle model while
traversing the given driving cycle for the three wheel torque allocation strategies.

rule, the electric machines on each axle are prioritised to achieve the
axle force requests until they are saturated by their capability limits.
The remaining axle force was compensated using friction brakes on
each axle. The logical flow of the proposed EFU strategy is presented
in algorithm 6.3.

7. Simulation results

This section provides a comparative evaluation of the simulation
outcomes of various wheel torque allocation strategies. Two key perfor-
mance indicators, driving performance and energy consumption, were
employed to assess the effectiveness of each wheel torque allocation
strategy. Prior to the detailed analysis, it was verified that both the
tractor and the trailer remained within the lane throughout the driving
cycle. This validation was conducted to ensure a fair comparison and to
preclude any potential issues that could influence the results. The vali-
dation process involved monitoring the position of the tractor and the
trailer at regular intervals throughout the driving cycle. Furthermore,
the time taken to complete the entire driving cycle was evaluated to
establish a baseline for the performance metrics. The results indicate
that the time required to complete the driving cycle for each strategy
differs insignificantly, with variations of less than 0.5 s. These minor
discrepancies are considered acceptable for the comparison of heavy
vehicle operations, as per engineering judgment. The small differences
in completion time are attributed to the distinct dynamics resulting
from different actuator coordination strategies, stopping criteria, and
numerical integration methods.

The optimisation problem in PLM and I LPLM was resolved using
the quadprog solver in conjunction with the active — set algorithm.
Throughout the simulation, the optimisation solver consistently con-
verged to a solution, achieving this within a maximum of 7 iterations
and a maximum condition number of 12. The condition number of 12
indicates that the problem was reasonably well-conditioned, thereby
facilitating the attainment of accurate and stable solutions. The solver
was unable to identify further improvements, and the obtained so-
lutions complied with the specified tolerance levels. As a result, the
solver is capable of identifying the optimal solutions within the given
constraints.

7.1. Driving performance

This section presents the lateral and longitudinal responses of vehi-
cle models for wheel torque coordination strategies. Fig. 8 illustrates
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Fig. 9. Lateral slip of the front and the rear axle of the tractor in the wheel coordinate
system and translated to the axle centre on ground. The side slip limits indicates
threshold of lateral force saturation on each axle for the high road friction.

the plot of longitudinal versus lateral acceleration responses, also re-
ferred to as the g-g diagram [35]. The plot demonstrates the vehicle
model performance throughout the entire driving cycle for the three
coordination strategies. In all instances, the lateral acceleration levels
are within +0.2 g, while the longitudinal acceleration is limited within
+0.1 g. These findings confirm that the selected driving cycle repre-
sents a long-haul driving cycle with mild conditions and no extreme
manoeuvres. The similarity of the acceleration levels also validates the
normal driving behaviour of the driver model and the consistency of the
remaining system models, excluding the wheel torque coordination al-
gorithms. Furthermore, the acceleration levels for high-friction surfaces
indicate that the force margins (27) on the wheels are not violated and
have sufficient margin.

The side slip on the front and rear axles of the tractor unit, a critical
indicator of vehicle stability, was also examined. Fig. 9 illustrates the
side slip on the front and rear axles of the tractor unit throughout
the entire driving cycle. The side-slip levels on the axles remained
well within established limits, which serve as indicators of axle force
saturation. Exceeding these limits would signify vehicle instability, a
scenario not encountered in the given transport application or coordi-
nation strategies. The results revealed no substantial differences among
the various coordination strategies. Notable peaks were observed in the
results for all cases, primarily resulting from road profile variations
that induce disturbances, leading to aggressive steering-wheel angle
corrections. Upon closer inspection of the side slip values, the rear axle
slips exhibited slightly higher values, suggesting slightly oversteering
behaviour at the peaks caused by road surface variations. This be-
haviour is attributed to the influence of the trailer, which transfers
forces through the fifth wheel coupling located near the rear axle. This
phenomenon was observed across all coordination strategies, emphasis-
ing the need to consider the vehicle design and configuration in a given
application. However, in regions with slow speeds and minimal road
profile variations, the vehicle exhibited slightly understeer behaviour.
Consequently, it can be concluded that all strategies perform reasonably
well in terms of stability. Furthermore, through detailed examination,
extremely small differences in the order of 103 were observed at
the peaks in the case of ILPLM, which quickly dissipated. These
overshoots are deemed insignificant in the current application.

Additionally, the analysis of driver comfort was conducted in con-
junction with vehicle handling performance. The primary objective was
to evaluate the longitudinal comfort resulting from the torque coor-
dination between the axles. The results, presented in Fig. 10, utilised
longitudinal acceleration of tractor chassis sampled at 10 ms intervals
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Fig. 10. Plot of longitudinal jerk versus longitudinal acceleration: a metric to assess
driver comfort as a result of wheel torque coordination.

to calculate the jerk values for the specified transport application.
The findings indicate that jerk levels for most driving durations fell
within 2 m/s3, which is a benchmark for comfort [36,37]. These levels
also validate the normal driving behaviour of the driver model under
highway conditions. However, during acceleration and braking phases,
higher jerk values were observed. Although elevated, these values can
be considered within acceptable limits. Consequently, no significant dif-
ferences were noted in driver comfort, and the coordination strategies
performed uniformly. Furthermore, the velocity profile or acceleration
request to the coordination strategies can be regulated to limit jerk
levels, which were not considered in this study. It is also seen that
the road profile variations can induce disturbances in conjunction with
the aforementioned effects, as road irregularities can cause the vehicle
to experience sudden changes in acceleration, potentially leading to
higher jerk values. Therefore, a separate analysis focusing on driver
comfort is necessary, along with subjective testing, which is a topic for
further research related to wheel torque coordination.

7.2. Energy consumption

In this section, the energy consumption of the coordination strate-
gies for the transport application are presented. The battery energy
consumption of the three strategies during the driving cycle are shown
in Fig. 11. The energy consumption was measured as the total ac-
cumulated motion power and power losses of the electric drivetrain,
including the conversion losses and friction brake losses over time.
The ILPLM strategy had the lowest energy consumption, followed by
the PLM strategy and then the EFU strategy. The ILPLM strategy
resulted in 7% lower energy consumption than the EFU strategy. The
battery energy consumption remained the same for all the cases until
0.1 h and then started to diverge. This is noticed when both the cruise
and startability axles are used to their limits during the acceleration of
the vehicle to the required speed. Once the cruising speed is reached
according to the drive cycle, which is also associated with low-torque
requirements, the /LPLM coordination strategy deactivates the IM.
However, in the other two cases, both the drivetrains are active,
producing higher losses. This result is observed at the time mentioned,
where the deviation on the energy curve is seen in Fig. 11. Thus, the
result also verifies the claim that configuring an IM on the startability
axle and electrically disconnecting it helps reduce the energy consump-
tion. The energy consumption did not vary significantly between the
PLM and EFU, with the PLM being slightly more efficient, showing
a difference of less than 0.5%. The small difference observed can be
attributed to the factors such as the driving cycle, friction coefficient
and vehicle configuration influencing the vertical loads on the axles.
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Fig. 12. Energy consumed by different sources in the three wheel torque allocation
strategies. The levels can also be compared with the total consumed energy around
45 kWh = 16.2 * 107 kJ from Fig. 9.

Additionally, to compare the performance between the allocation
strategies, the energy contributions from different power loss sources
for the entire driving cycle are recorded as highlighted in Fig. 12. The
results show that the I LPLM exhibited the lowest energy consumption
because of the reduced power losses from the drivetrain. However, for
the PLM and EFU strategies, the drivetrain losses were approximately
the same and exceeded those of the ILPLM strategy. It is important
to recall that only the power losses associated with the drivetrain
and friction brake usage are minimised in the case of the PLM and
ILPLM. The rolling resistance and longitudinal slip losses presented
here are the consequences of the wheel torque allocation. In particular,
the rolling resistance for the entire vehicle combination (tractor and
semi-trailer together) was recorded, and hence, the contribution looks
higher. The friction brake losses are also approximately the same in
all cases and they are mainly active during the high deceleration
requirements seen in Fig. 3.

From the presented result, it can be inferred that the active control
of the drivetrain considering the disconnecting the IM significantly
influences the energy consumption. This assertion is supported by Fig.
13, which illustrates the power losses of both the front and rear axle
drivetrains throughout the driving cycle. In the case of the ILPLM,
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Fig. 13. Power loss on each axle versus time for wheel torque allocation strategies
over a driving cycle.

the rear-axle drivetrain is electrically disconnected (without using me-
chanical clutches) for a prolonged period, thereby minimising the idle
losses. The results confirm that the longitudinal force request F,,,,
predominantly falls within the region between the red curves in Fig.
7. Furthermore, the results also reflect the trend of the torque pro-
duced by the electric machines in Fig. 13. It was observed that for
certain durations, the frequency of disconnection and reconnection was
higher, which can generate undesirable driveline oscillations. Previous
research [18,19] has shown that the trade-off between switching fre-
quency and power consumption can be addressed by incorporating a
switching cost into the cost function used in the optimisation. Alterna-
tively, introducing a minimum time between switches while respecting
longitudinal force requests and utilising heuristics or predictive con-
trol, can be implemented to mitigate the frequent switching problem.
Furthermore, this problem is considered as a tuning task and is not
explored in detail in the present study. Hence, the energy consumption
results presented represent an ideal scenario, which would be higher
if the switching hysteresis characteristics were included. Consequently,
to balance vehicle performance, comfort, and efficiency, it is essential
to consider hysteresis losses and the durability of power electronic
components.

Furthermore, disconnecting the drivetrain on the startability axle
increased the utilisation of the front axle drivetrain, requiring higher
slip from the front axle tyres to meet the force demand. Thus, the direct
influence of wheel torque allocation on longitudinal slip is evident as
seen in Fig. 12, with a higher penalty observed in the case of the
ILPLM strategy. In contrast, the PLM and EFU strategies exhibited
minimal slip energy losses because of the distribution of the force
requests between the axles. This illustrates the additional cost of min-
imising power losses through single-axle allocation and underscoring
the need to incorporate slip losses (proportional to tyre wear) or total
operating costs when developing wheel coordination strategies.

Another important reason for observing axle slip is to ensure safe
vehicle performance. Although, the TLPLM saved significant energy
in the tested application, friction constraints were not activated due
to high-friction conditions. However, the I LPLM strategy’s tendency
to induce higher slip on one axle, particularly the front axle, requires
adjustments of the axle force to maintain vehicle stability. This is
especially important on low-friction surfaces or during high longitu-
dinal and lateral acceleration. In such scenarios, the motion states
must be monitored, and additional control is required to prevent the
stability margins from becoming too low. For example, the side-slip at
each axle should be tracked. Additionally, when a stability controller
intervenes to ensure stability, energy consumption will no longer be
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minimised. In these situations, the priority shifts from energy efficiency
to maintaining stability. Hence, a wider range of operating conditions,
such as lower road friction, should be tested in future research to
better understand the I LPLM algorithm’s performance under varying
conditions.

Finally, in the case of rolling resistance losses, no significant differ-
ence was observed between the strategies for the specific application,
primarily due to simple rolling resistance chosen. Without the consider-
ation of the tyre operating temperature in the rolling resistance model.
With a sophisticated rolling resistance model that includes the thermal
and variations in the energy consumption are expected for different
coordination algorithms.

8. Conclusion

In this study, three strategies for wheel torque allocation were anal-
ysed using simulations on a heavy vehicle with a drivetrain distributed
on multiple axles. Two of the three strategies, PLM and ILPLM,
use the principle of optimisation-based control allocation. Optimisation
problem formulations are presented to minimise the power losses of
electric machines and friction brakes while achieving motion requests
and respecting wheel force limits. The third strategy called the EFU
maximises the tyre grip, ensuring equal friction utilisation on both
axles. A distributed drivetrain concept using two different types of
electric machines, PMSM and IM, one on each axle is also introduced.
Next, a comprehensive simulation framework is developed to verify
the allocation strategies using a high-fidelity vehicle model, and real
driving cycle data is developed. The optimal wheel-torque allocation is
described by a quadratic program, and the wheel torques are allocated
instantaneously at each time step.

The simulation results show that the I LPL M strategy is 7% and the
PLM strategy is 0.5% more energy-efficient than the EFU strategy for
the given use-case. In the ILPLM strategy, idle losses and the PLM
algorithm outputs are utilised in the decision logic to minimise the
power losses. Simple conditional statements are used to overcome the
deficiency of not treating the constant term in the standard quadratic
program formulation. The proposed method provides an advantage
over mixed-integer quadratic programming for such problems and fa-
cilitates real-time application. The solution obtained from the ILPLM
strategy demonstrates that it is efficient to operate a single drivetrain
(front axle) in a distributed drivetrain configuration. Thus, the potential
of IMs to not induce magnetisation losses in the stator when inactive
is exploited using the I LPLM strategy. Such an optimal strategy also
helps to minimise drag losses, avoid the use of mechanical clutches, and
can be easily extended to other machines not using permanent magnets.
However, the results also show that this leads to increased longitudinal
tyre slip losses on the front axle.

These strategies were only verified conceptually; thus, they need
to be explored for different driving cycles, road conditions, and vehi-
cle configurations to evaluate their effectiveness. Additionally, other
objectives like tyre wear, which is directly proportional to the tyre
slip and rolling resistance losses, can be included in the objective
function for optimisation to consider the holistic transportation cost of
operation. Detailed actuator models, including thermal models and the
hysteresis of actuators, power electronics, and electrical systems, are
needed to improve the precision of the energy consumption results. For
vehicles with more than two driven axles, the ILPLM strategy must
be reformulated as a mixed integer optimisation problem rather than
conditional statements.
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