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Abstract: Using forward type vehicle simulation, this paper aims at comparing
the potential and limitations of front wheel drive and rear wheel drive electric
motor placements for regenerative braking under extreme driving situations.
First, the considered dynamic/data-driven modelling approach for the complete
traction chain with attention to the effects of detailed vehicle dynamics has
been implemented in MATLAB Simulink. Simple parallel regenerative braking
technique and recuperation favouring brake distribution strategies have been
employed on a performance electric car example considering front and rear
wheel propulsion cases. Powertrain behaviour in a dynamic driving scenario
has been investigated to understand how the two cases with their corresponding
recuperation favouring braking strategies perform under elevated transient vehicle
dynamics. Finally, the impact of normal load transfer, tyre slip and wheel adhesion
limits on regenerative braking has been quantitatively compared for the complete
range of brake pedal demands using high-speed braking tests while avoiding
wheel lock-up.
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1 Introduction

To reduce the impact of increasing local and global CO2 emissions on the environment,
the modern-day automotive industry is shifting towards electrified powertrains. Following
this path, various agreements have been made in European and global markets on future
sustainable mobility (EU, 2016; IEA, 2018; Niestadt and Bjørnåvold, 2019). One of the
important features that maximise the overall cycle efficiency of an electrified powertrain is
its ability to recuperate a portion of kinetic energy from the moving vehicle during braking
through electric machine operation in generator mode which would otherwise be lost as heat
in friction brakes (Clegg, 1996). This recovered energy can then be used as the primary or the
supporting means of tractive power in motor mode thereby consuming less of the original
available source and improving powertrain efficiency (Qiu et al., 2018). Other applications
of the recuperated energy could also include its usage in intelligent energy management for
hybrid vehicles by assisting the main prime mover in its efficient functioning and in running
auxiliary loads (Ahmadi et al., 2018; Hofman et al., 2006).

Various papers have been published on calculating, analysing and optimising electric
powertrain energy efficiency (Jiang et al., 2018; He et al., 2014; Du et al., 2017; Ruan
et al., 2014). An effective braking strategy is essential in optimising the energy recuperation
while maintaining vehicle stability (Ehsani et al., 2018; Henao-Muñoz et al., 2020). The
impact of vehicle dynamics also plays a key role in maximising the possible recoverable
braking energy (Crolla and Cao, 2012). Kumar and Subramanian (2015) have previously
presented a regenerative braking strategy for series hybrid electric vehicles, which focuses
on modifying conventional braking to achieve higher energy recovery. The combined
braking strategy presented promising results by recuperating twice the braking energy as
that from conventional parallel braking. Sangtarash et al. (2008) has shown the comparison
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of series and parallel regenerative braking strategies towards higher energy recuperation.
The simulations were carried out on a hybrid electric bus and it has been concluded that
compared to the conventional bus, series and parallel braking strategies regenerate 33.5%
and 19.6% energy respectively.

Xiao et al. (2017) has proposed a regenerative braking technique based on the ideal front-
rear brake force distribution curve and operational limits of the electrical powertrain. A fuzzy
logic controller has been used to improve braking system response and comparison with
serial and eco braking strategies through simulation has presented favourable improvements.
Itani et al. (2016) has compared sliding mode wheel slip controller and ECE R13H
constraints derived braking methods for maximising regenerative energy recovery of a
front-wheel driven vehicle and have demonstrated simulation results for low-speed extreme
braking under changing road friction levels. Xu et al. (2019) implemented a model predictive
control based holistic regenerative braking strategy on four in-wheel motors equipped
electric vehicle and has demonstrated higher efficiency over rule-based strategy for dry,
wet and snow road conditions through simulations. Furthermore, Le Solliec et al. (2013)
has also studied regenerative braking under changing road adhesion levels considering
longitudinal slip control. Henao-Muñoz et al. (2020) has discussed possible efficiency
maximising regenerative braking strategies for Formula SAE electric race car running on
a highly transient racetrack drive cycle. The strategy aims at maximising the recovery of
braking energy by placing as much braking force as possible on the powered axle while
avoiding the locking of the front and rear wheels. Results have been compared with friction
only, fixed distribution and ideal wheel adhesion based variable brake force distribution
strategies and it has been shown that the proposed strategy is able to recover energy with
a percentage difference of 31.2% as compared to the ideal brake distribution and thereby
also able to reduce the mass of the electric vehicle by 3.4% increasing its performance.
In addition, specific braking strategies aimed at recovering maximum kinetic energy for
increasing electric vehicle autonomy have also been evaluated in several other papers (Guo
et al., 2009; Xu et al., 2011; Wang and Zhuo, 2008; Zhang et al., 2012; Guo et al., 2021).

Most of the previous work has mainly focused on regenerative braking strategies for front
or rear wheel electric, hybrid drives and the use of various energy management techniques
in optimising power flow. However, a comparison of the effect of detailed vehicle dynamics
on the regenerative braking ability of front and rear wheel drive electric powertrains has
not been seen especially under non-ideal extreme driving situations. To fill in this research
gap, the current work aims at comparing the effect of front and rear wheel drive electric
axle placement towards maximising regenerative braking efficiency for the complete range
of possible brake pedal demands including those seen in intense braking. During high
acceleration, front wheel drive (FWD) placement tends to be traditionally weaker in terms of
maintaining wheel adhesion when compared to rear wheel drive (RWD) due to lower peak
road force transmission capability. However, this effect of normal load transfer between the
front and rear and the corresponding change in wheel adhesion limits also give the front axle
greater force transmission ability during braking. The main originality of the current work
will be, to quantitatively analyse the effect of detailed vehicle dynamics including front-rear
normal load transfer and wheel slip on the losses and limitations of possible recuperable
braking energy. The impact of these aspects is more pronounced under highly transients
conditions and will thus be studied for dynamic driving and extreme deceleration scenarios
inspired from Oleksowicz et al. (2013).
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The paper is divided into several sections. Section 1, explains the modelling approach
that has been used to simulate the behaviour of different aspects of vehicle dynamics and
traction chain. A high-performance vehicle use case capable surpassing the possible limits
of wheel adhesion during intense acceleration and deceleration has been selected for this
analysis as presented in Section 2. Section 3, explains the focused brake bias distribution
concepts for the two architectures and regenerative braking strategy adopted in this paper.
Section 4, provides the results and analysis of dynamic driving and high-speed braking
tests. At last, Section 5, gives conclusion and future perspectives of the presented work.

2 Modelling methodology

2.1 Vehicle dynamics

In this section, a dynamic/data-driven vehicle modelling approach has been presented to
simulate detailed longitudinal vehicle dynamics affecting the powertrain behaviour under
intense driving conditions. This allows for the analysis of individual component states
(front wheels, rear wheels, electric drive, vehicle body) and their impact on the behaviour
of the complete traction chain (James et al., 2020). The modular and generic nature of
this approach also supports the implementation of any type of vehicle and powertrain
architecture providing the possibility to define electric drive placement on the front axle,
rear axle or even on all four wheels. The proposed methodology has been modelled using
MATLAB/Simulink software.

The approach consists of a complete vehicle dynamics representation, including two
separate wheel models representing the front and rear wheels with their respective rotational
inertias and friction-slip characteristics (two-wheel approach) (see Figure 1). A vehicle
model is used to simulate the effect of tractive and braking forces being transmitted by
the front and rear wheels on the actual vehicle speed. A front-rear normal load transfer
representation has also been implemented to take into account the varying normal load and
changing friction-slip behaviour of the front and rear wheels. An in house driver block
provides the accelerator and brake pedal inputs to follow the desired vehicle speed. Two
identical mechanical brake models have been installed to represent the front and rear parts of
the braking system, respectively. The powertrain consists of an electric traction chain with a
simplified models of the transmission, electric machine (EM) and battery. To regulate such
forward type vehicle model, dedicated control has been defined for allowing the powertrain
to generate the required torque and power demand while still respecting component safety
limits. The modelling technique used to define the various components has been briefly
described below while the interaction of component blocks and subsystems can be referred
to in Pardhi et al. (2021).

2.1.1 Vehicle

The vehicle model calculates the effect of tractive and braking force on the vehicle speed.
The total force to the road Ftrnsf is found from the sum of front and rear wheel transmitted
forces (equation (1)).
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Ftrnsf = Fxf + Fxr (1)

To determine the actual vehicle speed, the impact of aerodynamic drag, rolling resistance,
longitudinal inertia and the road inclination are considered (equation (2)).

dVv

dt
=

Ftrnsf − ( 12ρaAvCdV
2
v + Crrmvgcosθ +mvgsinθ)

mv
(2)

whereAv is the vehicle frontal area,Cd is the aerodynamic drag coefficient,ρa is the ambient
air density, Crr is the wheel rolling resistance coefficient, mv is the vehicle mass and θ is
the road inclination angle in degrees (positive for ascending and negative for descending
gradient) (Guzzella and Sciarretta, 2013; Kuhlwein, 2016).

Figure 1 Trivial suspension for load transfer model (see online version for colours)

2.1.2 Load transfer

Normal load transfer between the front and rear wheels (axles) due to vehicle acceleration
and deceleration has been implemented using a quasi-steady state approach. The model is
able to calculate the instantaneous vertical load on the front and rear axle by taking into
account the actual vehicle speed, acceleration, overall applied wheel force, aerodynamic
resistance and road gradient (Jacobson, 2016). Figure 1, represents this trivial suspension
load transfer model.

When the vehicle is stationary, only the effect of centre of gravity and road inclination
θ act on the weight distribution between the front Fzfo and the rear Fzro (equation (3)).

Fzfo =
mvg(lrcos(θ) + hsin(θ))

lf + lr
Fzro =

mvg(lfcos(θ)− hsin(θ))

lf + lr
(3)
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As the vehicle moves, the deformation of front and rear suspension generates reaction forces
that vary the normal load distribution between the front and rear wheels Fzf , Fzr (see
equation (4)). Here, zf and zr are the vertical movements of the front and rear suspension top
mounts while zfr and zrr are the wheel-road contact point vertical movements which could
be used to take into account road unevenness with positive movement in the upward and
negative in the downward direction (neglecting the loss of wheel-road contact) (Shakouri
et al., 2010). Here, cf and cr are the overall stiffnesses of front and rear parts of the
suspension respectively.

Fzf = Fzfo + cf (zfr − zf ) Fzr = Fzfo + cr(zrr − zr) (4)

Equation (5) represents the effect of pitch z and heave Py vehicle body movements on the
overall suspension deformation zf , zr.

zf = z − lfPy zr = z + lrPy (5)

These movements are affected by the amount of applied tractive and braking force Ftrnsf ,
aerodynamic drag force Faero, height of the aerodynamic centre ha and the horizontal lf ,
lr and vertical position h of the centre of gravity as considered in equations (6) and (7),
respectively.

z = − (cf lf − crlr)

cfcr(lf + lr)2
(Ftrnsfh+ Faero(ha − h))) (6)

Py = − (cf + cr)

cfcr(lf + lr)2
(Ftrnsfh+ Faero(ha − h))) (7)

The normal loads on the front and rear wheels Fzf , Fzr are used in their respective wheel
models to determine the available grip, force-slip relationship and the amount of force
that the wheels can transmit without entering the non-linear slipping zone (lock-up or spin
up)(see Figure 2). Being quasi-static in nature, this method does not consider the damping
dynamics of the dampers, tyres, bushings and linkages. Effect of longitudinal force transfer
in the linkages and the separate impact wheel torque from the brakes (unsprung) and the
powertrain (sprung) sources is also not modelled here.

2.1.3 Wheel

The wheel model calculates the amount of force that the front or rear tyres transmit to the
road based on the vertical force on the wheel mvg and the instantaneous friction coefficient
µ (equation (8)). This force being transmitted between the wheel and the road is generated
on account of slipping of the wheel (Pacejka, 2000; Rabhi et al., 2007).

Fx = mv g µ (8)

To define the relationship between varying friction coefficient µ and generated wheel slip
k, the empirical magic tyre formula has been implemented (see Figure 2) (equation (9)).

µ = Dsin(C ∗ arc tan (B k − E(10 k − arc tan (B k)))) (9)
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Figure 2 Representation of Magic formula: slip - friction coefficient (force) relationship
(see online version for colours)

The longitudinal wheel slip k is the ratio of the difference between actual wheel speed ωwrl

(with slip) and ideal wheel speedωwidl (without slip) to the ideal wheel speed (equation (10))
(Singh and Taheri, 2014). To avoid slip calculation errors at near-zero ideal wheel speed
(vehicle speed), the second mentioned formula is used.

k ≡


ωwrl −ωwidl

ωwidl
if ωwrl > 0

or
2 ∗ (ωwrl −ωwidl)

(ωth +
(ωwidl)

2

ωth
)

if ωwrl ≃ 0
(10)

For calculating the actual wheel speed ωwrl, balance of various torques at the wheel is
considered (equation (12)).

ωwidl =
Vv

rw
(11)

ωwrl =
1

Jwhl

∫
(Tpwt − Tbrk − Tx)dt (12)

where Tpwt is the powertrain torque, Tbrk is the mechanical brake torque, Tx is the actual
torque being transmitted to road (equation (8)) and Jwhl is the wheel rotational inertia. The
ideal wheel speed ωwidl (for zero slip) is obtained from the actual vehicle speed Vv and
wheel radius rw.

2.2 Transmission

The torque transmitted between the powertrain and the wheels can be described as
equation (13)

Tpwt = (Tem × IG − Jtrns
dωtrns

dt
)ηtrns (13)
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Where, IG is the selected gear ratio, Jtrns is the transmission rotational inertia at its input,
ηtrns is the transmission efficiency and Tem is the output torque of the electric machine.
The transmission speed ωtrns is then determined from the actual wheel speed ωwrl using
equation (14).

ωtrns = ωwrl × IG (14)

2.3 Electric machine

With focus on analysing the impact of detailed vehicle dynamics on regenerative braking,
a simplified representation of the electric machine (EM) has been used. The EM output
torque Tem is calculated from equation (15).

Tem = Temm − Tf − Jem
dωm

dt
(15)

where Jem is the EM armature rotational inertia, ωm is the EM angular speed (= ωtrns) and
Temm , Tf and Tem are the EM electromagnetic, frictional and output torques, respectively.
In addition, the EM electrical power for regeneration and traction Pelec is calculated using
map based EM efficiency ηem, torque Temm and speed ωm in equations (16) and (17),
respectively.

Pelec = Temm
ωmηem (16)

Pelec =
Temmωm

ηem
(17)

2.4 Battery

A basic equivalent circuit battery model has been implemented for further simplification of
the electric powertrain based on the electric power and state of charge (SoC). The power
delivered to/taken from the batteryPbatt is impacted by the power electronics (PE) efficiency
ηPE as shown in equations (18) and (19) respectively.

Pbatt = PelecηPE (18)

Pbatt =
Pelec

ηPE
(19)

Moreover, the power from the batteryPbatt and its ohmic losses give the actual battery power
during discharging and charging in equation (20) and (21) respectively (Pardhi, 2020).

VocIbatt = Pbatt + (Ibatt)
2R (20)

VocIbatt = Pbatt − (Ibatt)
2R (21)

where Voc is the battery open circuit voltage, Ibatt is the battery current and R is the
equivalent resistance of all cells combined. The State of Charge SoC is determined from
maximum charge capacity Cbattmax and instantaneous capacity of the battery Cbatt which
depends on the discharge/charge current Ibatt (equation (22)).

Cbatt(t) = Cbatt(0)−
∫ t

0

Ibattdt SoC(t) =
Cbatt(t)

Cbattmax
(22)
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3 Vehicle specifications

To study the effect of increased wheel slip and normal load transfer on regenerative braking
under extreme driving conditions, Tesla model S 2012 RWD was selected as the use case
on accounts of its almost equal front-rear static weight distribution and enough powertrain
potential to exceed the wheel adhesion limits (Tesla, 2012; D.Sherman, 2014; Bruen and
Marco, 2016; Hust, 2018). For simplifying the analysis of detailed vehicle dynamics impact
on energy recuperation under heavy braking, the EM and power electronics efficiencies were
kept constant with values adjusted to match the overall powertrain simulation efficiency
and range results claimed for the standard vehicle (see Table 1).

Table 1 Vehicle specifications

Vehicle name Tesla model S
signature performance (2012)

Vehicle weight with one driver [kg] 2181
Vehicle aero drag coefficient 0.24
Vehicle frontal area [m2] 2.341
Powertrain type RWD, full electric
Wheel radius [m] 0.3515
Tyre rolling resistance coefficient 0.01 (assumed)
Tyre peak friction coefficient 1.1 (calibrated)
Wheel rotational inertia [kgm2] 1 (assumed)
Centre of gravity position [m] 1.5392 / 1.4208 / 0.4572
(behind front axle/ before rear axle/ ground vertical)
Wheel base [m] 2.96
Static weight distribution 48:52
Maximum total braking torque to wheels [Nm] 10000 (assumed)
Gearbox type Single ratio transaxle
Gear ratio (combined with final driver) 9.73:1
Gearbox rotational inertia [kgm2] 0.3 (assumed)
Total transmission efficiency [%] 95 (assumed)
Electric machine EM type 3-phase,4-pole, AC induction
Electric machine average efficiency [%] 91 (assumed)
Inverter and power electronics average efficiency [%] 95 (assumed)
Peak motor torque [Nm] 600 Nm (0–5100 rpm)
Peak motor power [W] 310 kW (5000–8600 rpm)
Peak motor speed [RPM] 16000 rpm
EM rotational inertia [kgm2] 0.025 (assumed)
Battery type Liquid-cooled, lithium-ion, 85 kWh
Simplified battery architecture 96 series ; 74 parallel
Cell Panasonic NCR18650B
Cell charge capacity [Ah] 3.1
Cell resistance [ohm] 0.0481
Cell nominal open circuit voltage [V] 3.7
Cell cut-off voltage (charge/discharge) [V] 4.2/2.5
Maximum cell current [A] 15.5

For assuring that the tyre characteristics from the simulation closely resemble those seen
on the real world application, the magnitude of the tyre slip-force relationship was adapted



Modelling of detailed vehicle dynamics 25

to match the 0–100 km/h claimed acceleration performance of the selected vehicle of 4.4 s
(as shown in Figure 2). For this, wheel spin up due to excessive powertrain torque output
was avoided by simply saturating the driver accelerator pedal demand to 94% above which
the powered wheels would lose traction, spin up and generate reduced performance. With
this method, a 0–100 km/h time of 4.29s was achieved and later with the application of
precisely tuned simplified traction control intervention (TC) the best possible time of 4.39s
was found (Table 2).

Table 2 Traction control calibration

System delay margin [ms] 10
System trigger slip point [%] 30
Torque cut on trigger [%] 12

4 Control

4.1 Brake bias distribution

In this section, simple static feed-forward front-rear brake distribution strategies has been
considered depending on the driver’s brake pedal application as shown in Figure 3. The focus
has been on maximising the use of changing grip levels of the front and rear wheels due to
vehicle dynamics for achieving the best possible braking performance while still avoiding
unsafe driving situations such as rear wheel lock-up (Jacobson, 2016). For calibrating these
fixed strategies, we start from 50/50 front-rear brake distribution, which is generally used in
conventional vehicles for normal driving to minimise wear and tear. With increasing brake
pedal application, the distribution of the braking effort on recurring 200-0 km/h braking
tests is initially maintained equal between the front and rear until possible. As braking
intensity is further increased, so does the deceleration and the normal load transfer from the
rear to the front of the vehicle. With this decrease in vertical load on the rear wheels their
ability to transmit braking force decreases while the opposite is seen for the front wheels.
Above 65% brake pedal application, with a further increase in applied braking torque, the
rear wheels start to lock-up (stop rotating) generating reduced overall deceleration and
making the vehicle laterally unstable (Jacobson, 2016). To avoid this, the proportion of the
total braking torque to the rear wheels is simultaneously decreased and transferred to the
front where the adhesion limits are rising (change in brake bias). This procedure is repeated
for recurring high speed braking tests with increasing brake pedal application requiring a
gradual change in brake bias to avoid rear wheel lock-up Figure 3. After an increase in brake
pedal input above 84%, both front and rear wheels begin to lock-up for all cases, meaning
the ability of the complete vehicle to generate higher deceleration has been reached and
above this, the vehicle will have decreased braking performance due to transmission of
lower overall braking force to the road (refer to Figure 2).

The slight difference between calibrated standard brake bias strategies for the FWD and
RWD cases as seen in Figure 3 is due to the higher sensitivity of FWD case to rear wheel
lock-up as compared to RWD case on accounts of reduced overall rear axle rotational inertia
(absence of rear powertrain).
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Figure 3 Simple feed-forward brake distribution strategies for favouring regenerative braking
(see online version for colours)

To maximise the regenerative braking ability of the electrical powertrain, brake bias
distribution strategies specifically favouring braking with the powered axle are now
calibrated for FWD and RWD cases and will be considered for further analysis due to their
proven improvements (Henao-Muñoz et al., 2020) Figure 3. In the case of the FWD front
regeneration focused strategy (red - -), the braking force is transmitted only by the front
wheels for as long as possible to maximise regeneration potential within the vehicle safety
limits. Once the front wheel adhesion limit is reached, the overall deceleration can then
further be increased by introducing braking to the rear wheels through a reduction in the
proportion of the brake bias going to the front and transferring it to the rear (seen after
45%) as shown in Figure 3. For the RWD rear focused case (black - -), the rear wheels are
used for as long as possible while front-wheel braking is introduced only when the limit of
adhesion of the rear wheels is reached to avoid their lock-up. Rear wheel lock-up for the
RWD case starts to occur earlier as compared to FWD due to the different adhesion limits
on account of normal load transfer during braking.

4.2 Regenerative braking

A simple regenerative braking strategy based on completely replacing mechanical braking
torque of the powered axle with electro-mechanical braking torque from the EM has been
considered in this work. If the braking torque demand for that axle surpasses the possible
torque, power or speed limits of the electric machine (EM), mechanical brakes would be
used in tandem to support the braking of that axle along with the EM (see Figure 4). It can
be seen in Figure 4 that for our specific vehicle use case, the equivalent of maximum wheel
braking torque at the level of EM output (including transmission losses) in the case of the
front wheels is much higher than the EM peak torque curve for all operational speeds (red
- derived during brake bias calibration procedure). On the other hand, for the rear wheels,
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the EM is capable of completely replacing the mechanical brakes at lower speeds (below
7500 RPM) (red - -).

Figure 4 Simple parallel regenerative braking strategy (see online version for colours)

5 Results and discussion

5.1 Dynamic driving

For comparing the transient behaviour of vehicle dynamics and traction chain for the two
distinct regeneration focused cases (FWD and RWD), the vehicle has been run on an
aggressive driving scenario of modified WLTP cycle with 1.5 times the cycle speed and
overall 7.5 times acceleration. Accelerator and brake pedal applications from the driver
block have been limited for RWD to 94%, 83% and for FWD to 62%, 83% respectively.
These limitation has been implemented following multiple acceleration and braking tests
for restricting the wheels from entering into non-linear slip behaviour (see Figure 2) to
avoid wheel lock-up or excessive spin up, thereby assuring the transmission of the highest
possible demanded wheel force to the road (Figure 5).

Deceleration performance of both cases on this transient drive cycle is found to be
very similar (Figure 5(B)) with matching driver brake pedal inputs (Figure 6(B)), meaning
almost the same overall braking force is being put to the road. This shows that even if the
powertrain has been placed in different locations (FWD and RWD), which affects the overall
axle rotational inertia, the brake bias distribution and regenerative braking strategies hold
the overall braking behaviour very close for the two cases. Acceleration to the desired speed
for the RWD case is slightly compromised due to the limits of peak force transmission to the
road (avoidance of rear-wheel spin up) due to restriction of torque demand to 94%. For the
FWD case, the acceleration is much lower since the powertrain torque is restricted to 62% to
avoid wheel spin (entering non-linear slip zone) and corresponding lower force transmission
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(see Figure 2), which demonstrates the lower adhesion limits for FWD architecture when
compared to RWD during acceleration.

Figure 5 Comparison of: (A) Actual vehicle speed and (B) Acceleration rate for FWD and RWD
in dynamic driving (see online version for colours)

Figure 6 Comparison of: (A) Accelerator pedal inputs and (B) brake pedal inputs for FWD and
RWD in dynamic driving (see online version for colours)

As the vehicle accelerates we can see a decrease in normal load on the front axle and an
increase on the rear axle, that is vertical load transfer from the front to the rear (Figure 7).
In the case of deceleration, the opposite is evident. Load transfer from the front to the rear
is much higher in the case of RWD as compared to FWD since the acceleration itself is
higher. The magnitude of deceleration for both cases is similar and so is the normal load
transfer from the rear to the front (Figure 7).

Figure 7 Comparison of front and rear vertical wheel loads for: (A) FWD and (B) RWD cases in
dynamic driving (see online version for colours)

During acceleration, the speed of powered wheels for FWD and RWD show considerable
positive speed difference as compared to driven wheels on accounts of positive slip
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(Figure 8). During deceleration, the slip of powered wheels (front) for the FWD case is
seen to be better controlled as compared to RWD due to its reduced adhesion limits in
braking (normal load transfer)(Figure 7). Driven wheels for both cases show very similar
speed profiles as that of the actual vehicle speeds (Figure 5), due to much lower wheel slips
coming from almost zero force transmission during traction and low force transmission
during braking (Figure 9).

Figure 8 Comparison of front and rear actual wheel speeds for: (A) FWD and (B) RWD cases in
dynamic driving (see online version for colours)

Figure 9 Comparison of front and rear wheel transmitted force for: (A) FWD and (B) RWD cases
in dynamic driving (see online version for colours)

Tractive force from front wheels to the road in case of FWD is much constrained as compared
to rear wheels for the RWD case (Figure 9) due to the limiting of driver accelerator inputs
(Figure 6(A)). For both cases, the braking force is preferably transmitted by the powered
wheels ( Figure 9) with the application of a dedicated brake bias strategy to promote
regenerative braking (refer to Figure 3, Figure 4). Support from the driven wheels in case
of high deceleration demands is very evident for the RWD case due to the lower rear
wheel adhesion limits and is less significant for FWD due to higher limits (effect of load
transfer)(Figure 9).

Figure 10 shows slip-force behaviour of the powered and driven wheels for the FWD
and RWD cases with regeneration focused braking strategies (refer to Figures 3 and 4).

For the FWD case, the braking force is mostly transmitted by the front wheels (black)
and is lightly supported by rear wheels (red) when the adhesion limits of the front are reached
(Figure 10(A)). For the RWD case, the front wheel mechanical braking support is more
prominent due to the lower ability of rear wheels to transmit braking force (Figure 10(B)).

Tractive wheel torque for the powered wheels (blue) of the FWD and RWD cases show
the effect of limiting the driver accelerator demands to avoid wheel spin up (Figure 11(A)
and (B)).
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Figure 10 Comparison of front and rear wheel operating points of slip-force relationship for:
(A) FWD and (B) RWD cases in dynamic driving (see online version for colours)

Figure 11 Comparison of wheel torque and EM torque, speed for FWD (A),(C) and RWD (B),(D)
in dynamic driving (see online version for colours)

Comparing wheel braking torque for the two cases further shows lower support by the
driven wheels (mechanical braking) to the powered wheels (blue) in the case of FWD as
compared to RWD (Figure 11(A) and (B)). This is enforced by the brake bias distribution
strategy to avoid rear wheel lock-up due to the much lower adhesion limit which is evident
at higher brake pedal demands. At lower brake demands solely the powered wheels (blue)
are capable of carrying out braking, maximising the recuperated energy.

At a few points for the FWD case (160 s, 180 s in (Figure 11(A)), we can also see some
small front mechanical brake intervention to support the electrical powertrain braking as
the limits of the EM regenerative torque are reached.

When comparing torque profiles for the front and rear (Figure 11) with the respective
force transmission (Figure 9), we can see slightly different behaviour in terms of their
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magnitudes due to the varying tyre slip-force relationship on accounts of normal load transfer
(Figure 2). For the electric machine (EM) (Figure 11(C) and (D)), positive torque output
to the powered wheels helps them turn, push the vehicle ahead and increase EM speed
while negative torque output decreases the same. Due to a single gear reduction, EM speed
for FWD and RWD cases follow the speed of their respective powered wheels (Figure 8).
EM tractive torque for the FWD case is limited since the accelerator demand is highly
constrained when comparing with the RWD case.

EM regenerative braking torque used for the RWD case is much lower as compared
to the FWD case (Figure 11(C) and (D)) due to the difference in adhesion limits for front
and rear wheels while braking. Apart from adhesion limited peak torque limits, the graph
also shows the occurrence of torque restriction due to the EM power limit towards higher
EM speeds (Figure 11). Positive EM and battery current represents traction (discharge)
while negative represents energy recuperation in braking (charge) (Figure 12). The Tractive
current for the FWD case is lower as compared to the RWD case due to restriction in
its tractive performance on accounts of wheel adhesion limits. Similarly, the regenerative
current is higher for the FWD case as compared to the RWD case due to its higher adhesion
limits in braking.

Figure 12 Comparison of EM and battery current for: (A) FWD and (B) RWD in dynamic driving
(see online version for colours)

Figure 13 represents battery actual and open-circuit voltages. Fall in actual battery voltage
and open-circuit voltage signifies battery discharging whereas, a rise shows charging. A
higher soar of actual battery voltage for the FWD as compared to the RWD case represents
higher regenerative braking power (charging). A greater drop in the actual battery voltage
of RWD as compared to the FWD case is due to the higher battery discharge from greater
acceleration. Finally, the consequence of lower regenerative braking and higher tractive
discharge for RWD as compared to the FWD case leads to a greater fall in its battery State
of Charge SoC over the complete driving cycle (Figure 14).

5.2 200-0 braking test

This high-speed braking test has been used to further analyse the effect of the electrical
powertrain placement (FWD or RWD) and corresponding wheel-vehicle dynamics on
energy recuperation through regenerative braking. For an increasing brake pedal application
on the 200-0 km/h braking test, the deceleration at 100km/h instant tends to increase
proportionally and at almost the same rate for both front and rear regeneration focused FWD
and RWD cases (Figure 15(A)). The 200-0 km/h stopping distance initially drops heavily
followed by a gradual decrease as with higher brake input the vehicle simply spends lesser
time at greater speeds and thus covers lesser distance before stopping (Figure 15(B)).
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In addition, the wheel slip, braking torque, braking road force and vertical load transfer
have been presented (see Figure 16). Until 35% pedal application for the 100 km/h instant,
the braking force from the powered wheels to the road rises proportionally with the
application of increasing regenerative braking torque (blue) (Figure 16(C) and (D)). This
increase in braking force comes from the generated negative wheel slip (Figure 16(A))
(refer to Figure 2).

Figure 13 Comparison of actual and open circuit battery voltage for: (A) FWD and (B) RWD in
dynamic driving (see online version for colours)

Figure 14 Comparison of battery SoC for FWD and RWD architectures in dynamic driving
(see online version for colours)

The normal vertical load transfer from rear to front depends on the deceleration and thus
rises proportionally with increasing brake pedal demand (Figure 16(B)). With higher load
transfer, the limits of adhesion for rear wheels of the RWD case get tested earlier at
around 35% (red–), and to avoid their lock-up front wheel braking is introduced to assist in
deceleration (black–) (Figure 16(D)). For the FWD case, a similar effect is seen much later
at around 45% demand (black) (due to normal load transfer from rear to front) when the
grip of the front powered wheels is no longer solely enough to fulfil the required braking
performance.
On further increase in brake pedal demand for RWD case above 35% after the introduction
of mechanical braking on the front dead axle (black–) (Figure 16(D)), the transmitted force
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Figure 15 Comparison of: (A) deceleration rate and (B) braking distance at 100 km/h for 200-0
braking test

Figure 16 Comparison of: (A) wheel slip; (B) vertical load; (C) braking force and (D) wheel
torque at 100km/h for 200-0 braking test (see online version for colours)

from the rear (powered wheels) is further decreased (red–) to avoid lock-up due to the
decreasing vertical load on the rear for increasing deceleration (Figure 16(C)). On the other
hand, at this level of pedal application, the transmitted force for front wheels of the FWD
case continues to rise (black) even after the introduction of rear brakes due to their increasing
adhesion limits with a greater normal load on the front (Figure 16(C)). With the introduction
of mechanical braking for the dead axles, their tyre slip also increases and so does their
transmitted braking force for both cases (Figure 16(A) and (C)). A higher rise in the negative
slip of powered wheels for RWD as compared to FWD from 0–35% pedal input further
shows the lower ability of the rear wheels to transmit braking force for a certain level of
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wheel slip (due to load transfer), requiring more slip to generate the same amount of braking
force.

For the powered rear wheels of the RWD case, mechanical braking torque is never seen
to be introduced at 100 km/h instant as the rear torque demand for all brake pedal inputs
can be met solely by the electric machine (blue –)(Figure 16(D)). This differs in the case of
FWD where for the 100 km/h instant, the EM torque (blue) is not solely sufficient at higher
pedal demands (>40%) due to greater force/torque transmission capability and thus has to
be supported by mechanical brakes (black). At peak braking demand (83%), the rear wheel
braking torque for both FWD (red) and RWD (blue–) reach almost the same value whereas
when comparing for the front wheels of both cases, the mechanical torque for RWD case
(black–) and the sum of regenerative and supplementary front mechanical torque for FWD
case (blue and black) seem to hold a similar value (Figure 16(D)).

With an increase in the brake pedal demand, the EM speed decreases to lower values
and holds around 6400 RPM (Figure 17(A)) due to the similar level of negative slip of the
powered wheels for both FWD and RWD cases at the 100 km/h instant (see Figure 16(A)).

Figure 17 Comparison of: (A) EM speed; (B) EM braking torque; (C) battery current and (D)
voltage at 100 km/h for 200-0 braking test (see online version for colours)

At these speeds, the EM is easily capable of supplying for any rear-wheel torque demand
(RWD case)(see Figure 4) but not for increasing levels of front-wheel torque demands (FWD
case) which is evident from the introduction of mechanical braking to the powered wheels
(see Figure 16). The EM regenerative torque for the FWD case reaches around 450 Nm
and remains unchanged after due to EM power limitation (refer to Figure 4(B)). For the
RWD case, the EM torque above 35% is not decreasing due to the EM torque limits but on
accounts of the changing brake bias strategy for avoiding rear wheel lock-up. Maintaining
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high regenerative braking torque for the FWD case on increasing pedal demands results in
higher charging current and charging voltage to the battery whereas, for the RWD case, the
peak of charging current and battery voltage is reached at peak regenerative torque after
which they gradually drop due to rear wheel adhesion limits (Figure 17(C) and(D)).

Considering braking power and braking energy analysis for the 200-0 km/h braking test
(Figure 18), the braking power requirement at the 100 km/h instant for the complete vehicle
(black) is directly proportional to the deceleration and thus also to the increasing pedal
demand (Figure 18(A)). Overall vehicle braking energy for the 200-0 braking test (black)
(Figure 18(B)) initially rises quickly and then slowly with increasing pedal application, as
with increasing deceleration the vehicle spends lesser time at high speeds and the overall
energy loss to aerodynamic drag and other vehicle resistances decreases, increasing the
actual vehicle braking energy from the braking system.

Figure 18 Comparison of: (A) braking power at 100 km/h and (B) braking energy on 200-0
braking test for range of brake pedal inputs (see online version for colours)

Until 35% demand for RWD and 45% for FWD cases, slightly more braking power is
given by the powered wheels to the road (red) than the overall vehicle body stopping power
(black) to also counter the resistance from the deceleration of the driven non-powered wheels
rotating inertias (Figure 18(A)). This is more evident from the difference in the braking
energy at vehicle body (black) and that transmitted between the powered wheels and road
for the complete event (red) (Figure 18(B)). At higher brake pedal demands (above 40%) the
difference in braking power, energy transmitted between powered wheels and road interface
(red) and that required to stop the vehicle (black) is coming from the mechanical braking
support of the other non powered wheels due to adhesion limitations of the powered wheels
and the avoidance of their lock-up by the previously discussed brake bias strategies.

For both cases, the difference in braking power and energy transmitted at the wheel-road
interface (red) and the total efforts (braking torque) to the powered wheels (grey) is on
accounts of wheel slip losses. For minor braking force transmission, the corresponding slip
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rises almost proportionally while at elevated pedal inputs with higher force transmission
requirement, the wheel slip has to increase drastically making its losses significant above
15% demand (Figure 2). For both cases, the effect of powered wheel inertias will act to
reduce this difference by increasing the powertrain regeneration due to their resistance to
slowing down and stored energy.

The deviation in the total braking efforts to the powered wheels (grey) and those from the
electrical powertrain (blue) comes from the losses to the supporting mechanical brakes on
the powered axle. For RWD this power loss is absent for all pedal demands as the electrical
powertrain is solely capable of providing the necessary braking torque at the 100 km/h
instant for the complete range of brake pedal applications. For FWD case above 40%
demand, we see a gradually increasing intervention of mechanical brakes as the adhesion
levels of the front powered wheels increase (grey) and surpass the limited braking capability
of the electrical powertrain (blue) due to which the regeneration power for the FWD case
at various powertrain levels also gets curtailed (green, pink, brown).

On comparison of the energy flow for the 200-0 km/h complete braking event
(Figure 18(B)) we see the whole picture where the support from mechanical brakes (at
powered wheels) is evident even for the RWD case which is not evident at the 100 km/h
instant. The FWD mechanical brakes intervention on the powered wheels remains much
higher than RWD above 35% throughout the range of pedal applications as the decreasing
adhesion for the RWD case starts affecting the system. Above 35% the powertrain braking
power and energy for RWD (blue–) also decreases as compared to FWD (blue) for the same
reason of declining rear wheel adhesion and the corresponding effect of brake bias strategy
in reducing the braking torque to avoid lock-up.

The power/energy flow between the electric machine and transmission (green) is greater
than that between the transmission – wheel (blue) as although there is an impact of the
frictional losses in the transmission (5%), the energy stored in rotational inertia of the
complete traction chain and the corresponding resistance to its slow down more than
compensates for the frictional losses. The difference between EM – power electronics (pink)
and EM – transmission (green) is due to the fixed electrical losses in the electric drive. The
decrease in final stored battery power, energy (brown) over that coming from the EM – PE
interface (pink) is purely due to the internal losses of the battery module.

Considering the peaks of regenerative energy at various traction chain levels
(Figure 18(B)), the faster the vehicle body stops, the more will be the vehicle body braking
energy (black). The highest limit of powered wheel to road energy transmission (red) comes
in the middle of braking demand as a result of introducing braking by the non powered
wheels for the avoidance of powered wheel lock-up (FWD – 45%, RWD – 35%). The
highest recoverable energy from the powered wheels (grey) is around 20-40% instead of
30-50% pedal demand on accounts of elevated wheel slip losses with increasing brake
pedal application. The peak of actual recuperated energy from the powered wheels (blue)
is at lower brake pedal demand (15%) than expected (20–45%) due to the support from
mechanical brakes (electrical powertrain torque limitation).

To further analyse the interaction of mechanical and electrical braking over the complete
200-0 km/h braking event, we now compare the FWD and RWD cases for 65% pedal
application wherein with very similar deceleration rates, the vehicle speeds for both FWD
and RWD cases drop in the same manner and the vehicles stop at almost the same point
(see Figure 19(A)). The total wheel force to the road in both cases remains almost the same
throughout the braking event (see Figure 19(D)). The wheel-braking force from the FWD
front wheels is much higher than from the FWD rear wheels to promote regenerative braking
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while also maintaining the demanded high deceleration performance. Braking wheel Forces
for RWD case from the front and rear wheels are very similar for 65% pedal application
to again maintain the highest possible rear braking for maximising energy recuperation
while avoiding rear wheel lock-up (Figure 19(D)). Front wheels for the FWD case show the
highest drop in wheel speed (negative slip) as they transmit the highest amount of wheel
force while the opposite is seen for the FWD rear wheels (see Figure 19(B)). For the RWD
case, although both front and rear wheels transmit almost the same level of braking force
to the road (see Figure 19(D)), the RWD rear powered wheel slip is a lot higher than the
RWD front wheel slip due to the decreasing adhesion on the rear on accounts of normal
load transfer from the rear to the front (see Figure 19(B)). Braking torque to the powered
wheels for both cases now shows clear presence of mechanical braking assistance at higher
vehicle speeds as the powertrains are restricted by lower electric drive torque limits (see
Figure 19(C)). As the vehicle speed drops, so does the speed of the electric machine and its
peak torque level rises. Since the braking torque demand for RWD rear wheels is lower (to
avoid lock-up due to lower adhesion) the powertrain can completely take over the braking
event much earlier as compared to the FWD front wheels where braking torque demand is
much higher (see Figure 19(C)).

Figure 19 Comparison of: (A) vehicle speed; (B) wheel speed; (C) braking torque and (D) braking
force and deceleration rate on 200-0 braking test for 65% pedal demand (see online
version for colours)

6 Conclusions and perspectives

In this paper, feed-forward brake bias distribution strategies for front wheel drive (FWD) and
rear wheel drive (RWD) electric powertrains favouring the usage of the powered wheels to
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maximise the regenerative braking have been implemented and analysed. First, the selected
modelling methodologies for vehicle dynamics and all relevant components of the traction
chain have been presented. For investigating the effect of the proposed braking strategies
on energy recuperation as well as drivability, especially under intense driving situations,
various simulation results have been discussed.

The results for a high-speed driving scenario with pronounced impact of the front, rear
wheel slip and normal load transfer have been used to compare the effect of the proposed
regenerative braking and brake bias strategies for the two powertrain placement cases (FWD
and RWD). Here, the focus has been on an overall system analysis including the effect of
heavy braking as well as rapid accelerations on the corresponding vehicle and powertrain
dynamics, efficiency and stability.

For a detailed analysis of the impact of pronounced vehicle dynamics on regenerative
braking of FWD and RWD cases, a 200-0 km/h braking test has been considered. As
expected, at lower brake pedal demands, both FWD and RWD regeneration focused cases
show similar energy recuperation potential, powertrain and vehicle dynamics behaviours.
When braking aggressively at higher vehicle speeds, the regeneration potential of the RWD
case is primarily limited by the decreasing powered wheel adhesion limits due to the vertical
load transfer from the rear to the front of the vehicle. For the FWD case, this adhesion limit
rises with higher deceleration and here the regeneration gets constrained by the peak torque
limit of the electric machine. After the peak of regeneration for the high speed braking
test at around 15% brake pedal demand, the recuperated energy at different levels in the
traction chain drops due to various limitations and losses associated with wheel adhesion
limits (avoiding lock-up), powertrain torque capacities and increasing tyre slip.

To sustain efficient regenerative braking characteristics at even higher brake pedal
applications and vehicle speeds, innovative strategies which manage powered wheel slip by
transferring the braking responsibilities to the driven wheels could be further explored.
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