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Abstract: Electric vehicles (EVs) are characterized by a significant variety of possible powertrain
configurations, ranging from one to four electric machines, which can have an on-board or
in-wheel layout. Multiple models of production EVs have recently been introduced on the market,
with 4-wheel-drive (4WD) architectures based on a central motor within each axle, connected to the
wheels through a gearbox, a differential, and half-shafts. In parallel, an important body of research and
industrial demonstrations have covered the topic of 2-speed transmission systems for EVs, with the
target of enhancing longitudinal acceleration and gradeability performance, while increasing the
operating efficiency of the electric powertrain. Although several recent studies compare different
electric powertrain architectures, to the best of the authors’ knowledge the literature misses a
comparison between 2-wheel-drive (2WD) and 4WD configurations for the same EV, from the
viewpoint of drivability and energy consumption. This paper targets this gap, by assessing 2WD and
4WD powertrain layouts with central motors, for a case study light passenger car for urban mobility,
including consideration of the effect of single- and 2-speed transmission systems. An optimization
routine is used to calculate the energy-efficient gear state and/or torque distribution for each considered
configuration. For the specific EV, the results highlight the favourable trade-off of the single-speed
4WD layout, capable of reducing the energy consumption during driving cycles by approximately
9% with respect to the conventional 2WD layout with single-speed transmission, while providing
satisfactory drivability and good gradeability, especially in low tire–road friction conditions.

Keywords: Electric vehicle; 2-wheel-drive; 4-wheel-drive; single- and 2-speed transmissions; optimal
torque distribution; optimal gear selection

1. Introduction

Electric vehicles (EVs) are characterized by a variety of potential powertrain architectures,
including one to four electric motors [1]. The electric machines can have on-board [2] or in-wheel [3]
installations, depending on whether they are part of the sprung or unsprung mass of the EV. While the
in-wheel configurations imply the adoption of two motors within the same axle, the on-board
configurations can have either a single motor (central motor configuration) or two motors per axle.
In the central motor configurations, the electric machine is connected to the wheels through a mechanical
transmission, a mechanical differential and half-shafts. Production EVs usually have a 2-wheel-drive
(2WD) architecture, with a central motor configuration including a single-speed transmission system [4].
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The simplicity of such powertrain layout meets the performance requirements of most EVs, and results
in low cost and weight. This solution is enabled by the favourable torque characteristics of electric
machines, which, in a first approximation, have a constant torque region up to the base speed, and then
a constant power region up to the top speed. However, the automotive industry is exploring alternative
EV layouts, with a series of recent 4-wheel-drive (4WD) production EVs with one motor per axle, such as
the Tesla Model S (built in Fremont, California, USA), Audi e-tron (built in Brussels, Belgium), and Jaguar
I-PACE (built in Graz, Austria) [4]. Such 4WD architectures provide redundancy in case of powertrain
failures, and permit the implementation of advanced vehicle dynamics and traction control concepts,
through the variation of the front-to-total torque distribution [5,6]. Moreover, the 4WD layouts with
one motor per axle do not require the complex—yet achievable through engineering efforts—functional
safety analyses (see the relevant standard ISO-26262, [7]) of the configurations with two motors per
axle, either on-board or in-wheel [8,9], which can generate undesired direct yaw moments in case of
motor drive failures. Nevertheless, in medium to long term, a fair market share can be expected for the
configurations with two motors per axle, which: (i) offer the possibility of implementing continuous
direct yaw moment control, to enhance active safety [2] and energy efficiency in cornering [10];
and (ii) facilitate advanced individual wheel slip control [11], especially in case of in-wheel motors,
which are not affected by the torsional dynamics of the half-shafts. These layouts, covered with a specific
set of performance indicators for cornering conditions in the comparison in De Novellis et al. [12],
will not be considered in this study, which is focused on central motor arrangements.

In parallel, in the last 10 years, the automotive industry and academia have been evaluating
2-speed transmission systems for electric powertrains with central motor configurations, with the
purpose of enhancing the longitudinal acceleration, gradeability, top speed, and energy consumption
performance, through the appropriate design and on-line selection of the gear ratios [13–18]. The first
examples of electric powertrains with 2-speed transmissions are currently reaching the production
phase [19]. The studies on 2-speed transmission systems include gearbox configurations and algorithms
for reducing the wheel torque gap and longitudinal acceleration oscillations during gearshifts [17,18],
as well as controllers for 4WD EV configurations [20,21], in which: (i) significant operational flexibility
is available in terms of number of states and front-to-total wheel torque distributions to obtain,
in an energy efficient way, a total wheel torque demand at a given speed; and (ii) the torque-fill
effect [22] during the gearshift can be achieved through simplified 2-speed transmission system layouts,
e.g., without controlled friction clutches, by modulating the torque profile on the axle not involved in
the gearshift [21]. However, to the best of the authors’ knowledge, the production controllers for gear
selection and/or management of the front-to-total wheel torque distribution in 4WD configurations tend
to adopt relatively simple but robust algorithms, which are far from providing optimal performance,
especially in terms of energy consumption.

The EV literature includes contributions analysing and optimizing powertrain efficiency, energy
consumption along driving cycles, and operating costs, [13,23,24], as well as studies on novel
central motor configurations, with comparisons with more conventional layouts. For example,
Bottiglione et al. [25] discuss the increased operational flexibility, and thus efficiency, of the electric
motor drive, allowed by infinitely variable transmission systems. Holdstock et al. [26] present a
four-speed dual motor electric powertrain concept, in which two gears are available for each electric
machine, and compare the energy consumption of the novel powertrain with that of single motor
configurations coupled with single- and 2-speed transmissions. The dual motor layout is simplified
in Kwon et al. [23] and Ruan et al. [27], which consider one gear ratio for each electric motor.
Nguyen et al. [28] extend the four-speed dual motor powertrain concept to a case study plug-in parallel
hybrid electric bus, i.e., including an internal combustion engine in the powertrain. De Carlo et al. [29]
propose a dual motor electric powertrain layout based on an epicyclical gearset, which shows an
average ~9% energy efficiency increase along an urban driving cycle, with respect to the corresponding
single motor solution. However, the previous 2WD dual motor layouts, although requiring two electric
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machines, do not bring the traction capability benefits of a 4WD EV architecture, unless they are
replicated on both vehicle axles, which would imply the installation of four motors.

Despite the availability of studies comparing different EV powertrain architectures [30], to the
best of the authors’ knowledge, the literature misses a thorough performance comparison between
2WD and 4WD EV architectures with a single motor per axle, which are the focus of the current
industrial interest. Moreover, although on-board electric powertrains are subject to important torsional
oscillations [2], which have to be compensated by anti-jerk controllers [31], the available electric
powertrain comparisons tend to overlook the drivability implications of the considered layouts. Hence,
for a case study EV, this paper aims to address the identified gap through:

• A drivability analysis based on the frequency and time response characteristics of 2WD and 4WD
powertrain layouts, excluding and including the effect of the anti-jerk control action;

• A unified optimization routine to find the energy-efficient transmission state and front-to-total
torque distribution for each operating condition of the EV, to provide a fair comparison among
the considered architectures;

• A comparison of the resulting acceleration, gradeability and energy consumption performance.

The paper is organized as follows: Section 2 discusses the EV layouts and simulation models;
Section 3 deals with the drivability assessment; Section 4 presents the unified optimization routine
for energy-efficient gear selection and front-to-total wheel torque distribution; Section 5 includes the
acceleration, gradeability and energy consumption results, which are followed by the conclusions.

2. Electric Vehicle Layouts and Simulation Models

2.1. Electric Vehicle Layouts

The case study EV platform (Figure 1) is a light urban passenger car prototype developed by
IFEVS (Interactive Fully Electrical VehicleS) within the European project PLUS-MOBY, and enhanced
during the follow-up project TELL [32]. The considered EV layouts, reported in Figure 2, are:

• Layout L1: a 2WD configuration with a single front 28 kW (peak power value) electric motor
coupled with a single-speed transmission. The gear ratio was chosen by the involved industrial
companies as a trade-off between gradeability and top speed.

• Layout L2: a 2WD configuration, which differs from L1 for the adoption of a 2-speed transmission.
The design is a cost-driven simplification of the 2-speed transmission in [14,18], by excluding
the friction and sprag clutches, which are replaced by a dog clutch. During the gearshifts,
the synchronization is controlled through the electric motor drive [20,21], at the price, with respect
to the more sophisticated original design, of a wheel torque gap. The first gear ratio provides
the required longitudinal acceleration and gradeability performance, while the second gear ratio
ensures the desired top speed.

• Layout L3: a 4WD configuration with two 14 kW electric motors, connected to the respective axle
through single-speed transmissions.

• Layout L4: a 4WD configuration, which differs from L3 for the adoption, within each axle, of the
same 2-speed transmission system as in L2. In this EV layout, a torque-fill controller provides
seamless gearshifts at low-to-medium wheel torque demands, through the variation of the torque
on the axle not involved in the gearshift [20,21].

The EV prototype was initially implemented and experimentally tested in the L4 configuration,
see [21]. The efficiency maps of the individual single- and 2-speed powertrains used in the 4WD
layouts, based on the data provided by the motor and transmission manufacturers, are in Figure 3,
expressed as functions of the total wheel torque and vehicle speed. The maps consider the inverter,
electric machine and transmission power losses. In addition to increasing the available torque-speed
region, through appropriate gear selection the 2-speed layout significantly expands the operating region
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where the individual powertrain efficiency exceeds 90%. To provide a fair comparison between the
2WD and 4WD EV layouts, characterized by different sizes of the individual powertrains, the efficiency
maps were scaled according to the maximum motor torque.Energies 2020, 13, x FOR PEER REVIEW 4 of 24 
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Table 1. Main parameters of the considered EV layouts.

Electric Vehicle
Layouts

Vehicle
Mass
(kg)

Motor Rotor
Inertia
(kgm2)

Transmission
Mass
(kg)

Inverter
Mass
(kg)

1st Gear
Ratio

(−)

2nd Gear
Ratio

(−)

Max. Wheel
Torque *

(Nm)

L1: single-speed 2WD 820.6 0.0338 12.6 5 8.9 − 772
L2: 2-speed 2WD 831.5 0.0338 23.5 5 12.2 6.76 1060

L3: single-speed 4WD 848.2 0.0181 12.6 × 2 5 × 2 8.9 − 772
L4: 2-speed 4WD 870.0 0.0181 23.5 × 2 5 × 2 12.2 6.76 1060

* The values reported in the table do not account for transmission efficiency.

2.2. Nonlinear Model

A nonlinear forward facing Matlab-Simulink model of the longitudinal vehicle dynamics was
implemented to assess the considered EV layouts. This Section presents the main Equations describing
the dynamics of the 4WD EV configuration with 2-speed transmissions, i.e., L4 (see Figure 4), since L1-3
can be considered as its subcases. The front and rear axle models include the features responsible
for the first order torsional drivetrain dynamics: (i) the half-shafts, modeled as a torsional spring
and damper in parallel, and parametrized to include the torsional compliance of the whole driveline;
and (ii) the tires, simulated through the Pacejka magic formula (version 5.2) with a relaxation length
model [33].Energies 2020, 13, x FOR PEER REVIEW 6 of 24 
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Each 2-speed transmission can operate in three conditions, governed by different Equations:

• Engaged first gear, i.e., with the dog clutch engaged such that the primary and secondary shafts
rotate according to the first gear ratio;

• Engaged second gear, i.e., with the dog clutch engaging the corresponding gear;
• Disengaged gear: in this condition the drivetrain is characterized by two degrees of freedom,

as the electric motor is decoupled from the secondary transmission shaft.

At the EV level, these conditions allow for a total number of eight states, as indicated in Table 2.
The Equations are reported for the front axle only, as the front and rear drivetrains are identical.
As the assessed scenarios do not include asymmetric tire-road friction conditions on the two EV
sides, for simplicity the internal dynamics of the mechanical differential are neglected, and the model
considers an equivalent half-shaft and an equivalent tire per axle.

The electric motor torque dynamics are described through the combination of a pure time delay
and first order transfer function:

T f
EM

T f
EM,des

(s) =
e−τ

f
d,EMs

1 + τ
f
EM s

(1)
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The parametrization of Equation (1) considered the expected variation of the electrical system
dynamics with the motor size, i.e., larger machines are usually characterized by larger values of their
time constant. More specifically, in the following analyses, a time constant τEM = 25 ms was selected
for the larger motors of the 2WD EV configurations, and τEM = 12.5 ms was chosen for the machines
of the 4WD layouts.

Table 2. Available gear state combinations for the 2-speed 4WD EV (L4).

State Front Transmission Rear Transmission State Front Transmission Rear Transmission

1 1st gear 1st gear 5 Neutral 1st gear
2 1st gear 2nd gear 6 Neutral 2nd gear
3 2nd gear 1st gear 7 1st gear Neutral
4 2nd gear 2nd gear 8 2nd gear Neutral

In first gear, the torque balance of the powertrain is given by:

..
θ

f
di f f =

1

J f
eqg1

[
i f
g1 i f

di f fη
f
tr T f

EM −
(
β

f
HSL

+ β
f
HSR

)( .
θ

f
di f f −

.
θ

f
w

)
−

(
k f

HSL
+ k f

HSR

)(
θ

f
di f f − θ

f
w

)]
(2)

In Equation (2), the transmission efficiency, η f
tr, can be reversed depending on the direction of the

power flow through the coupling, and is expressed through a look-up table, as a function of the input
torque, speed, and operating temperature. The equivalent mass moment of inertia of the drivetrain in
first gear is:

J f
eqg1

= J f
di f f + 0.5

(
J f
HSR

+ J f
HSL

)
+

(
J f
SS + J f

g2 i f
g2

2
)
i f
di f f

2 +
(
J f
EM + J f

PS + J f
g1

)
i f
g1

2i f
di f f

2 (3)

In second gear, the system dynamics are expressed by replacing the gear ratio in Equation (2),
while the equivalent mass moment of inertia of the drivetrain is:

J f
eqg2

= J f
di f f + 0.5

(
J f
HSL

+ J f
HSR

)
+

(
J f
SS + J f

g1 i f
g1

2
)
i f
di f f

2 +
(
J f
EM + J f

PS + J f
g2

)
i f
g2

2i f
di f f

2 (4)

In conditions of disengaged gear, the primary and secondary shafts are decoupled, and the
drivetrain has two degrees of freedom, i.e., the first one for the rotating parts of the electric motor and
transmission system components rigidly connected to the primary shaft, and the second one for the
transmission components rotating together with the differential:

..
θ

f
EM =

T f
EM−T f

w& f

J f
EM+J f

PS..
θ

f
di f f = −

1
J f
eqdis

[(
β

f
HSL

+ β
f
HSR

)( .
θ

f
di f f −

.
θ

f
w

)
+

(
k f

HSL
+ k f

HSR

)(
θ

f
di f f − θ

f
w

)] (5)

where:
J f
eqdis

= J f
di f f + 0.5

(
J f
HSL

+ J f
HSR

)
+

(
J f
SS + J f

g1i f
g1

2 + J f
g2i f

g2
2
)
i f
di f f

2 (6)

The axial position of the dog clutch for gear selection is controlled though an electro-mechanical
actuator. The actuator position is modeled through a pure time delay, τ f

d , and a first order transfer

function with time constant τ f
act:

x f
act

x f
des

(s) =
e−τ

f
d s

1 + τ
f
act s

(7)
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The simulation model of L4 includes the gearshift algorithm with torque-fill capability, discussed
and experimentally evaluated in De Pinto et al. [21], which modifies the torque demand on the axle not
involved in the gearshift to compensate for the torque gap on the other axle.

The wheel dynamics are described by:

..
θ

f
w = 1

2Jw+0.5
(
J f
HSL

+J f
HSR

) [(β f
HSL

+ β
f
HSR

)( .
θ

f
di f f −

.
θ

f
w

)
+

(
k f

HSL
+ k f

HSR

)(
θ

f
di f f − θ

f
w

)
− 2T f

dw − 2T f
br − 2T f

roll

]
(8)

where T f
br is the braking torque on each front corner, and T f

roll is the rolling resistance torque of the

front tires. The delayed tire torque, T f
dw, i.e., the moment corresponding to the actual longitudinal tire

forces, is calculated through a relaxation model:

T f
w =

Lrel
.
θ

f
w0Rw

.
T

f
dw + T f

dw (9)

where T f
w is the steady-state tire torque, corresponding to the longitudinal force output by the Pacejka

magic formula model. The tire relaxation length is expressed as a function of the vertical tire load.
Finally, the dynamics of the equivalent EV inertia are described by:

mR2
w

..
θv = 2T f

dw + 2Tr
dw − Taero (10)

where
..
θv is the angular acceleration of the equivalent EV inertia, and Taero is the equivalent torque

corresponding to the aerodynamic drag.

2.3. Linearized Model

On-board electric powertrains are usually characterized by a rather low first natural frequency,
because of the relatively large rotating inertias of the motor rotor and wheels, and low torsional stiffness
of the half-shafts. Given the limited damping level of the system, torsional vibrations provoked by
the electric motor torque transients are common issues that affect drivability and cause longitudinal
acceleration oscillations [34]. In this context, 4WD EV configurations and 2-speed transmissions add
complexity and can amplify the problem. Hence, a linearized version of the model in Section 2.2
was implemented to obtain the frequency response characteristics of the considered EV layouts in
conditions of engaged gear, for torque demand inputs.

The main system nonlinearity is represented by the longitudinal tire force characteristics,
which, in the linearized model, are approximated through the following linear function:

F ≈ F0 + C0(σ− σ0) = F0 + C0/
.
θw0

( .
θw

.
θv0/

.
θw0 −

.
θv

)
= F0 + C0/

.
θw0

[ .
θw(1− σ0) −

.
θv

]
(11)

where the longitudinal slip stiffness at the linearization point, C0, is calculated through the magic
formula model. Equation (11) shows that the tire behaves like a nonlinear damper between the wheel
and vehicle inertias, where the damping coefficient is a decreasing function of the wheel speed at the
linearization point,

.
θw0, i.e., the torsional drivetrain dynamics change with speed.

From the linearized model, the Bode plot of the following transfer function is considered for each
EV configuration:

Hreq( jω) =

..
θv

Treq
( jω) (12)

which expresses the EV acceleration,
..
θv, resulting from a wheel torque demand input, Treq. Hreq( jω)

characterizes the dynamic response to a driver torque request, and thus allows to evaluate the EV
drivability properties. For the 2WD layouts, Hreq( jω) and the respective Bode plot are directly derived
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from the linearized model formulation. In the 4WD layouts, Hreq( jω) results from the superposition of

the EV response to the front and rear torque demands, T f
req and Tr

req:

Treq = T f
req + Tr

req (13)

From the definition of the front-to-total wheel torque distribution ratio p, it follows that:

T f
req = p Treq

Tr
req = (1− p) Treq

(14)

By assuming a constant value of p and the presence of a phase shift φ between the front and rear
torque demands, Hreq( jω) is calculated as:

Hreq( jω) =

..
θv

Treq
( jω) = p

..
θv

Treq
( jω)

∣∣∣∣∣∣∣
f

+ (1− p)

..
θv

Treq
( jω+ φ)

∣∣∣∣∣∣∣
r

(15)

3. Drivability Analysis

3.1. Frequency Response Characteristics

Figure 5 reports the magnitude plots of Hreq( jω) for the considered EV configurations, for a
selection of gear states (see Table 2) and front-to-total wheel torque distributions, under the assumption
of using the same half-shafts for all EVs. All cases show an evident resonance peak, at a frequency
that decreases when the gear ratio increases, i.e., the resonance frequency is lower in first gear in
the 2-speed powertrains. The resonance frequency of the single-speed 4WD configuration is rather
high because of the reduced mass moment of inertia of each downsized motor. The effect of the state
selection on the resonance frequencies is significant, because of the different values of equivalent mass
moment of inertia of the powertrain. In the 4WD layouts, the front-to-total torque distribution does
not affect the frequency and magnitude of the resonance, if the two drivetrains are in the same gear
ratio. If different gears ratios are selected, the system shows two resonance frequencies, i.e., one per
drivetrain, and experiences an important variation of

∣∣∣Hreq( jω)
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Figure 6 is a sensitivity analysis on the effect of the phase shift between the front and rear drivetrain
torque demands. During real EV operation, input torque phase shifting is inevitable, and can be
caused by the variation of the wheel torque distribution decided by the energy management system,
the gearshift controller, as well as the interventions of the anti-jerk and traction controllers. The phase
shifts affect

∣∣∣Hreq( jω)
∣∣∣ especially when different gear ratios are selected on the two axles, in the frequency

region between the respective resonances.
The important conclusion is that the 2-speed 4WD configuration (L4) is characterized by a

significantly increased complexity of its drivability response in constant gear condition, with respect
to all the other layouts, and its frequency response is strongly dependent on the selected state,
wheel torque distribution, and torque demand phase shift. Hence, such EV architecture needs a more
careful parametrization of the anti-jerk controller, i.e., the controller compensating for the torsional
drivetrain dynamics, which must be adaptable to the variety of operating conditions of the EV.
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at 20 km/h, for L4 (2-speed 4WD): (a) Second gear on front axle, first gear on rear axle; (b) Second gear
on front and rear axles.

3.2. Anti-Jerk Controller

The implemented anti-jerk controller, i.e., the controller damping the torsional drivetrain
oscillations, is based on a tachometric feedback architecture [2,35], in which, in a first approximation,
the corrective anti-jerk torque, T f

EM,corr, reported for the front powertrain, is proportional to the
drivetrain torsion rate (see also Figure 7).

T f
EM,corr = K

( .
θ

f
EM −

.
θ

f
wi f

seli
f
di f f

)
(16)
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A gain scheduling approach as a function of the vehicle speed and selected gear ratio was adopted
to obtain rather uniform performance along the variety of possible operating scenarios. Appropriate
activation and deactivation conditions were defined, e.g., the anti-jerk controller is not active during
the interventions of the traction controller or during gearshift actuation.

The tuning of the anti-jerk controller was performed through simulation-based iterations, for a set of
tip-in and tip-out tests, i.e., manoeuvres characterized by abrupt positive and negative variations of the
powertrain torque. The tuning objective was to reduce the longitudinal acceleration oscillations, and in
particular the first overshoot or undershoot following the torque demand variation, without excessive
penalization of powertrain responsiveness.
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Figure 7. Simplified block diagram of the vehicle system with the implemented anti-jerk controller.

3.3. Drivability Assessment

Figure 8 presents the effect of the anti-jerk controller on the longitudinal acceleration response of
the four EV configurations, along a tip-in test from an initial torque level required to keep a constant
EV speed of 10 km/h, to the maximum motor torque demand. No gearshift is actuated in the 2-speed
configurations. The initial gear is the first one for the layouts with 2-speed transmission systems,
which, given the larger gear ratio, show higher average values of the longitudinal vehicle acceleration.
The lowest steady-state value of the longitudinal acceleration is associated with the single-speed
4WD layout, and is caused by the smaller gear ratio and marginal mass increase due to the second
driven axle.

All configurations without anti-jerk control respond with major oscillations, which severely
degrade drivability. The 4WD layouts are more responsive and prone to oscillations, because of the
reduced time constant of their electric machines, which increases the excitation level of the torsional
drivetrain dynamics. Without anti-jerk controller, in the 2-speed 2WD EV the oscillations are attenuated
by the intervention of the traction controller, which reduces the wheel torque demand to prevent wheel
spinning. A minor intervention of the traction controller also occurs in the single-speed 2WD case.

The proposed anti-jerk control scheme brings consistent performance improvements in all EV
configurations, e.g., with a reduction of the first acceleration peak by more than 1.5 m/s2 for the 2-speed
4WD EV (L4), and a general compensation of the oscillations in less than 0.3 s after the application of
the tip-in torque.

For the test in Figure 8, Table 3 reports the values of typical drivability performance indicators
(see also the standards ISO 2631 [36] and ISO 8041 [37]):

• The fourth-power vibration dose value of the longitudinal acceleration, VDVã, evaluating the
vehicle comfort level:

VDVã =
4

√∫ t2

t1
ã4dt (17)
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where ã(t) is the difference between the actual EV acceleration profile, a(t), and the acceleration
value, ass = a(t2), computed at the time t2 = 1.5 s, in which the acceleration can be considered
stabilized to its steady-state value in all controlled configurations:

ã(t) = a(t) − ass (18)

t1 is the time in which ã crosses zero for the first time during the tip-in.
• The root-mean-square value of ã, i.e., RMSã:

RMSã =

√
1

t2 − t1

∫ t2

t1
ã2dt (19)

• The difference of the resulting EV speeds at t = t2, without and with anti-jerk controller,
i.e., VAJ−o f f (t2) and VAJ−on(t2):

∆V = VAJ−o f f (t2) −VAJ−on(t2) (20)

which evaluates the degradation of the acceleration performance induced by the controller.
• The response time, tresp, evaluated as the difference between the times in which the longitudinal

acceleration profile crosses 90% and 10% of ass for the first time after the variation of the torque
demand request.

• The settling time, tsett, i.e., the time that is required for a to remain within a given range of
percentage (2.5%) of ass, evaluated in the interval [t1, t2].

• The peak response time, tpeak, evaluated as the difference between the time of the first acceleration
peak, and the time corresponding to the first crossing of ass after the variation of torque
demand request.

• The overshoot, OS, expressed in percentage, calculated from the difference between the peak
acceleration value and ass.

• The integral (normalized with time) of the absolute value of the anti-jerk control actions,
which evaluates the magnitude of the control effort:

IACA =
1

t2 − t1

∫ t2

t1

(∣∣∣∣T f
EM,corr

∣∣∣∣+ ∣∣∣Tr
EM,corr

∣∣∣)dt (21)
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Figure 8. Longitudinal vehicle acceleration profiles for the four EV layouts, during a tip-in from an
initial speed of 10 km/h: (a) Without anti-jerk controller; (b) With anti-jerk controller.
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The indicators confirm the qualitative behaviors observed in Figure 8, with the 4WD layouts
characterized by higher responsiveness and reduced comfort with respect to the 2WD layouts, and a
major performance improvement provided by the anti-jerk controllers in all EV configurations.

Table 3. Drivability performance indicators for the tip-in test of Figure 8.

Layout Anti-jerk
Controller

VDVãx RMSãx ∆V tresp tsett tpeak OS IACA
(m/s1.75) (m/s2) (km/h) (s) (s) (s) (%) (Nm)

L1: Single-speed 2WD Off 0.491 0.341 0 0.055 0.646 0.150 33.22 0
On 0.035 0.020 −0.370 0.056 0.259 0.184 1.67 2.588

L2: 2-speed 2WD Off 0.329 0.279 0 0.096 0.789 0.505 16.29 0
On 0.056 0.039 −0.423 0.081 0.258 0.132 3.08 3.752

L3: Single-speed 4WD Off 0.799 0.528 − 0.021 NA 0.048 69.65 0
On 0.238 0.120 −0.232 0.023 0.252 0.037 16.54 1.675

L4: 2-speed 4WD Off 1.046 0.701 − 0.027 NA 0.062 68.90 −

On 0.219 0.120 −0.372 0.032 0.180 0.058 12.45 2.044

In reality, when considering the operation of the EV beyond the specific tip-in test, the simplicity
of the adopted 2-speed transmission layout, which is needed to limit the cost of the multiple-speed
EV configurations, originates drivability limitations in maneuvers involving gearshifts at high torque
demand. This is shown in the second tip-in test of Figure 9 (with a lower torque gradient than the one
in Figure 8), in which: (i) the 2-speed 2WD EV performs an upshift; and (ii) the 2-speed 4WD EV is
subject to a gearshift from the first to the second gear on the front axle, and then from the first to the
second gear on the rear axle. Each gearshift has a duration of approximately 0.8 s. In these conditions,
the gearshift torque-fill strategy of the 2-speed 4WD EV [21] is not effective, since the axle not involved
in the gearshift is already operating at its torque limit and cannot be used for filling in the torque gap
during the gearshift of the other axle. This can originate a decay of the drivability performance in real
driving conditions, which shifts the balance of the comparison toward the single-speed solutions.
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4. Routine for Selection of Optimal Gear State and Front-to-Total Wheel Torque Distribution

4.1. Structure of the Optimization Routine

With the exception of the single-speed 2WD layout (L1), the considered EV configurations are
characterized by actuation redundancy in many operating conditions, i.e., a given wheel torque
demand can be achieved through multiple transmission states and/or front-to-total wheel torque
distributions. Obviously, the selection of the state and torque distribution has an impact on the EV
energy consumption. Therefore, for fairness of comparison, an off-line optimization routine was
implemented to calculate the commands that minimize the instantaneous powertrain power loss for
each EV speed and wheel torque demand. The optimal actuations are compiled in look-up tables,
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which are used by the on-line controllers. Because of the relatively limited number of decision variables,
a brute-force search algorithm was adopted for the generation of the look-up tables.

The optimization process is summarized in Figure 10. The routine, detailed in De Pinto et al. [21]
for L4, defines a grid of operating points,

(
Vh, Tw, j

)
, in terms of EV speed and total wheel torque, each of

them identified by the indices h and j (see Figure 11a). The limits of the grid depend on the gear ratios
and motor torque characteristics of each EV architecture. In braking, the results of the optimization
routine are generated up to the maximum regenerative capability of each EV configuration, see the
‘Maximum possible regen. torque’ curves in Figure 11b. However, in the on-line implementation,
the regenerative torque area has been limited as indicated by the ‘Maximum actual regen. torque’
characteristics. In fact, after a progressive transition from regenerative braking to dissipative braking,
at very low speed it is desirable to use only the friction brakes to stop the vehicle, in accordance
with the current common practice on production EVs. Note that the case study EV is characterized
by a conventional hydraulic braking system, which does not allow the implementation of the most
advanced continuous brake blending algorithms.Energies 2020, 13, x FOR PEER REVIEW 14 of 24 
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Figure 11. Features of the implemented optimization routine: (a) Examples of grid points;
(b) Regenerative braking torque limits.

After the definition of the grid, for the selected values of h and j, the optimization routine iterates
the following steps:
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• Step 1: Computation of the longitudinal vehicle acceleration, ah, j,n, for each feasible EV state,
n, under the assumption of known road gradient:

ah, j,n =
Tw, j − Faero(Vh)Rw − Froll(Vh)Rw −mgRwsinα

mapp,nRw
(22)

where the apparent vehicle mass, mapp,n, function of n, is:

mapp,n = m + 4
Jw

R2
w
+

J f
eqg1/g2/dis

R2
w

+
Jr
eqg1/g2/dis

R2
w

(23)

J f /r
eqg1/g2/dis

represents the equivalent mass moment of inertia of the rotating parts of the considered
powertrain. The feasibility of a state corresponds to its capability of generating the required wheel
torque at the assigned speed. An approximate option, available in the routine, is to neglect the
inertial effects in Steps 1–2, which simplifies the problem without significant drawbacks, especially
if the vehicle is not equipped with an on-line estimator of mass and road gradient.

• Step 2: Computation of the sum, Ploss,h, j,n,l, of the transmission, electric motor, inverter and

rolling resistance power losses at the selected grid point
(
Vh, Tw, j

)
, for each of its feasible states

and—where relevant depending on the state—along a further grid, defined by the index l, covering
the feasible range of front-to-total wheel torque distributions. The front-to-total torque distribution
corresponds to the inner loop of the routine. In the most general case, corresponding to L4,
Ploss,h, j,n,l is given by:

Ploss,h, j,n,l = P f
loss,EM+D

(
T f

EM,h, j,n,l,
.
θ

f
EM,h,n

)
+ Pr

loss,EM+D

(
Tr

EM,h, j,n,l,
.
θ

r
EM,h,n

)
+P f

loss,tr

(
T f

tr,h, j,n,l,
.
θ

f
EM,h,n

)
+ Pr

loss,tr

(
Tr

tr,h, j,n,l,
.
θ

r
EM,h,n

)
+ P f

roll

(
Vh, ah, j,n, n

)
+Pr

roll

(
Vh, ah, j,n, n

) (24)

where P f /r
loss,EM+D, P f /r

loss,tr and P f /r
roll are provided in the form of maps. The motor drive and

transmission power loss maps are functions of the respective input torque and angular speed,
calculated for the specific grid point through a backward facing rigid drivetrain model. The tire
slip power losses are neglected by the optimization routine.

• Step 3: Selection of the state, n∗h, j, and (where applicable) front-to-total torque distribution, l∗h, j,
which minimize the drivetrain power losses for the operating condition defined by h and j:{

n∗h, j, l∗h, j

}
= argminPloss,h, j,n,l (25)

n∗h, j and l∗h, j are stored in the look-up tables of the on-line implementation of the controller.

• Step 4: Selection of new values of h and j on the defined grid and repetition the process from Step 1.

4.2. Optimal State Selection for the 2-Speed 2WD Layout (L2)

In this case, the whole required traction or regenerative torque is delivered by one drivetrain,
and the undriven axle only produces a rolling resistance torque, unless the friction brakes are activated.
Equation (24) is simplified into:

Ploss,h, j,n = P f
loss,EM+D

(
T f

EM,h, j,n,
.
θ

f
EM,h,n

)
+ P f

loss,tr

(
T f

tr,h, j,n,
.
θ

f
EM,h,n

)
+ P f

roll

(
Vh, ah, j, n

)
+ Pr

roll

(
Vh, ah, j, n

)
(26)

The resulting optimal gearshift map for traction conditions is presented in Figure 12a.
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4.3. Single-Speed 4WD Layout (L3)

For the single-speed 4WD vehicle, the optimization variable is the front-to-total wheel torque
distribution. For the operating condition defined by the indices h, j, and l, the resulting power loss
function is:

Ploss,h, j,l = P f
loss,EM+D

(
T f

EM,h, j,l,
.
θ

f
EM,h

)
+ Pr

loss,EM+D

(
Tr

EM,h, j,l,
.
θ

r
EM,h

)
+ P f

loss,tr

(
T f

tr,h, j,l,
.
θ

f
EM,h

)
+Pr

loss,tr

(
Tr

tr,h, j,l,
.
θ

r
EM,h

)
+ P f

roll

(
Vh, ah, j

)
+ Pr

roll

(
Vh, ah, j

) (27)

The optimal front-to-total torque distribution map in traction conditions is in Figure 12b,
which shows: (i) an optimal even front-to-total wheel torque distribution region, i.e., with the
same torque on the two axles, at low and high torque demands; and (ii) an optimal single axle region for
medium values of torque demand. The rear axle was selected for single axle operation for the specific
EV, given that the longitudinal load transfer in traction increases the longitudinal force capability of the
rear axle. These results are consistent with the available literature, demonstrating that, under specific
assumptions, for identical powertrains the energy-efficient torque distribution implies either single
axle operation or even wheel torque distribution [38].

4.4. 2-Speed 4WD Layout (L4)

In the 2-speed 4WD vehicle, both relevant variables, i.e., the transmission state and front-to-total
wheel torque distribution, are optimized. The optimal maps are presented in Figure 13. The results
have been post-processed and filtered to avoid irregularities, since symmetric states on the front and
rear drivetrains can provide the same optimal result while leading to frequent state switching.

The increased number of available gearbox states results in a more varied optimal state map.
The front-to-total torque distribution map shows similar characteristics to the one of the single-speed
4WD vehicle (L3). Interestingly, a significant part of the operating region is characterized by single-axle
operation, or even distribution operation. Different levels of front-to-total wheel torque distribution
occur for the states with different gear ratios on the two axles.
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5. Acceleration, Gradeability, and Consumption Results

5.1. Acceleration and Gradeability Performance

The vehicle acceleration and top speed results for the considered EV configurations are presented
in Table 4. The top speed is 78.7 km/h for the single-speed EVs, and 103.2 km/h for the 2-speed
configurations; in all cases the top EV speed is limited by the maximum angular speed of the electric
machines, rather than by the available motor power. Because of the higher gear ratio in first gear,
the EV configurations with 2-speed transmissions show a significant improvement in the longitudinal
acceleration performance below 30 km/h; on the other hand, they have higher 0–50 km/h and 0–70 km/h
acceleration times, which are caused by the gearshifts and associated wheel torque gap, especially
evident for the L2 case, see also Figure 9. The 0–30 km/h acceleration time is lower for L4 with respect to
L2 because of the better traction capability of the 4WD layout, which does not require the intervention
of the traction controller in high tire-road friction conditions. Another factor that affects the results,
in particular in terms of 0–70 km/h acceleration time, is the mass of the different EV variants.

For each EV layout, Figure 14 reports the maximum achievable road gradient, as a function of:
(a) the tire-road friction coefficient, from standstill conditions; and (b) vehicle speed, for high tire-road
friction conditions. Although the performance of all cases is deemed adequate, the results show:
(i) the improved traction capability in low friction conditions provided by the 4WD layouts, which can
enhance active safety on critical terrains; and (ii) the enhanced gradeability in high tire-road friction
conditions, offered by the layouts equipped with 2-speed transmission systems.

Table 4. Vehicle performance for the different layouts.

Vehicle Top Speed
(km/h)

Acc. Time
0–30 km/h (s)

Acc. Time
0–50 km/h (s)

Acc. Time
0–70 km/h (s)

L1: single-speed 2WD 78.7 3.1 5.4 9.1
L2: 2-speed 2WD 103.2 2.7 6.0 9.6

L3: single-speed 4WD 78.7 3.1 5.5 9.3
L4: 2-speed 4WD 103.2 2.4 5.7 9.4
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5.2. Energy Consumption

This Section presents two sets of energy consumption values for L2-4, corresponding to: (i) the
normal mode, which, for the 2-speed layouts, performs the gearshifts according to a typical gear
selection map provided by the transmission manufacturer, using the current EV speed and axle torque
demand. The upshift is carried out at relatively low motor speed for low torque demands, and at
the speed limit of the first gear during operation at the maximum torque demand. In the 4WD
configuration, to provide torque-fill functionality, the gearshift maps are characterized by an offset
with respect to the EV speed, to ensure that only one gearshift is carried at a time at the vehicle level.
In normal mode, the 4WD layouts operate with a 50% front-to-total wheel torque distribution; and (ii)
the optimal mode, using the optimal gear states and front-to-total wheel torque distributions, according
to the maps obtained in Section 4. For the single-speed 2WD EV (L1), there is a single operating state,
so no optimal mode is available.

Table 5 presents the energy consumption results at constant speed, and their percentage difference
with respect to the single-speed 2WD EV; positive differences, implying higher consumption, are in
red, while negative differences are in green. The important conclusion is that, in most constant speed
conditions, the additional mass of the complex powertrain configurations, which increases the wheel
torque level to keep constant speed, is not compensated by the more efficient operation of the EV.
This is especially evident in normal mode, in which the consumption increases with the complexity
of the EV layout at all speeds, e.g., from 3.3% to 7.2% at 30 km/h, and from 0.9% to 2.8% at 70 km/h.
The optimized energy management system consistently reduces the energy consumption, especially
for the L4 EV, which is characterized by the highest level of operational flexibility. In L4, the energy
consumption reduction associated with the optimal energy management, with respect to the normal
mode for the same EV layout, is in excess of 4% at all considered speeds. In any case, at 30 km/h and
50 km/h, the most efficient configuration is the single-speed 2WD layout (L1), also in comparison with
the optimal mode of the more complex EV configurations. On the other hand, interestingly, at 70 km/h
in the optimal mode, both 4WD layouts consume less than L1, i.e., by 2.6% for L3, and 5.6% for L4.

The energy consumption performance of the EV configurations in normal and optimal modes
was assessed through the nonlinear simulation model in Section 2.2, along: (i) the urban part of the
New European Drive Cycle (NEDC), i.e., for four repetitions of the so-called ECE-15 cycle, and (ii)
the Japanese 10–15 mode test cycle (J10–15). For example, Figure 15 reports the time profiles of EV
speed, front and rear motor torque as well as gear state, during a section of the J10–15, for the two
modes of the 2-speed 4WD EV configuration. The torque-fill capability of L4 during gearshifts at
low-to-medium torque demands is evident from: (a) the regularity of the speed profile, with seamless
EV acceleration also during the gearshifts, and (b) the ripples in the electric motor torque profiles of
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the axle not involved in the gearshift, which compensate for the torque gap during the gearshifts on
the other axle. The inclusion of the gearshift dynamics in the simulation model allows to realistically
account for the motor drive power losses also during the state transition phases.

Table 5. Energy consumption results at constant speed, and their percentage difference with respect to
those of the single-speed 2WD EV (L1); positive differences, implying higher consumption, are in red,
while negative differences are in green.

Consumption 30 km/h 50 km/h 70 km/h

(Wh/km) Normal Optimal Normal Optimal Normal Optimal

L1: single-speed 2WD 36.20 − 50.53 − 72.61 −

L2: 2-speed 2WD 37.41 3.3% 37.18 2.7% 51.56 2.0% 50.92 0.8% 73.23 0.9% 73.23 0.9%
L3: single-speed 4WD 37.16 2.7% 37.16 2.7% 51.56 2.0% 51.47 1.9% 73.71 1.5% 70.70 −2.6%

L4: 2-speed 4WD 38.80 7.2% 37.31 3.1% 53.03 4.9% 51.02 1.0% 74.64 2.8% 68.53 −5.6%

Table 6 includes the complete set of energy consumption results. Along the selected driving cycles,
L2-4 show significant energy consumption reductions, compared to the single-speed 2WD vehicle
(L1); in particular, the benefit ranges from 5.7% to 8.2% in normal mode, and from 8.0% to 9.8% in
optimal mode, during the NEDC; and from 3.1% to 5.9% in normal mode, and from 5.7% to 9.0% in
optimal mode, during the J10–15. The analysis of the powertrain efficiency profiles in the time domain
highlighted that, for the specific EV parameters, the 2-speed and 4WD configurations allow a major
enhancement of the powertrain efficiency, including motor drive and mechanical transmission, for the
torque levels that are typical of the acceleration/deceleration phases of the cycles. Very interestingly,
in both driving schedules, the best energy consumption performance is achieved by the single-speed
4WD EV (L3), which, with respect to L1, provides the most effective trade-off between the efficiency
enhancement allowed by the increased operational flexibility of the electric machines, and the penalty
associated with the mass increase.Energies 2020, 13, x FOR PEER REVIEW 19 of 24 
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EV layout (L4) during a section of the J10–15 cycle.
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Table 6. Energy consumption results along the selected driving cycles, and their percentage difference
with respect to those of the single-speed 2WD EV (L1); negative differences, implying lower consumption,
are in green.

Consumption New European Drive Cycle (NEDC)—
Urban Section (4 x ECE-15) Japanese 10–15 Mode (J10–15)

(Wh) Normal Optimal Normal Optimal

L1: single-speed 2WD 240.1 − 418.2 −

L2: 2-speed 2WD 220.4 −8.2% 219.1 −8.7% 393.4 −5.9% 394.3 −5.7%
L3: single-speed 4WD 223.2 −7.0% 216.5 −9.8% 402.5 −3.8% 380.4 −9.0%

L4: 2-speed 4WD 226.4 −5.7% 221.0 −8.0% 405.2 −3.1% 381.5 −8.8%

6. Conclusions

The implementation of 4-wheel-drive electric vehicle configurations with a single central motor per
axle, as well as the adoption of 2-speed transmission systems, could lead to acceleration, gradeability
and energy consumption benefits, in comparison with the conventional single-speed 2-wheel-drive
electric vehicle configuration. However, the existing literature lacks analyses objectively comparing
2WD and 4WD EV layouts. To cover the gap, for a case study light passenger car prototype for urban
mobility, this study compared four powertrain layouts. An optimization routine for the energy-efficient
selection of the gear state and front-to-total wheel torque distribution was implemented to ensure
fairness of the results. Based on the analysis for the specific EV, the main conclusions are as follows:

• The fast dynamics of typical traction motors, in conjunction with the low mechanical damping of
electric drivetrains, can provoke significant resonances and torsional vibrations of the driveline.
The electrical dynamics and mass moment of inertia of the electric machine/s, together with the
transmission gear ratio and torsion stiffness of the half-shafts, are the key parameters affecting the
magnitude and frequency of the resulting vibrations.

• 2-speed transmission systems and 4WD layouts add complexity and criticalities to the drivability
response of the EV, and thus to the tuning of the anti-jerk controller. Without anti-jerk control,
typical electric powertrains with central motor excite significant oscillations of the longitudinal
acceleration of the EV during tip-in tests. The vibrations are effectively compensated by the
proposed anti-jerk control scheme in all considered EV configurations, with a more reactive
response of the 4WD layouts.

• At high torque demand, the gearshift dynamics significantly penalize the drivability and
longitudinal acceleration performance of the EV layouts with the considered 2-speed transmission
systems, as in these conditions the axle not involved in the gearshift cannot compensate for the
wheel torque gap on the other axle. Despite this inconvenience, 2-speed transmissions expand the
high efficiency operating region of the powertrain and increase top speed and gradeability.

• In terms of energy consumption, for the case study EV, during constant speed operation, i.e., at low
torque demands, the prevailing effect is the mass increase associated with the advanced powertrain
configurations. Hence, the best energy consumption performance is provided by the conventional
single-speed 2WD EV layout. On the contrary, the increased flexibility in the operating conditions
of the electric powertrains, provided by the more advanced EV architectures, reduces the
energy consumption along driving cycles, with the single-speed 4WD vehicle achieving the
lowest consumption.

• The single-speed 4WD layout does not require transmission controllers nor gearshift actuators,
and, for the case study EV, can be considered an effective configuration, achieving a good
compromise between predictable drivability, acceleration performance, gradeability for a variety
of friction conditions, and energy consumption.

Future developments will extend the analysis of this paper to a wider range of case study EVs,
with different electric motor technologies and performance characteristics of the powertrain components,
to derive general conclusions and recommendations on the convenience of the analyzed layouts.
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Nomenclature

a Longitudinal vehicle acceleration.

ã Longitudinal vehicle acceleration difference with respect to the
steady-state value (see Section 3).

C Longitudinal slip stiffness.
F Force.
g Gravitational acceleration.

h Index corresponding to the vehicle speed value within the discrete grid
(also used as a subscript).

H Transfer function from wheel torque demand to angular vehicle
acceleration.

i Transmission gear ratio.

IACA Integral (normalized with time) of the absolute value of the control
action.

j Index corresponding to the wheel torque value within the discrete grid
(also used as a subscript).

J Mass moment of inertia.
k Torsional stiffness.
K Anti-jerk controller gain.

l Index indicating the front-to-total wheel torque distribution within the
discrete grid (also used as a subscript).

L Length.
m Vehicle mass.
n Index indicating the vehicle state number (also used as a subscript).
OS Overshoot.
p Torque distribution factor.
P Power.
R Radius.
RMS Root mean square.
s, jω Laplace operator and its imaginary part.
t Time.
T Torque.
V Vehicle speed.
VDV Fourth-power vibration dose value.
x Gearbox actuator position.
α Angle defining the longitudinal road gradient.
β Torsional damping coefficient.
θ,

.
θ,

..
θ Angular position, speed, acceleration.

η Efficiency.
σ Slip ratio.
τ Time constant or pure time delay.
φ Phase angle difference between front and rear motor inputs.

The following subscripts and superscripts indices are used in this article:

act Gearbox actuator.
aero Aerodynamic drag.
app Apparent.
AJ Anti-jerk controller.
AJ − o f f Deactivated anti-jerk controller.
AJ − on Activated anti-jerk controller.
br Brake.
corr Corrective.
d Delay.
dem Demand.
des Desired (or reference) value.
di f f Differential.
EM Electric motor.
EM + D Electric motor and drive.
eq Equivalent.
f Front.
g1, g2, dis Gear 1, gear 2, disengaged gear.
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HS Half-shaft.
L Left.
loss Loss (referred to a power).
peak Peak of the response.
PS, SS Primary shaft, secondary shaft.
r Rear.
rel Tire relaxation.
req Requested.
R Right.
resp Response time.
roll Rolling resistance.
ss Steady-state.
sel Selected gear ratio (first, second or neutral).
sett Settling time of the response.
tr Transmission.
v Vehicle.
w Wheel.
w& f Windage and friction.
∗ Optimal value.
0 Initial condition or linearization point.
1 Initial point of relevant interval.
2 Final point of relevant interval.
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