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Abstract: This paper presents a regenerative braking logic that aims to maximize the recovery of
energy during braking without compromising the stability of the vehicle. This model of regenerative
braking ensures that the regenerative torque of the electric motor (for front- and rear-wheel drive
vehicles) or electric motors (for all-wheel drive vehicles equipped with one motor for each axle) is
exploited to the maximum, avoiding the locking of the driving wheels and, subsequently, if necessary,
integrating the braking with the traditional braking system. The priority of the logic is that of
maximizing energy recovery under braking, followed by the pursuit of optimal braking distribution.
This last aspect in particular occurs when there is an integration of braking and, for vehicles with
all-wheel drive, also when choosing the distribution of regenerative torque between the two electric
motors. The logic was tested via simulation on a front-, rear-, and all-wheel drive compact car, and
from the simulations, it emerged that, on the WLTC driving cycle, the logic saved between 29.5 and
30.3% in consumption compared to the same vehicle without regenerative recovery, and 22.6-23.5%
compared to a logic commonly adopted on the market. On cycle US06, it saves 23.9-24.4% and
19.0-19.5%, respectively.

Keywords: regenerative braking logic; electric vehicle; EV; energy optimization; energy recovery;
vehicle stability

1. Introduction

Currently, the market for electric and hybrid vehicles is growing more and more,
with the aim of reducing exhaust emissions in the transport sector [1]. In fact, regulation
2021/1119/EU [2], in force since 29 July 2021, mandates a reduction in greenhouse gas
emissions by 55% compared to 1990 levels by 2030. This law also provides for a series of
actions that must lead to climate neutrality by 2050.

Furthermore, the problem of traditional vehicles is also associated with the non-infinite
availability of fossil fuels [3].

For the aforementioned reasons, and for issues related to exhaust emissions, the
automotive market is progressively switching to electrification, i.e., to hybrid electric
vehicles and fully electric vehicles.

However, a strong limitation of these vehicles (especially for fully electric vehicles)
is imposed by the limited range of electric drive when compared to traditional internal
combustion engine vehicles. In fact, despite their continuous technological development, the
energy density of lithium batteries is still far from being competitive with petrol or diesel [3].

Therefore, in order to maximize the range of electric vehicles with the same nominal
capacity in the battery pack, it is necessary to better manage the energy on board the vehicle,
in particular, by maximizing energy recovery during the deceleration and braking phases.

In fact, as stated in [4], regenerative braking technology can increase the driving range
by 10 to 20% when the electric vehicle travels in urban road traffic with frequent stop and
start events (American Electric Power Research Institute data) [5].
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The goal of efficient regenerative braking logic is to increase the vehicle range, thus
making it possible to reduce the weight and size of the battery pack in the design phase
and, therefore, to reduce the consumption of natural resources in the battery production
phase. All this results in a less severe environmental impact, both in the production phase
of the battery pack and in the use phase of the vehicle [6].

In this paper, a regenerative braking logic is presented to be implemented in the
vehicle control unit, which aims at minimizing the use of dissipative braking and to achieve
the maximum possible energy regeneration by means of the braking torque provided by
the electric motor(s) while preserving vehicle stability even in emergency braking events.

In [7], a strategy was proposed for the distribution of braking torques according to
ECE regulations [8] and the so-called fold lines. Such a strategy meets the requirements of
braking regulations and aims at maximizing the recovery energy, but, on the other hand,
it may occasionally result in reduced stability and braking efficiency due to the fold lines
deviating from the ideal curve [5]. The logic of regenerative braking (RB logic) presented in
this paper solves the problem of stability, as the logic not only maximizes energy recovery
but also restores the system to the condition of optimal braking distribution if the vehicle is
in critical conditions and at the limit of wheel locking. Once this last condition has been
reached, the vehicle will then lock the wheels in conditions of optimal braking distribution,
as it would in the absence of RB logic. Therefore, it is appropriate to associate RB logic with
a correct ABS logic, which also takes the contribution of the electric motor into account
in braking. In this regard, it is interesting to mention article [9]. In [10] a method to
maximize regenerative braking is proposed, where the braking torques on the front and
rear axles are distributed according to the ideal curve and the motor ensures braking
torque demand through the driving wheels according to its regenerative braking torque
capabilities; otherwise, the friction braking torque comes into play in order to supplement
the braking torque [5]. By always following the ideal curve for braking distribution, energy
recovery is not fully maximized. The RB logic, by bringing the system back to optimum
braking distribution conditions only when it is close to critical conditions, allows for the
maximization of regenerative recovery in standard conditions by moving the braking
distribution toward the axle driven by the electric motor (in the case of vehicles with front-
or rear-wheel drive only). The approach adopted for the RB logic is therefore a hybrid of
those exposed in articles [7,10]. In this way, the resulting problems are solved for both
logics, and the related advantages are exploited.

In [11], a distribution control law for regenerative braking torque and hydraulic
braking torque is proposed, but in this control, the various constraint factors on energy
recovery are not considered [5]. Unlike the latter regenerative braking logic, the RB logic
object in this paper takes into account not only the limitations imposed by the maximum
torque in the motors but also the limitations on energy recovery imposed by the maximum
currents that the battery pack can accept at the input of the considered operating point.
Furthermore, if limitations occur, the model outputs can be corrected by suitably integrating
braking with traditional brakes.

In [12,13], a fuzzy control strategy distributing the regenerative braking torque and
the hydraulic braking torque is presented. An ABS logic is already integrated into these
two strategies. This can be an advantage over RB logic. On the other hand, not having an
ABS strategy already integrated in the regenerative braking logic can allow for the adoption
of, downstream of the RB logic, a specific one according to the needs, provided that the
latter takes into account the intervention of the electric motors during braking, such as
the logic presented in article [9]. In the studies cited above, the vertical load variation on
the front and rear axles due to longitudinal load transfer is not considered; therefore, the
stability of the vehicle cannot be fully guaranteed. However, as stated in [14], the aim of the
regeneration control strategy is to ensure the maximum recovery of braking energy while
also ensuring braking stability; therefore, this aspect must be taken into consideration for
the sake of active safety.
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Paper [15] describes a method for improving the braking stability of the vehicle. An
optimal braking torque distribution, front to rear, is achieved by controlling the longitudinal
slip ratio of each tire; see also [5]. The load transfer between the wheels is also considered
in the RB logic, both due to longitudinal and lateral accelerations, but the logic object of this
paper is suitable for use on vehicles where electric motors act on the axles and not on a single
wheel. The motor torques are then managed for the axles and not for each individual wheel.

In [16], the regenerative braking strategy takes into account the ideal braking torque
distribution, but the characteristics of the battery pack are not considered, unlike in the RB
logic proposed in this paper.

In [5], a braking torque distribution algorithm is presented: calculation of the optimal
braking torque distribution is based on the ECE braking regulation [8], and the motor and
battery limitations are taken into account together with various limitations, as with the
RB logic, but the strategy is mainly based on the concept of optimal braking distribution.
Conversely, the RB logic causes the system to deviate from the latter in order to maximize
energy recovery whenever dynamic conditions allow it without compromising the stability
of the vehicle.

A recent comprehensive literature review (year, 2021) on energy management issues
when using braking controllers is presented in [17]. In this study, the literature analysis is
carried out according to different categories [18]:

For gradual braking and emergency braking;
With or without the estimation of the road surface friction coefficient;
With fixed or allocated torque distribution;

e By tools used for simulation (MATLAB/ Simulink®, AMESim®, CARSim®, or co-
simulation);

e By the type of model validation (without validation, with physical imitators, or with
real vehicles).

The controllers for regenerative braking can be classified into conventional and in-
telligent controllers. Conventional controllers are basically the proportional-integral-
differential controllers (PIDC), threshold controllers (TC), and sliding-mode controllers
(SMQ). Intelligent controllers are fuzzy logic controllers (FLC), neural network-based
controllers (NNC), and model reference controllers (MRC) [17].

The regenerative braking strategy presented in this article can be considered to be a
conventional controller. It is based on a modular and flexible Simulink® model. It can be
implemented in the vehicle control unit (VCU) of front-, rear-, or all-wheel drive vehicles
equipped with electric traction only (full electric vehicles, hybrid APU vehicles, and fuel
cell electric vehicles). In particular, the vehicle in question can have an electric motor acting
on the front or rear axle or on two electric motors, one for each axle.

The model combines several characteristics considered by the different studies cited
above, in particular:

e  Various vehicle, driveline, electric motor(s), and brake system data are considered;
The model calculates the brake force request, starting from the brake demand i.e., from
driver force acting on the brake pedal;

e  The optimal braking distribution between front and rear axles is obtained considering
the load transfer due to longitudinal acceleration/deceleration;

e  The logic aims at maximizing energy recovery under braking considering various
limitations that can come into play;

The limitations related to tire grip are considered;

Motor and battery limitations are also considered;

Finally, traditional brakes integrate regenerative braking to ensure the braking torque
request is met in all conditions while keeping the system closer to the optimal braking
distribution.
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Model validation was carried out by means of the VI-CarRealTime® simulation pack-
age by VI-Grade® and the TEST (Target-speed EV Simulation Tool) model described
in [19-21].

This paper is organized as follows:

e In Section 2, the general layout of this logic is presented together with the related
mathematical background. In particular, the logic is modular, and the details of each
submodel are provided. This section begins with the definition of the model’s inputs
and outputs, including an explanation of how the logic interprets the brake demand
signal and a calculation of the optimal braking distribution. The calculation of the
electric motor' torque requests, which also prevents wheel locking, is then shown.
Subsequently, various situations are considered that may make it necessary to limit
these motor torques, that is, the maximum braking torques available from the electric
motor/s and the battery pack limitations. Finally, once these torques have been
calculated, taking into account all the limitations, the logic will calculate pressures
in the front and rear braking systems in order to guarantee the amount of braking
required by the brake demand.

e  In Section 3, the results achieved through this logic are presented. In particular, results
based on standard driving cycles (to validate energy savings) and test outcomes (aimed
at showing how the logic does not impair vehicle stability) are shown.

e In Section 4, the results obtained in Section 3 are discussed, some future developments
for the logic object of this paper are presented, and some future fields of application
are proposed (the context in which it is possible to know the road friction coefficient,
for example, in the context of smart roads).

e In Section 5, concluding remarks are provided, and the most important information in
Section 4 is summarized.

e  Finally, Appendix A includes the nomenclature with all symbols and abbreviations
used in this paper.

2. Materials and Methods

The regenerative braking logic object of this paper was modeled in the MATLAB/
Simulink® software. Indeed, the Simulink® environment is very popular in the program-
ming of automotive control units.

The model can be set for use on an electric vehicle equipped with a single motor, both
front- and rear-wheel drive, or for an all-wheel drive vehicle with an electric motor for each
axle. The vehicle braking system must be equipped with two master cylinders, allowing
for the separate management of front and rear brake pressures.

Figure 1 summarizes the structure of the regenerative braking logic. Model inputs
are the brake demand from the driver, the vehicle acceleration, the rotation speed of the
motor or motors, and of the wheels and battery characteristics. Both load transfer and
optimal braking distribution between front and rear axles are calculated based on vehicle
acceleration.

Regenerative motor torques are calculated based on brake demand in order to optimize
energy recovery considering the optimal brake distribution if there are two motors and
ensuring the stability of the vehicle by considering its slip limits. Then, it is also necessary to
consider the limitations imposed by the maximum performance of the motors and batteries.
Finally, traditional brakes can be integrated with the electric motor brake in order to ensure
the deceleration intensity requested by the driver. All this while keeping the system close
to optimal braking conditions.

The next subsections show the Equations and logics implemented in the Simulink®
model for deploying a regenerative braking logic aimed at maximizing energy recovery.
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Figure 1. Structure of the regenerative braking logic.

2.1.

2.2.

Model Inputs and Outputs

The Simulink® model inputs are listed below.

Brake demand (BrakeDemand): value from 0 to 1, proportional to the force imposed
by the driver on the brake pedal.

Longitudinal vehicle deceleration (j): positive value for vehicle deceleration.

Lateral vehicle acceleration (ay): absolute value.

Vehicle speed (v ): longitudinal vehicle speed.

Angular velocity of the front wheels (wyqeir): average value between left and right
front wheels.

Angular velocity of the rear wheels (wyeer): average value between left and right
front wheels.

Angular velocity of the front electric motor (wy,¢r): if the front motor is present.
Angular velocity of the rear electric motor (wy,,¢r): if the rear motor is present.
Battery voltage (Volt).

Maximum charging current of the battery pack (Crntpax): maximum current that the
battery is able to accept in input from the motors at the moment considered.

The model outputs are listed below.

Front brake pressure (Presy.q.r): signal required for the control logic of the front
braking system.

Rear brake pressure (Presy,qk.r): signal required for the control logic of the rear braking
system.

Front motor torque (Ty,0¢r): output torque of the front electric motor.

Rear motor torque (T,0¢r): output torque of the rear electric motor.

Brake Demand
The “BRAKE DEMAND” module receives the brake signal from the driver as an input

and associates the required braking force to this signal.
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The BrakeDemand signal range is a value from 0 to 1, proportional to the master
cylinder pressure and, hence, to the force imposed by the driver on the brake pedal, and
the required braking force is imposed proportional to the maximum traditional brake force.
Therefore, the BrakeDemand = 1 value represents the maximum braking pressure, which
is set a priori in the vehicle model.

The maximum force (Fygaxpraker) that the traditional front brakes can generate at the
tire contact patch is calculated in Equation (1):

Pres paxbraker* ApistonF MpadF - RaiscE

@

FMAthakeF =2 R
wheel F
Presp;axpraker is the maximum pressure that can be generated inside the master cylinder of
the front brake system, A pistonE 18 the total area of the brake pistons in the front calipers,
HpadF 18 the dynamic coefficient of friction between the front brake pads and brake discs,
Ryiscr is the average radius of application of the braking force on the front discs, and Rypeeir
is the nominal rolling radius of the front wheels.
The maximum force (Fygaxpraker) that the traditional rear brakes can generate at the
tire contact patch is calculated in Equation (2):

Prespaxoraker A pistonR MpadR Raiscr

)

FMmAXbraker = 2- R
wheel R

Presyaxpraker is the maximum pressure that can be generated inside the master cylinder of
the front brake system, A ;stonr is the total area of the brake pistons in the front calipers,
Mpadr is the dynamic coefficient of friction between the front brake pads and brake discs,
Ryiscr is the average radius of application of the braking force on the front discs, and Rypee1r
is the nominal rolling radius of the front wheels.

The maximum disc brake force (Fyraxprake) is the sum of the maximum front braking
force (Faraxpraker) and the maximum rear braking force (Faga xprakeRr)-

The total braking force associated with the brake demand (Fyyxereq) is calculated in
Equation (3).

FbmkeReq = BrakeDemand-Fy s xprake 3)

2.3. Optimal Brake Distribution

The “OPTIMAL BRAKE DISTRIBUTION” module calculates the optimal brake distri-
bution between the front and rear axle, taking the longitudinal (j) and lateral (a,) vehicle
acceleration as inputs. The braking distribution guarantees the correct stability of the
vehicle during braking events.

The optimal braking distribution is calculated by taking into account the load transfer
and the road friction coefficient to consider the road-tire adhesion limit that leads to locking
the front and rear wheels at the same time.

The load on the front axle (Wy), considering only the static weight and the longitudinal
load transfer, is calculated in Equation (4):

M- '
Wy = Lg-(Lb +hgé> @)

M is the vehicle mass, g is the gravitational acceleration equal to 9.81 m/s?, L is the
wheelbase, hig is the center of gravity height, and L;, is the longitudinal distance between
the rear axle and the center of gravity of the vehicle, which is the difference between the
wheelbase and the longitudinal distance between the front axle and the center of gravity
(La), as in Equation (5):

Ly=L~-Lg ©)

The load on the rear axle (W;), considering only the static weight and the longitudinal
load transfer, is calculated in (6):
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M-g j
Wr - L(La+hgg) (6)
The load transfer, due to lateral acceleration, depends on the roll stiffness distribution
and the roll angle.
The roll stiffness (ko) of the front axle is calculated in Equation (7):

trackp? ) )

kronr = (kspringP + 2'kARBf' )

kspringr is the stiffness of the front suspension springs, ksrpy is the stiffness of the front
anti-roll bar, and trackr is the front track of the vehicle.
The roll stiffness (k,oj;r) of the rear axle is calculated in Equation (8):

trackg?
2

kronr = (kspringR +2-karpr- 8)
kspringr is the stiffness of the rear suspension springs, kagrp;, is the stiffness of the rear
anti-roll bar, and trackp is the rear track of the vehicle.

The roll angle, ¢, is calculated in Equation (9):

(msp + msg)-hg — msp-herg — msr-herr

19 =
krollF + krollR

ay )

msr is the front sprung mass of the vehicle, mgp is the rear sprung mass, hicgy is the height
of the front roll center, and /¢, is the height of the rear roll center.

Finally, the front (AF,F) and rear (AF,r) load transfers, due to lateral acceleration, are
calculated, respectively, in Equations (10) and (11):

kyoir-9 + msF‘ay'hCRf 2-Mysp-ay-Repheel F
trackp trackp

AFr = (10)

kyonr-0 + msR'ay'hCRr z'mnsR'ay'RwheelR
AFr = 11
2R trackg + trackg (1)

Considering a single-wheel assembly, m,4r is half the front unsprung mass of the
vehicle and ;4R is half the rear unsprung mass.

In the end, the reference loads on the front (W, sr) and rear (W, sr) axles, considering
the inner wheel when cornering, is imposed, respectively, in Equations (12) and (13).

Wr
WrefF =2 (2 - AFZF) (12)
Wopr =2 (%5~ OFue) (13)

The model calculates the maximum forces on the front and rear axles considering the
reference forces above.

The front total maximum braking force (Fyfp14x) is expressed in Equation (14), where
u is the road-tire friction coefficient.

Fyrmax = p-Wresr (14)
The rear total maximum braking force (Fy,p4x) is expressed in Equation (15):
Fprmax = V'WrefR (15)

In the end, the optimal braking distribution (BD) is defined as follows Equation (16):
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TreqP =

TreqR =

_ Fyrmax

BD (16)

Fyrmax

2.4. Motors Request — Slip Limits

The Simulink® model includes three different logics for a front-wheel drive vehicle
(FWD) with a single electric motor acting on the front axle, a rear-wheel drive vehicle
(RWD) equipped with an electric motor acting on the rear axle, and for all-wheel drive
vehicle (AWD) equipped with an electric motor for each axle.

2.4.1. FWD

For the FWD vehicle, the braking force required from the motor (F,r) is imposed as
the minimum between the total braking force requested by the driver (Fyskereq) and the
front total maximum braking force (Fyrp14x), multiplied by a safety coefficient (SC).

The front electric motor torque required (T}e4r) is calculated in Equation (17), taking
into account the front wheel radius, the inertia of the wheels, the inertia of the differential,
the inertia of the motor, and the transmission ratios.

A whee.
FreqF'RwheelP + (2']wheelF + ]outF)’% A(wmotP)

FreqR'RwheelR + (Z'IwheelR + ]outR)' AF

TiffFTredF =+ (IinP + ]motF)'T ‘NtransF (17)

% is the time derivative; [ ;qeir is the moment of inertia for a single front wheel; J,,;r and
Jinr are the moments of inertia of the transmission before and after the front motor reducer,
respectively; J ot is the moment of inertia of the front electric motor; FfF 18 the gear ratio
of the front differential; 7,4 is the gear ratio of the front motor reducer; and #.4sr is the
general efficiency of the whole front transmission.

2.4.2. RWD

For the RWD vehicle, the braking force required from the motor (Fregr) is imposed as
the minimum between the total braking force requested by the driver (Fyqkcreq) and the
rear total maximum braking force (Fy,p14x), multiplied by a safety coefficient (SCg).

The rear electric motor torque required (Tj4r) is calculated in Equation (18), taking
into account, as in the FWD case, the wheel radius, the inertia of the wheels, the inertia of
the differential, the inertia of the motor, and the transmission ratios.

A (wwheel R )

A(wmo
+ (]inR + ]motR)'M

. 18
TdiffR “TredR At NtransR ( )

Jwheelr is the moment of inertia for a single rear wheel; J,,;g and J;,g are the moments of
inertia for the transmission before and after the front motor reducer, respectively; J,otr
is the moment of inertia for the rear electric motor; 74/ is the gear ratio of the rear
differential; T,.4r is the gear ratio of the rear motor reducer; and #44,sr is the general
efficiency of the whole rear transmission.

2.4.3. AWD

For the AWD vehicle, the rear braking force associated with the driver demand
(Forakereqr) is calculated in Equation (19):

Foraker
FbmkeReqR = #j—ef (19)

The front braking force associated with the driver demand (Fyyggereqr) is instead the
difference between Fy gkereq and Fyrakereqr-
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The braking force required from the front motor (F,r) is imposed as the minimum
between the front total braking force requested by the driver (Fykereqr) and the front total
maximum braking force (Fpra4x), multiplied by a safety coefficient (SC).

Similarly, the braking force required from the rear motor (Fye4r) is imposed as the
minimum between the rear total braking force requested by the driver (Fyqereqr) and the
rear total maximum braking force (Fy,p14x), multiplied by a safety coefficient (SCg).

The Equations (17) and (18) are also used for the calculation of the required driving
torques for the AWD case but they are calculated starting from the values of Fo;r and Fregr,
as explained in this section.

2.5. Motors Limits

In the subsystem called “Motors Limits” in Figure 1, the electric motor torques
required—front (Treqr) and rear (Tp,qr)—are compared with the maximum motor torques
available at the motor RPM of the considered instant.

Outputs from this subsystem are the minimum value of torque, front (T,.¢r) and rear
(Trefr), between the maximum available and the required torque.

The maximum value of available torque for each motor (front and rear) is obtained by
means of Simulink® lookup tables containing the torque curves of the motors as a function
of the RPM of the motors themselves.

2.6. Battery Current Request

The “Battery Current Request” subsystem calculates the current that the motors should
send to the battery if they provided the output braking torque from the “Motor Limits”
subsystem.

The charging current of the front motor (Crnt,r), if present, is obtained with Rela-
tionship (20):

Trefp-Wmotp 2
(TrefP'wmotF) NmotE — Reavler- (MW)

Volt

Crntyeqr = (20)
motr is the efficiency of the front motor at the point of operation considered, and it is
obtained through the use of a two-dimensional Simulink® lookup table. This lookup table
contains the front motor efficiency map; it receives the motor torque, Tyeqr, and the RPM of
the motor in input and returns the efficiency at the operating point in output.

R apier 1s the electric resistance of the front connection cables, and it is calculated as
follows with Equation (21):
PcuLeapler (1)

Reapler =
% 'q>cablel-"

pcy is the electric resistivity of copper (or in any case of the conductive material of the
electric cables), Lyp.r is the total length of the connection cables of the front motor, and
D uvier 18 the diameter of the front motor cables.

Similarly, the charging current of the rear motor (Crnt,r), if present, is obtained
through Relationship (22):

TyefR @motR \ 2
(TrefR'wmotR> “NmotR — Reavler* (%)

Volt

Crntyeqr = (22)
Hmotr is the efficiency of the rear motor at the point of operation considered, and it is
obtained using a two-dimensional Simulink® lookup table that receives the motor torque
Tyeqr and the RPM of the motor in input and returns the efficiency at the operating point in
output.

R apier s the electric resistance of the rear connection cables, and it is calculated as
follows with Equation (23).
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cuLeavier
RcableR = pnuq) Ly (23)
T ¥ cableR

Leapier is the total length of the connection cables of the rear motor and @ is the
diameter of the rear motor cables.

Finally, the total current that the motors should send to the battery (C rntreq) is provided
by the sum of Crnter and Crityegr.

2.7. Battery Limits

In the “Battery Limits” subsystem, the limits of the battery pack are considered; in
particular, it is checked if the current that the motors should send to the battery does not
exceed the maximum that can be absorbed by the battery pack at the moment (Crnty4x).

If this limit is not respected, it is necessary to limit the regenerative motor torques.

In case the motors do not need to be limited due to restrictions due to the battery pack,
the following equations apply (Equations (24)—(26)):

Tinotr = TrefF (25)
Tnotr = TrefR (26)

Crntyet is the charging current of the battery pack generated by the motor or motors, T;;;or

is the braking torque of the front motor, and Tj,r is the braking torque of the rear motor.

In case of battery limitations, Euqations (24)—(26) are not valid. The current generated

by the motor or motors is obtained through Equation (27) and the other two quantities

are calculated as shown in the following sections, depending on the type of vehicle: FWD,
RWD, or AWD.

Crntyor = Cratpax (27)

2.7.1. FWD

For FWD vehicles, in the event of battery limitations, the regenerative front motor
torque is recalculated from the maximum charging current, as in Equation (28):

Volt-Crntarax + Reapier-Critaax>

TmotF = (28)

HEWD *WmotF

#ewp is the actual efficiency of the front electric motor (in the case of an FWD vehicle),
calculated with a Simulink® lookup table containing an efficiency map of the front motor.

2.7.2. RWD

Similar to the case of FWD vehicles, for RWD vehicles, in the event of battery limita-
tions, the regenerative rear motor torque is recalculated based on the maximum absorbable
current, as in Equation (29):

VOlt-CT’I’ltMAX + RcableR'CrntMAXz

TmotR = (29)

NRWD WmotR

#rwp is the actual efficiency of the rear electric motor (in the case of an RWD vehicle),
calculated with a Simulink® lookup table containing an efficiency map of the rear motor.

2.7.3. AWD

For AWD vehicles, the maximum power that can be sent to the battery by the motors
is divided between the front (Pawpyr) and rear (P4wp,) motors by means of the optimal
braking distribution ratio, as in Equations (30) and (31):
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Volt-Crutpax
Pawor =—Fpy1

Pawpy = Volt-Crntpax — Pawpr (31)

(30)

By applying the optimal distribution to the power, the optimal distribution between
the braking forces of the two axles is obtained, with an approximation due to losses related,
in turn, to the resistance of the connection cables. In fact, the power is provided by the
product between the force and the speed, and the longitudinal speed can be considered
constant between the two axles; therefore, distributing the power in a certain way between
the two axles means distributing the braking forces in the same way.

The maximum regenerative torque (Tawp_max ) that can be obtained from the front motor,
exploiting the absorbable power, P4y py, of the battery pack, is provided by Relation (32).

Pawps \ 2
Pawpf + Reavler- (Tltf)

Tawp_maxf = (32)

NAWDf*WmotF

1awpy is the electrical efficiency of the front motor at the operating point characterized by
the parameters Pawp f and w,,osr, obtained thanks to Simulink® lookup tables containing
efficiency maps of the front motor.

At this point of the model, a further check is carried out: it is verified that Tawp_maxs
is not greater than T, ¢r, calculated as an output by the “Motors Limits” subsystem.

If Tawp_maxy is not greater than Ty, ¢, the hypothetical front regenerative torque
(Tawp_nypy) is equal to Tawp_maxy; vice versa, it is equal to T sr.

Moreover, if Tawp_max; is not greater than T,,rr, the hypothetical charging power
provided by the rear motor (Pawp_pypr) is equal to Pawp,; otherwise, Paowp pypy is calcu-
lated with Equation (33):

Pawp _HYPr = (CW’[tMAX — Crntrefp) -Volt (33)

Crntsr is the current that the front motor sends to the battery pack when it produces
a regenerative motor torque equal to T, fEF-
Crntyesr is calculated as follows in Relation (34):

T, F*WimotF 2
TrefF'WmotF'UrefF — Regpler (rffVT)

Volt

Cratperp = (34)
HrefF is the electrical efficiency of the front motor at the operating point characterized
by the parameters T, sr and wiyotr, obtained thanks to a Simulink® lookup table containing
an efficiency map of the front motor.
The hypothetical rear regenerative torque (Tawp pypr) is calculated using the
Equation (35), starting from the power Pawp _pypr-

2
Pawp_Hyp
; Pawp_nypr + Reavier (Tﬁr (35)
AWD_HYPr =
N NAWD_HYPr*WmotR

1 AwD_HYPr is the electrical efficiency of the rear motor at the operating point characterized
by the parameters Pawp Hypr and wyer, obtained thanks to Simulink® lookup tables
containing efficiency maps of the rear motor.

Now, a further check is carried out: it is verified that Tqowp pyp, is not greater than
Tyerr, calculated as output by subsystem “Motors Limits”.

If Tawp_nypr is not greater than T ¢r, the actual rear regenerative torque (Tpotr) is
equal to Tawp_pgypr, and Ty,er is equal to Tawp Hypf; vice versa, Ty is equal to T, fR/
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and in this case, it is necessary to recalculate the regenerative front motor torque as in
Equation (36).
Pawp_NEWF

TmotP = (36)

TAWD_NEW f *WmotF

11awp_NEwy is the electrical efficiency of the front motor at the operating point characterized

by the parameters Pawp news and wytr, obtained thanks to Simulink® lookup tables
containing efficiency maps of the front motor.
Pawp_NEwy is calculated in Equation (37):

2
Pawp_NEWF = (CmeAx - CmtrefR) Volt + Regpier- (CVﬂfMAX —Cr ntrefR) (37)

Crntyerg is the current that the rear motor sends to the battery pack when it produces a
regenerative motor torque equal to Ty, ¢r.
Crntesr is calculated as follows in Equation (38):

TrffR‘wmotR 2
TrefR'wmotR'UrefR - RcableR'( Volf )

Volt

Crityerr = (38)

1refR is the electrical efficiency of the rear motor at the operating point characterized by the

parameters T, ¢r and wytr, obtained thanks to a Simulink® lookup table containing an
efficiency map of the front motor.

2.8. Traditional Brakes

The “Traditional Brakes” subsystem calculates the pressure on the front (Presy,qg.r)
and rear (Presy,q.r) master cylinders of the brake system necessary to integrate the braking
forces provided by the motor or motors in such a way as to guarantee the total braking
force requested by the driver.

Moreover, the integration of braking through the traditional brake system ensures that
the system comes as close as possible to the condition of optimal braking distribution to
guarantee vehicle stability.

If only the motor (or motors) is able to guarantee the braking request from the driver,
the pressures Presy, i.r and Presy, g are imposed equal to the null value; vice versa, the
model must calculate the two pressure values.

In this second case, Presp.r is calculated as in Equations (39) if the value result-
ing from (39) is smaller than Presyiaxpraker; Otherwise, Presy, kr is imposed equal to
Pres 1 axpraker, While Presy,qx.r is calculated as in Equations (40) if the value resulting from
(40) is smaller than Prespsaxpraker; Otherwise, Presy, g is imposed equal to Presygaxpraker-

FhrakeReq TonotF - TdiffF * TredF
[(thkeReq ~ "BD+1 ) - ReoheelF } 'Ru;heelP

Prespraker = (39)
ApistonF * Hpadr - Raiscp
Fyrakereg ~ TmotR * TaiffR * TredR
BD+1 Rehee R } “‘RuvheelR
Prespraker = (40)

ApistonR " BpadR * Raiscr

3. Results

This section reports the results of simulation tests carried out with VI-CarRealTime®
on an FWD, an RWD, and an AWD car to check the braking efficiency and stability of a
vehicle equipped with the logic presented in this paper.

Finally, through the Simulink® TEST model [1], the energy saving obtained through
the regenerative braking logic is estimated.
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3.1. Reference Vehicles

Three fully electric compact cars were taken as reference vehicles: one with front-wheel
drive with an electric motor acting on the front axle, one with rear-wheel drive with an
electric motor acting on the rear axle, and one with all-wheel drive with an electric motor
for each axle.

The three vehicles share the characteristics shown in Table 1.

Table 1. Reference vehicles characteristics.

Dimension Unit Value
Total weight kg 1548.38
Front suspended mass kg 835.50
Rear suspended mass kg 548.15
Front unsprung mass (of a single wheel group) kg 44.21
Rear unsprung mass (of a single wheel group) kg 38.15
Wheelbase mm 2577 .4
Front track mm 1506.3
Rear track mm 1476.9
Center of gravity height mm 563.92
CG longitudinal front wheel distance mm 1021.55
Front area of the vehicle m? 3.23
Drag coefficient - 0.32
Front rolling wheel radius mm 298.7
Rear rolling wheel radius mm 300.5
Rolling friction coefficient of the wheels - 0.01
Transmission ratio - 1
Drive ratio of differential ! - 3.7
Power absorbed by vehicle accessories W 1500

1 Drive ratio of front differential for an FWD vehicle, of rear differential for an RWD vehicle, and of front and rear
differentials for an AWD vehicle.

Figure 2 represents the torque and power curves of the motor for both the FWD and
RWD vehicles and for the two motors of the AWD vehicle.

Table 2 shows the characteristics of the braking system of the three vehicles. If the
vehicles are equipped with the regenerative braking logic, the front and rear master cylin-
ders should be controlled by the logic independently; otherwise, there is a master cylinder
controlled by the force input on the brake pedal, which distributes the pressure (total
pressure equal to 15 MPa) between the front and rear cylinders with a bias on the front
equal to 0.65.
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Figure 2. Torque and power of electric motors of FWD, RWD, and AWD vehicles.
Table 2. Braking system characteristics.
Dimension Unit Value
Maximum front brake pressure MPa 9.75
Maximum rear brake pressure MPa 5.25
Front pistons area mm? 2000
Rear pistons area mm? 1100
Front effective piston radius Mm 134
Rear effective piston radius Mm 104

Table 3 shows the main suspension characteristics of the three vehicle models, useful
for defining the constant parameters of the regenerative logic. The three vehicles do not
feature anti-roll bars for simplicity.

Table 3. Suspension characteristics.

Dimension Unit Value
Front center roll height Mm 39.20
Rear center roll height Mm 128.84

Front spring stiffness N/mm 25
Rear spring stiffness N/mm 27

Table 4 shows the characteristics of the battery pack of the reference vehicles.

The available capacity of the battery pack is the portion of capacity that can actually
be used during vehicle operation. It differs from the nominal capacity, which is instead the
real battery capacity, without considering that, during the operation of the vehicle, there
will be limitations that will ensure that this capacity is not fully used in order to preserve
the battery from premature decay.

When the three vehicles are equipped with the regenerative braking logic described in
this article, a minimum speed equal to 15 km/h is defined for the activation of regenerative



Energies 2022, 15, 5846 15 of 43

recovery, and the safety coefficients SCr and SCg are both set equal to 0.9; finally, the
road-tire friction coefficient, 1, considered in the logic is set to constant.
Furthermore, none of the vehicles analyzed are equipped with an ABS system.

Table 4. Battery pack characteristics.

Dimension Unit Value
Number of cells in series - 96
Number of cells in parallel - 2
Nominal capacity of the pack Ah 105
Nominal capacity of the pack kWh 42
Available battery capacity kWh 37.5
Operating temperature °C 23
Maximum deliverable power in discharge kW 87
Maximum absorbable power in charge kW 85
Open circuit voltage of a single cell \% 417

3.2. Test of the Regenerative Braking Logic

In this section, straight braking tests performed with VI-CarRealTime® are presented
to show how the regenerative braking logic object of this paper acts on the regenerative
motor torque and on the pressure in the traditional brake system.

The tests are carried out for the three vehicle types (FWD, RWD and AWD), equipped
with RB logic with the y coefficient constant equal to 1.

Table 5 shows the parameters of the tests; in particular, the initial vehicle speed is set
equal to 108 km/h (30 m/s). At the start of the test (“start time” equal to zero seconds),
100% brake demand is achieved linearly in 10 s (“ramp up time”). The test ends when the
vehicle stops. Therefore, a brake demand equal to 1 may not be reached during the test.
The braking imposed was specifically chosen not to be very intensive so as not to lead to
wheel locking or vehicle instability.

Table 5. Parameters of straight braking test.

Dimension Unit Value
Initial vehicle speed km/h 108
Final vehicle speed km/h 0

Start time s 0

Ramp up time s 10
Brake demand - 1
Road friction coefficient - 1

Figure 3 shows the speed of the three vehicles (FWD, RWD, and AWD) featuring the
RB logic, as well as the brake demand during the straight braking test. Figure 3 also shows
the motor torque and the brake pressure during the tests. Only the brake pressures on the
left side of the vehicle are graphically represented because the left and right pressures are
the same.
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Figure 3. Straight braking tests. (a) Vehicle speed; (b) motor torque; (c) brake demand; (d) brake
pressure at the front left wheel (L1) and at the rear left wheel (L2).

Figure 3 shows that, in the initial stage of braking, only the braking torque of the motor
(or motors) intervenes, while when braking becomes more intensive, the contribution of
the traditional brakes integrates the regenerative braking.

3.3. Braking Performance and Handling

In this section, tests performed with the VI-CarRealTime® software are presented to
check the performance and handling of vehicles equipped with RB logic.

3.3.1. Straightline Panic Brake

First of all, a panic braking test on a straightline is carried out via VI-CarRealTime® to
verify the braking effectiveness of the vehicle equipped with RB logic. The behavior of the
latter is compared with that of the same vehicle without regenerative braking.

The tests are carried out for the three vehicle types, as stated before (FWD, RWD, and
AWD), and with two different coefficients of road surface friction (1 for dry tarmac; 0.7 for
a wet surface), remembering that the # model coefficient in the RB logic is defined as a
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constant value because it is not possible to know the real road friction coefficient on board
the vehicle.

In the RB logic, the » model coefficient is normally set equal to 1. The tests with a road
friction coefficient of 0.7 for vehicles equipped with regenerative braking logic, are also
repeated with a y model coefficient set to 0.7 to verify the influence of the correct definition
of this parameter for panic braking performance.

These tests are used to verify that the RB logic performs well in comparison with a
standard vehicle (i.e., without any regenerative braking), even in the case of a low friction
coefficient. For this reason, no tests were carried out below the value of 0.7: as a matter
of fact, any standard vehicle without an anti-lock braking system (ABS) performs poorly
in a panic stop maneuver on wet pavement because wheel locking occurs immediately;
therefore, it makes no sense to take its behavior as a reference. The same goes for the tests

of the next subsection. Braking in turn maneuvers can be carried out successfully only if an
appropriate ABS logic is implemented on the vehicle, either with or without a regenerative
braking logic. An appropriate ABS strategy, downstream of the RB logic, also considering
the contribution of the electric motors during braking, is therefore required. An example of
ABS logic suitable for the purpose, as already anticipated, is presented in [9].
Table 6 shows the test parameters: the initial vehicle speed is set to 90 km/h; this

speed is maintained for 1 s (“start time”), then 100% brake demand is achieved linearly in
1s (“ramp up time”).

Table 6. Parameters of straight panic braking test.

Dimension Unit Value
Initial vehicle speed km/h 90
Final vehicle speed km/h 0
Start time S 1
Ramp up time s 1
Brake demand - 1

Figure 4 shows the results of various panic brake tests carried out on a straightline.

Vehicle speed [km/h]
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Figure 4. Cont.
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Figure 4. Vehicle speeds and motor torques during the straightline panic brake tests. In particular:
(a) vehicle speed in tests with FWD vehicles (with and without RB logic) on surfaces with road
friction coefficients equal to 1 and 0.7; (b) motor torque in tests with FWD vehicles (with and without
RB logic) on surfaces with road friction coefficients equal to 1 and 0.7; (c) vehicle speed in tests with
RWD vehicles (with and without RB logic) on surfaces with road friction coefficients equal to 1 and
0.7; (d) motor torque in tests with RWD vehicles (with and without RB logic) on surfaces with road
frictions coefficient equal to 1 and 0.7; (e) vehicle speed in tests with AWD vebhicles (with and without
RB logic) on surfaces with road friction coefficients equal to 1 and 0.7; (f) motor torque in tests with
AWD vehicles (with and without RB logic) on surfaces with road friction coefficients equal to 1 and 0.7.

As shown by Figure 4a,c,e, the RB logic leads to a slight deterioration of the panic
braking performance of all three vehicles (FWD, RWD, and AWD) on road surfaces with
a friction coefficient equal to 1. As for surface tests with a y model coefficient of friction
equal to 0.7, the FWD vehicles equipped with RB logic behave like the vehicle without
the regenerative braking; the RWD vehicles equipped with RB logic have slightly lower
performance in the panic brake test compared with the RWD vehicle without regenerative
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braking; and, finally, the RB logic in AWD vehicles leads to an improvement in panic
braking compared to the same vehicle not equipped with RB logic.

In these tests, the contribution of the variation of the y model coefficient assumed that
the RB logic does not lead to substantial variations in the behavior of the cars.

It can be said that effective panic braking has been achieved through RB logic even
without an ABS system.

Furthermore, unlike what happens on vehicles equipped with classic regenerative
braking logics in the literature, the RB logic object of this paper also allows for an intensive
intervention of electric motors in generator mode for panic braking, as can be seen from
panels (b), (d), and (f) in Figure 4.

Figure 5 shows the mean between the angular speeds of the left and right front wheels
and the mean between the angular speeds of the left and right rear wheels for all the FWD
vehicles in the panic brake tests (with road friction coefficients equal to 1 and 0.7): the
vehicle without RB logic, the vehicle with RB logic with a y model coefficient equal to 1,
and the vehicle with RB logic with a  model coefficient equal to 0.7.
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Figure 5. Mean between the angular speeds of the left and right wheels (front mean and rear mean) of
the FWD vehicles (with and without RB logic) during the straight panic brake tests on road surfaces
with friction coefficients equal to 1 and 0.7.

As shown by the graph in Figure 5, in the tests with a road friction coefficient equal
to 0.7, all the vehicles lock the front wheels and not the rear wheels, even those equipped
with RB logic; this is positive to ensure stability, as it is necessary to avoid locking the rear
wheels or, in any case, to assure the front wheels lock before the rear ones.

Figure 6 shows the mean between the angular speeds of the left and right front wheels
and the mean between the angular speeds of the left and right rear wheels for all the RWD
vehicles in the panic brake tests.
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Figure 6. Mean between the angular speed of the left and right wheels (front mean and rear mean) of
the RWD vehicles (with and without RB logic) during the straight panic brake tests on road surfaces
with friction coefficients equal to 1 and 0.7.

As shown in Figure 6, in all the tests (with road friction coefficients equal to 1 and 0.7),
all the vehicles lock the front and rear wheels almost simultaneously. The tests with RWD
vehicles, therefore, achieved excellent results.

Finally, Figure 7 shows the mean between the angular speeds of the left and right front
wheels and the mean between the angular speeds of the left and right rear wheels for all
the AWD vehicles in the panic brake tests.
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Figure 7. Mean between the angular speeds of the left and right wheels (front mean and rear mean) of
the AWD vehicles (with and without RB logic) during the straight panic brake tests on road surfaces
with friction coefficients equal to 1 and 0.7.
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As shown in Figures 6 and 7, the tests with AWD vehicles obtained similar results to
those of the FWD vehicles; in fact, even for AWD vehicles, in the case of a road friction
coefficient equal to 0.7, front-wheel locking occurs before the rear, thus ensuring yaw stability.

3.3.2. Braking in Turn

The “braking in turn” test consists of driving along a constant radius curve at a
predetermined speed and then braking with a target deceleration. Table 7 shows the related
parameters.

Table 7. Parameters of the “braking in turn” test.

Dimension Unit Value
Initial vehicle speed m/s 35
Final vehicle speed of the test m/s 0
Constant deceleration in braking m/s? 10
Turn radius m 300
Turn direction - right
Start time of the braking s 5
Distance traveled before the start of the maneuver m 5

In this test, the vehicle, traveling at 126 km/h, turns into a circular trajectory with
a radius of 300 m. After 5 s, the braking phase begins with target deceleration equal to
10 m/s2. The simulation ends when the vehicle reaches zero speed.

Figure 8 shows the vehicle speeds and motor torques of FWD, RWD, and AWD vehicles
for all the “braking in turn” tests performed.
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Figure 8. Cont.
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Figure 8. Vehicle speeds and motor torques during the “braking in turn” tests. (a) Vehicle speed of
FWD vehicles (with and without RB logic) on surfaces with road friction coefficients equal to 1 and
0.7; (b) motor torque of FWD vehicles (with and without RB logic) on surfaces with road friction
coefficients equal to 1 and 0.7; (c) vehicle speed of RWD vehicles (with and without RB logic) on
surfaces with road friction coefficients equal to 1 and 0.7; (d) motor torque of RWD vehicles (with
and without RB logic) on surfaces with road friction coefficients equal to 1 and 0.7; (e) vehicle speed
of AWD vehicles (with and without RB logic) on surfaces with road friction coefficients equal to 1
and 0.7; (f) motor torques of AWD vehicles (with and without RB logic) on surfaces with road friction
coefficients equal to 1 and 0.7.

As shown by Figure 8, panels (a), (c), and (e), the RB logic leads to a slight deterioration
of the braking performance in the “braking in turn” test for the FWD vehicle on the surface
with a coefficient of friction equal to 0.7, for the RWD vehicle on both surfaces, and for the
AWD vehicle on the surface with a friction coefficient equal to 1. In the remaining cases,
the RB logic does not lead to substantial differences in the behavior of the vehicle when
braking in cornering compared to the case of a vehicle without regenerative braking.
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Even in these tests, the contribution of the variation of the RB logic # model coefficient
does not lead to substantial variations in the behavior of the cars.

The RB logic object of this paper allows for an intensive intervention of the electric
motors in generator mode, as can be seen from panels (b), (d), and (f) of Figure 8.

Figure 9 shows the trajectory of the center of gravity of the vehicles during the tests.
In particular, the coordinates of the center of gravity of the vehicle are reported along two
orthogonal axes, where the initial position of the vehicle at the start of the test corresponds
to zero coordinates at the origin of the orthogonal coordinate system.
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Figure 9. Lateral chassis displacements as a function of longitudinal chassis displacements during
“braking in turn” tests. In particular: (a) tests with the FWD vehicle; (b) tests with the RWD vehicle;
(c) tests with the AWD vehicle.

Figure 10 shows the angular speed of each wheel for all the FWD vehicles in the
“braking in turn” tests (with road friction coefficients equal to 1 and 0.7): the vehicle
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Figure 10. Angular speed of each wheel of the FWD vehicles (with and without RB logic) during
“braking in turn” tests, where L1 is the front left (outer) wheel, R1 the front right (inner) wheel, L2 the
rear left (outer) wheel, and R2 the rear right (inner) wheel. In particular: (a) tests on a road surface
with a friction coefficient equal to 1; (b) tests on a road surface with a friction coefficient equal to 0.7.

As can be seen from the graphs in Figure 10, in the tests with a road friction coefficient
equal to 1, the vehicle without RB logic first locks the front inner (right) wheel; then the
rear inner (right) wheel; and then, finally, the front outer (left) wheel. The rear outer (left)
wheel is not locked during the test. The vehicle equipped with RB logic, on the other hand,
locks only the front wheels (the front inner wheel first and the front outer only toward the
end of the test). For this test, the regenerative braking logic can, therefore, lead to benefits
in terms of vehicle stability.
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In the tests with a road friction coefficient equal to 0.7, the vehicle without RB logic
locks the front wheels and not the rear wheels, while the vehicle equipped with RB logic
has the same behavior with ¢ model parameters equal to both 1 and 0.7, and it locks the
front wheels first and the then the rear inner (right) wheel. On the low road surface friction,
the RB logic, therefore, resulted in locking the rear wheel inside the curve as a detrimental
effect, and it delayed the locking of the front outer (left) wheel with respect to the front
inner (right) one as compared to the case of the vehicle without regenerative braking.

Figure 11 shows the angular speed of each wheel for all the RWD vehicles in the
“braking in turn” tests.
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Figure 11. Angular speed of each wheel of the RWD vehicles (with and without RB logic) during the
“braking in turn” tests, where L1 is the front left (outer) wheel, R1 the front right (inner) wheel, L2 the
rear left (outer) wheel, and R2 the rear right (inner) wheel. In particular: (a) tests on a road surface
with a friction coefficient equal to 1; (b) tests on a road surface with a friction coefficient equal to 0.7.
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As can be seen from the graphs in Figure 11, in the RWD tests, there is never a complete
locking of any wheel, for any vehicle.

Finally, Figure 12 shows the angular speed of each wheel for all the AWD vehicles in
the “braking in turn” tests.
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Figure 12. Angular speed of each wheel of the AWD vehicles (with and without RB logic) during the
“braking in turn” tests, where L1 is the front left (outer) wheel, R1 the front right (inner) wheel, L2 the
rear left (outer) wheel, and R2 the rear right (inner) wheel. In particular: (a) tests on a road surface
with a friction coefficient equal to 1; (b) tests on a road surface with a friction coefficient equal to 0.7.

As can be seen from Figure 12, in the tests with a road friction coefficient equal to 1,
the vehicle without RB logic first locks the front inner (right) wheel; then the rear inner
(right) wheel; and then, finally, the front outer (left) wheel. The rear outer (left) wheel is
not locked during the test. The vehicle equipped with RB logic, on the other hand, locks
only the front wheels (the front inner wheel first and the front outer wheel afterward). For
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this test, the regenerative braking logic, therefore, led to benefits in terms of AWD vehicle
stability, as with the front-wheel drive vehicle.

In the tests with a road friction coefficient equal to 0.7, the vehicle without RB logic
locks the front wheels and not the rear wheels, as does the vehicle equipped with RB logic,
which has the same behavior with # model parameters equal to both 1 and 0.7.

Therefore, on the low road friction surface, the RB logic for this vehicle does not lead
to substantial changes in the behavior of the vehicle itself.

3.4. Energy Consumption and Recovery Estimation

This section uses the test model described in paper [19] to estimate the energy savings
associated with the adoption of the regenerative braking logic (RB logic) covered by this
paper in the three vehicles (FWD, RWD, and AWD). In particular, the RB logic is integrated
into the TEST model [19], and through the graphic user interface of the model, it is possible
to activate this logic or keep it deactivated and simulate the braking phase as described
in paper [19], which is considered a classic, traditional, or standard regenerative braking
logic, the simplest adopted on the market.

The energy consumption of the three vehicles (FWD, RWD, and AWD) equipped with
RB logic, without brake recovery, and equipped with a classic and simple regenerative brak-
ing logic—commonly adopted on electric vehicles on the market, which will be explained
later—has been estimated on the basis of two different standard driving cycles (WLTC and
US06), keeping in mind that energy consumption is strongly influenced by the driving
cycle considered [22]. Vehicles without regenerative recovery and vehicles equipped with
classic logic are used to estimate the energy savings guaranteed by the RB logic.

3.4.1. Vehicle Models

The vehicles subject to simulations using the TEST model [19] are the same (FWD,
RWD, and AWD) as those previously analyzed through the tests with VI-CarRealTime, i.e.,
those described in Section “3.1 Reference Vehicles” with characteristics shown in Tables 1-4.
The AWD vehicle features a 50% distribution of the drive torque between front and rear in
acceleration and, in the case of regenerative recovery with classic logic, in braking as well.

As already mentioned, three simulations are carried out for each vehicle type, one
with RB logic, one without braking energy recovery, and one with a classic regenerative
braking logic according to [19].

In the case of classic regenerative braking, maximum torque is considered for regener-
ative braking, which has a trend that increases linearly as a function of the time elapsed
from the beginning of braking and then reaches a predefined maximum value (absolute
value only). This is the approach typically adopted in electric vehicles on the market. This
approach is also the one adopted in the waste collection vehicle in the prototype state used
for the validation of the TEST model in paper [19]. The values of the maximum regenerative
braking trend (Figure 13), i.e., the slope (22.5 Nm/s) of the increasing linear section and the
constant plateau value (50 Nm), are also taken from the waste collection vehicle considered
in paper [19]. These values are used for the simulations of the FWD and RWD vehicles,
while for the AWD vehicle, such values are equally split between the two motor units
(11.25 Nm/s and 25 Nm) so that the total contribution of the maximum regenerative
braking is the same as the other vehicles.
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Figure 13. Maximum regenerative motor torque trend for the classic regenerative braking logic for
the FWD and RWD vehicles.

For both regenerative braking logics, a minimum speed of 15 km/h is set for the
activation of the logic itself. Below this speed, there is no energy recovery during braking.

The simulations were carried out starting with a battery SOC equal to 70% so as to
exploit the central range of SOC in such a way that only limitations due to the maximum
current and maximum power (in absolute value, positive and negative, in input and output
from the battery pack) come into play within this range, therefore avoiding the more
stringent limitations related to the extremes of the SOC range.

3.4.2. WLTP Procedure

First, consumption and energy recovery are estimated on the regulated cycle known
as WLTC (Worldwide Harmonized Light-Duty Vehicles Test Cycle), as described in the
WLTP procedure (Worldwide Harmonized Light-Duty Vehicles Test Procedure) [23].

The standard in [23] differentiates various classes for the WLTC depending on the
power/weight ratio. The vehicles examined have a maximum power of 87 kW and a weight
of 1548.4 kg with a power/weight ratio of approximately 56.2 W /kg; therefore, they fall
within class 3. Furthermore, the maximum speed of these vehicles is higher than 120 km/h;
therefore, they fall into subclass 3b. The class 3b WLTC is composed of the phases “Lows”,
“Mediums.,”, “Highs»”, and “Extra Highs”, as defined by [23].

The tests with the TEST model [19] were then carried out on the class 3b WLTC cycle,
which has a duration of 1800 s on a distance of about 23.3 km.

Figure 14 reports some results of the simulations carried out for the FWD vehicles.

In Figure 14b—d, it can be seen how the regenerative braking of the RB logic is decidedly
more intensive than that of the vehicle equipped with classic logic. This results in a higher
SOC at the end of the driving cycle, as can be seen in Figure 14e.

FWD vehicles, as well as RWD and AWD vehicles, manage to faithfully follow the
class 3b WLTC. Graph (a) of Figure 14 is, therefore, basically the same for all vehicle types.

Figure 15 reports some results of the simulations carried out for the RWD vehicles.
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Figure 14. Results of FWD vehicle simulations on the class 3b WLTC. (a) Vehicle speed; (b) motor
torque; (c) battery current; (d) output (positive) and input (negative) power to the battery pack; (e)
battery SOC.
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Figure 15. Results of the RWD vehicle simulations on the class 3b WLTC. (a) Motor torque; (b) battery

current; (c) output (positive) and input (negative) power to the battery pack; (d) battery SOC.
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Figure 15a—c show how the regenerative braking of the RB logic is decidedly more
efficient for the RWD vehicle as well. This again improves the average SOC during the
driving cycle, as shown in Figure 15d.

Figure 16 reports some results of the simulations carried out for the AWD vehicles.
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Figure 16. Results of simulations with AWD vehicles on the class 3b WLTC. In particular: (a) front
motor torque; (b) rear motor torque; (c) battery current; (d) output (positive) and input (negative)
power to the battery pack; (e) battery SOC.

The same considerations made for FWD and RWD vehicles can also be made for
the simulations of AWD vehicles, i.e., those from Figure 16a d; it can be seen how the
regenerative braking of the RB logic is an improvement over the traditional logic. This
results in a lower decrease in SOC during the driving cycle, as can be seen in Figure 16d.

Table 8 reports energy consumption and SOC on the class 3b WLTP cycle, for the
FWD, RWD, and AWD vehicles, equipped with RB logic, classic regenerative braking logic,
and without braking recovery. The final SOC of the simulation on the single cycle is also
reported, remembering that the initial SOC was set to equal 70%. The specific energy
consumption is also reported on the basis of the distance traveled by the vehicles during
the simulation.
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Table 8. Consumption in the class 3b WLTC.
. Energy Specific Energy
Type of Vehicle ]?r Z%gi:eri:vfc Final SOC (%) SOC Consumption (%) Consumption Consumption
g Log (kWh) (kWh/(100 km))
RB logic 60.18 9.82 4.12 17.73
FWD No brake recovery 55.91 14.09 5.92 25.43
Classic logic 57.17 12.83 5.39 23.16
RB logic 60.19 9.81 4.12 17.72
RWD No brake recovery 5591 14.09 5.92 25.43
Classic logic 57.17 12.83 5.39 23.16
RB logic 60.07 9.93 4.17 17.92
AWD No brake recovery 55.91 14.09 5.92 25.44
Classic logic 57.17 12.83 5.39 23.17
3.4.3. US06 Cycle
Consumption and energy recovery are also estimated on the SFTP-USO6-regulated
cycle, described in the EPA Supplemental Federal Test Procedure (SFTP).
We also chose to carry out simulations on the US06 cycle to obtain results on a cycle
with more intense acceleration and deceleration levels than the relatively mild ones of the
WLTP.
The simulations were performed again by means of the TEST model [19].
The US06 cycle has a duration of 600 s, and the vehicle travels about 12.9 km on this
cycle.
Figures 17-19 graphically report some results of the simulations carried out for the
FWD, RWD, and AWD vehicles on the US06 cycle.
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Figure 17. Results of simulations with FWD vehicles on the US06 cycle. In particular: (a) vehicle
speed; (b) motor torque; (c) battery SOC; (d) battery current; (e) output (positive) and input (negative)
power to the battery pack.
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Figure 18. Results of simulations with RWD vehicles on the US06 cycle. In particular: (a) motor

torque; (b) output (positive) and input (negative) power to the battery pack; (c) battery current; (d)

battery SOC.
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Figure 19. Results of simulations with AWD vehicles on the US06 cycle. In particular: (a) front motor
torque; (b) rear motor torque; (c) battery SOC; (d) battery current; (e) output (positive) and input
(negative) power to the battery pack.

As shown in section (a) of Figure 17, the FWD vehicle (both with the two regenerative
braking logics and without any) is unable to follow the target profile defined by cycle US06;
the vehicle speed deviates from the target in some acceleration phases. The same situation
was found for all RWD and AWD vehicles, whose speed profiles are the same as the FWD
vehicle, i.e., section (a) of Figure 17. As a matter of fact, the vehicles in question lack the
torque and performance to faithfully follow the US06 standard cycle, which is particularly
demanding with regard to acceleration phases.

Again, on the US06 cycle, braking energy recovery is generally higher for vehicles
equipped with the RB logic presented in this paper, and this is true for all vehicles consid-
ered (FWD, RWD, and AWD). This can be easily seen in Figure 17b—e; Figure 18a,c,d; and
Figure 19a,b,d,e.

Table 9 reports the energy consumption and SOC on the US06 cycle, again for all three
vehicles featuring RB logic, traditional braking logic, and without braking recovery. The
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final SOC of the simulation on the single cycle is also reported, remembering that the initial
SOC was set to equal 70%. The specific energy consumption is also reported.

Table 9. Consumption on the US06 cycle.

. Energy Specific Energy
Type of Vehicle ];{r zﬁier;:viec Final SOC (%) Consursnoﬁon %) Consumption Consumption

§ -8 prOm T (kWh) (KWh/(100 km))
RB logic 62.86 7.14 3.00 23.67
FWD No brake recovery 60.55 9.45 3.97 31.33
Classic logic 61.12 8.88 3.73 29.42
RB logic 62.86 7.14 3.00 23.68
RWD No brake recovery 60.55 9.45 3.97 31.32
Classic logic 61.12 8.88 3.73 29.43
RB logic 62.81 7.19 3.02 23.84
AWD No brake recovery 60.55 9.45 3.97 31.34
Classic logic 61.12 8.88 3.73 29.44

4. Discussion

In this paper, a regenerative braking logic aimed at the optimization of energy recovery
during braking is presented to be adopted on electric vehicles with FWD, RWD, or AWD
(equipped with a motor for each axle) transmission layouts.

Section 3.2 shows the operation of the RB logic and, in particular, how regenerative
torque and pressures in the front and rear brake systems intervene during the braking
phase in a normal braking maneuver.

In Section 3.3, a panic braking maneuver is used to verify that the RB logic does not
lead to a loss of vehicle stability. A comparison is made with similar vehicles without any
regenerative braking logic. Section 3.3.1 presents straightline panic braking and shows how
deceleration performance is not made worse when compared to a reference vehicle without
regenerative recovery. Section 3.3.2, on the other hand, shows the correct operation of the
RB logic even during a phase of intense braking when cornering.

Section 3.4 demonstrates the energy savings that can be obtained thanks to the use of
the RB logic, either on the WLTC or on the more demanding US06 cycle. For both cycles
and for all vehicle types (FWD, RWD, and AWD), a comparison is also made with the
consumption obtained by implementing a standard type of regenerative logic.

The RB logic in the FWD vehicle made it possible to save 7.70 kWh (savings of 30.3%) of
battery on the class 3b WLTC and 7.66 kWh (savings of 24.4%) on the US06 cycle compared
to the same vehicle without regenerative recovery. Comparing the RB logic with a classic
logic commonly adopted on the market, a saving of 5.43 kWh (savings of 23.4%) on the
WLTC and 5.75 kWh (savings of 19.5%) on the US06 cycle was found instead.

The RB logic in the RWD vehicle made it possible to save 7.71 kWh (savings of 30.3%) of
battery on the class 3b WLTC and 7.65 kWh (savings of 24.4%) on the US06 cycle compared
to the same vehicle without regenerative recovery. Comparing the RB logic with a classic
logic commonly adopted on the market, a saving of 5.45 kWh (savings of 23.5%) on the
WLTC cycle and 5.75 kWh (savings of 19.5%) on the US06 cycle was found instead.

Finally, the RB logic in the AWD vehicle made it possible to save 7.52 kWh (savings of
29.5%) of battery on the class 3b WLTC and 7.50 kWh (savings of 23.9%) on the US06 cycle
compared to the same vehicle without regenerative recovery. Comparing the RB logic with
a classic logic commonly adopted on the market, a saving of 5.25 kWh (savings of 22.6%)
on the WLTC cycle and 5.59 kWh (savings of 19.0%) on the US06 cycle was found instead.

The RB logic performs better in terms of energy savings on the relatively mild WLTC
compared to the US06.

The different tests reported in this paper were all carried out with a constant tire-road
friction model coefficient (y); in particular, in the base case, i is equal to 1.
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By setting p to be constant in the model, however, it is possible to optimize the
operation of the RB logic for a certain friction coefficient and then act on the two safety
limits (SCr and SCr) to avoid locking the drive wheels in other cases (with different
coefficients of adhesion) due to regenerative braking alone, even before the braking system
has intervened.

For the correct operation of the RB logic, it is necessary to correctly set all the vehicle
parameters within the model and, if necessary, to use the unknown parameters as calibra-
tion values. It is also necessary to tune the braking system of the vehicle correctly for a
correct distribution between the maximum pressures in the front and rear braking system
in particular in order to guarantee correct braking even in the event of 100% brake demand.

Another interesting opportunity is the adoption of an ABS strategy specifically tuned
for the RB logic, where control of the regenerative torques offered by the electric motors is
also taken into account when necessary. In this way, it is possible to optimize the logic for a
given condition, for example, in different road friction conditions.

The RB logic also lends itself to further optimization in cases where a real-time estimate
of the road friction coefficient is available. Review paper [24] reports various techniques
for this purpose, as well as the role and practicality of this coefficient in the vehicle system.

Paper [25] reports another review on the topic. Various estimation methods are also
classified based on:

e  Offboard sensors (laser profilometer, camera, intelligent tire with accelerometer, ultra-
sonic transmitter, receiver, etc.);

e  Onboard sensors and vehicle dynamics model (lateral, longitudinal, and coupled
dynamics model);

e Data-driven (neural networks and so on).

The RB logic model has a modular structure, so it lends itself to modifications and im-
provements. Here are some aspects concerning possible future developments of the RB logic:

e Integration of the logic with a model for the estimation of the tire—road friction coeffi-
cient, as stated above;

e Improvement of the tire simulation model—in particular, the tire-road interaction, for
example, by implementing a fully nonlinear Pacejka Magic Equation;

e Integration of a specific ABS strategy also acting on the braking torques of the electric
motors; see [9] for an example.

5. Conclusions

This paper presents a regenerative braking logic aimed at maximizing energy recovery
when braking without compromising the stability of the vehicle. Such RB logic was tested
on the vehicle dynamics models of FWD, RWD, and AWD compact cars.

In summary, the RB model ensures that the regenerative torque of the electric motor(s)
is exploited to the maximum while also preventing the locking of drive wheels at the
same time, and subsequently, if necessary, integrating motor braking with the action of the
traditional brake system.

For FWD and RWD vehicles, the integration between regenerative and traditional
braking also aids the optimal braking distribution and the maximization of regenerative
braking at the same time.

In the case of an AWD vebhicle, the logic aims to pursue, instant by instant, the optimal
motor braking distribution on the basis of the longitudinal acceleration and related load
transfer effects.

For the FWD and RWD compact cars, the RB logic makes it possible to save around
30% in terms of energy consumption on the class 3b WLTP cycle compared to a vehicle
without regenerative recovery and about 23.5% compared to a vehicle equipped with a
classic regenerative braking logic, commonly adopted on vehicles on the market according
to [19]. On the US06 cycle, on the other hand, it made it possible to save 24.4% and 19.5%,
respectively. Similar, promising results have been achieved with the AWD car.
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Appendix A

Table Al. Nomenclature.

Abbreviation Description
ABS From the German: Antiblockiersystem. Anti-lock system. Avoid locking the vehicle’s wheels when braking.
ay Lateral vehicle acceleration (of the center of gravity), absolute value
ApistonF Total area of the brake pistons, front calipers !
Apistonk Total area of the brake pistons, rear calipers !
APU Auxiliary power unit
AWD All-wheel drive vehicle
BD Optimal braking distribution *
BrakeDemand Brake demand (from 0 to 1) 3
CG Center of gravity
Crutpmax Maximum charging current of the battery pack 3
Crntyor Charging current of the battery pack generated by the motor or motors *
Crtyorp Current that the front motor sends to the battery pack when it produces a regenerative motor torque equal to Tyyr *
Crntyesr Current that the rear motor sends to the battery pack when it produces a regenerative motor torque equal to Tyr *
Crintreg Total charging current generated by the motor or motors
Crntyegr Charging current generated by the front motor
Crntyegr Charging current generated by the rear motor
EPA Environmental Protection Agency
ForakeReq Total braking force request *
Fyrakereqr Front braking force associated with the driver demand *
ForakeReqR Rear braking force associated with the driver demand *
FLC Fuzzy logic controllers
Fopmax Theoretical total maximum braking force that the front axle can unload on the ground *
Fyrmax Theoretical total maximum braking force that the rear axle can unload on the ground 4
Fyviaxprake Maximum braking force that the traditional brakes can unload on the ground 4
FraxprakeE Maximum braking force that the traditional front brakes can unload on the ground 4
FraxbrakeR Maximum braking force that the traditional rear brakes can unload on the ground 4
Fregr Braking force required from the front motor
Fregr Braking force required from the rear motor *
FWD Front-wheel drive vehicle
g Acceleration of gravity !
herg Height of the front roll center 1
hcrr Height of the rear roll center !
hy Height of the center of gravity of the vehicle !
j Longitudinal vehicle deceleration (positive value) ®
Jink Moment of inertia of the transmission after the front motor reducer !
Jinr Moment of inertia of the transmission after the rear motor reducer !
Jinote Moment of inertia of the front electric motor !
Jimotr Moment of inertia of the rear electric motor !
Joutr Moment of inertia of the transmission before the front motor reducer !
Joutr Moment of inertia of the transmission before the rear motor reducer !
JuwheelE Moment of inertia of a single front wheel 1
JwheelR Moment of inertia of a single rear wheel 1
karps Stiffness of the front anti-roll bar !
k ArBr Stiffness of the rear anti-roll bar !
Krone The roll stiffness of the front axle !
kronr The roll stiffness of the rear axle !
Kspringr Stiffness of the front suspension springs !
ksp,,'HKR Stiffness of the rear suspension springs 1
L Wheelbase !
L, Distance between the front axle and the center of gravity of the vehicle !
Ly Distance between the rear axle and the center of gravity of the vehicle !
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Table A1l. Cont.

Abbreviation Description
Leapler Total length of the connection cables of the front motor !
Leapier Total length of the connection cables of the rear motor !
M Vehicle mass !
Mysp Half the front unsprung mass of the vehicle !
MpsR Half the rear unsprung mass of the vehicle 1
Msp Front sprung mass of the vehicle !
MsR Rear sprung mass of the vehicle !
MRC Model reference controllers
NNC Neutral networks controllers
Pawpr Hypothetical power absorbed by the battery pack, coming from the front motor, in the case of an AWD vehicle, with battery limitations 4
Pawp_Hypr Hypothetical charging power provided by the rear motor 4
Pawp_NEws Charging power provided by the front motor in case of approximation error in the calculation of Tk, for AWD vehicles *
Pawpr Hypothetical power absorbed by the battery pack, coming from the rear motor, in the case of an AWD vehicle, with battery limitations 4
PIDC Proportional-integral-differential controllers
Prespraker Front master cylinder brake pressure *
Prespraker Rear master cylinder brake pressure *
Prespyaxoraker Maximum pressure that can be generated inside the master cylinder of the front brake system 1
Prespyiaxoraker Maximum pressure that can be generated inside the master cylinder of the rear brake system 1
Regenerative Braking
Reapler Electric resistance of the front connection cables 2
Reapier Electric resistance of the rear connection cables 2
Riiscr Average radius of application of the braking force on the front discs !
Riiscr Average radius of application of the braking force on the rear discs !
RPM Revolutions per minute
RWD Rear-wheel drive vehicle
Ruheelr Nominal rolling radius of the front wheels 1
Ruheelr Nominal rolling radius of the rear wheels 1
SCr Safety coefficient for the braking force guarantee by the front motor, for avoiding the locking of the front driving wheels !
SCr Safety coefficient for the braking force guarantee by the rear motor, for avoiding the locking of the rear driving wheels 1
SFTP Supplemental Federal Test Procedure
SMC Sliding-mode controllers
S0C Battery State of Charge
Tawp_nypf Hypothetical front regenerative torque, minimum value between Tawp_maxs and Trer 4
Tawp_HyPr Hypothetical rear regenerative torque, calculated starting from the power Pawp_nypr
Tawp_maxf Maximum regenerative torque that can be obtained from the front motor, exploiting the absorbable power P qwpy by the battery pack *
TC Threshold controllers
TEST Target-speed EV Simulation Tool
Ttk Regenerative torque of the front electric motor 4
TnotR Regenerative torque of the rear electric motor 4
trackp Front track of the vehicle !
trackg Rear track of the vehicle !
Trefr Regenerative torque required from the front electric motor (respecting the limitations of the motor) 4
Trefr Regenerative torque required from the rear electric motor (respecting the limitations of the motor) 4
Theqr Regenerative torque required from the front electric motor (not considering any limitations) *
Treqr Regenerative torque required from the rear electric motor (not considering any limitations) 4
Uso06 Normed driving cycle, SFTP-US06
v Longitudinal vehicle speed *
VCU Vehicle control unit
Volt Battery pack voltage 3
Wy Load on the front axle, considering only the static weight and the longitudinal load transfer *
WLTC Worldwide harmonized Light-duty vehicles Test Cycles
WLTP Worldwide harmonized Light-Duty vehicles Test Procedure
W, Load on the rear axle, considering only the static weight and the longitudinal load transfer 4
Wiese Reference load on the front axle, used in the Simulink® model *
Wierr Reference load on the rear axle, used in the Simulink® model *
AFEp Front-load transfer due to lateral acceleration *
AF.r Rear-load transfer due to lateral acceleration *
4 Time derivative
AWDf Electrical efficiency of the front motor at the operating point characterized by the parameters Pawp f and wyer *
1T AWD_HYPr Electrical efficiency of the rear motor at the operating point characterized by the parameters Pawp_gyp r and wyoig *
1 AWD_NEWf Electrical efficiency of the front motor at the operating point characterized by the parameters Pawp_new f and wumotr 4
HEWD Electrical efficiencies of the front motor (FWD vehicles) *
MmotF Electrical efficiencies of the front motor (before considering possible battery limitations) +
MmotR Electrical efficiencies of the rear motor (before considering possible battery limitations) 4
TrefF Electrical efficiency of the front motor at the operating point characterized by the parameters Trerr and Winotr 4
MrefR Electrical efficiency of the rear motor at the operating point characterized by the parameters T,.rr and wyorr *
HRWD Electrical efficiencies of the rear motor (RWD vehicles) *
WiransF General efficiency of the entire front transmission !
NransR General efficiency of the entire rear transmission !
D aprer Diameter of the front motor cables !
D apier Diameter of the rear motor cables !
u Road-tire friction coefficient !
HpadF Dynamic coefficient of friction between front brake pads and brake calipers 1
HpadrR Dynamic coefficient of friction between rear brake pads and brake calipers 1

ocu Electric resistivity of copper (or in any case of the conductive material of the electric cables) !
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Table A1l. Cont.

Abbreviation Description
0 Roll angle of the vehicle
ThiffF Reduction ratios of the front differential !
TdiffR Reduction ratios of the rear differential !
TredF Reduction ratios of the front motor reductor !
TredR Reduction ratios of the rear motor reductor !
WinotF Angular velocity of the front electric motor 3
WinotR Angular velocity of the rear electric motor 3
WaheelF Angular velocity of the front wheels 3
WheelR Angular velocity of the rear wheels 3

! Constant value. 2 Constant calculated parameter. > Model input. # Variable.
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