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Abstract

This article presents the design and the analysis of a control logic capable of optimizing vehicle’s
energy consumption during a braking maneuver. The idea arose with the purpose of enhancing
regeneration and health management in electric vehicles with electro-actuated brakes. Regenerative
braking improves energy efficiency and allows a considerable reduction in secondary emissions,
but its efficiency is strongly dependent on the state of charge (SoC) of the battery. In the analyzed
case, a vehicle equipped with four in-wheel motors (one for each wheel), four electro-actuated
brakes, and a battery was considered.

The proposed control system can manage and optimize electrical and energy exchanges
between the driveline’s components according to the working conditions, monitoring parameters
such as SoC of the battery, brake temperature, battery temperature, motor temperature, and acts
to optimize the total energy consumption. The solution devised allows first to maximize the effects
of regenerative braking when the battery SoC is too high to regenerate efficiently, then to safeguard
the condition of the battery for both the battery’s long life and overheating and safeguard the
condition of the brakes to prevent their overheating.
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1. Introduction

ne important goal of research in the automotive
sector, focused primarily on electric propulsion, is
to eliminate combustion emissions from vehicles.
The new generation of electric vehicles eliminates local
combustion emissions and can regenerate much of the energy
by taking advantage of regenerative braking (RB) [1], thus
reducing the action of friction brakes, which, in addition to
dissipating energy, generate dust emissions due to pad wear.

The new regulations for Euro 7 emissions will consider
the “non-exhaust emissions,”—which are particles emitted by
tires and brakes of vehicle—as part of the new limitations for
passenger vehicles. As shown in the Impact Assessment, it is
expected that by 2050 non-exhaust emissions will constitute
up to 90% of all particles emitted by road transport [2].

The growing demand for secondary emission reduction
will lead to the massive use of RB and, simultaneously, the
spread of alternative and electro-actuated braking systems. It
will be critical to optimize the control and distribution of
braking to maximize its positive effects. In fact, the “tradi-
tional car braking system” has always been managed by a
hydraulic dual-circuit and it leads to some troubles inherent
in the torque split between the axles and wheels since it is not
always able to respect the load transfer made during a braking
maneuver. So, the problem is that it is not possible with a
hydraulic system to integrate a torque divider such that the
ideal braking distribution curve is achieved, which ensures
that locking does not occur on only one axle.

Liang [3] presents a control logic that maximizes the effi-
ciency of using RB while ensuring stable braking and avoiding
unsafe braking conditions. Using an optimization with
particle swarms, a nonlinear model is defined for predictive
vehicle control in order to modulate the effect of RB.

An important innovation under considerable develop-
ment in the automotive industry is an innovative car braking
system with brake-by-wire (BBW). BBW has an electrome-
chanical brake caliper, allowing the ECU to command each
brake independently from electric signals generated by the
ECU itself as a function of the torque request. In this way, a
better torque split between axles and wheels could be reached,
which leads to vehicle dynamics and stability improvement
[4]. The automotive industry has invested a great deal in
researching control logic inherent in BBW systems. Peng [5]
presented a survey on active safety control of X-by-wire
electric vehicles: “For active safety control, various control
models are summarized, including vehicle dynamics model,
single-track model, path tracking model, and wheel dynamics
model. Based on the proposed model, different active safety
control algorithms are introduced involving longitudinal
dynamics control, handling stability control, rollover preven-
tion control, path tracking control, and active fault-
tolerant control.”

The activation of brakes by electrical signals has enabled
the development of braking control logic for electric vehicles
that can optimize the energy consumption required by the
braking maneuver itself.

As [6] explains, the RB system is not part of the service
brake and, due to its heavy battery, the EV brakes are even
larger than those of a conventional vehicle. In addition, the
close dependence on the regenerative efficiency of the battery
SoC leads to the need to size the brakes so that they can inde-
pendently provide the safety conditions required by regula-
tions. In fact, for example, the RB loses effectiveness at the
high SoC [7]. This leads to a reduction in the overall energy
efficiency of the vehicle.

Recent researches dealt with the optimization of RB, Shih
[8] proposed a control based on the principle of minimum
losses to the electric motor in order to achieve the highest
value of power regenerative as possible and thus maximize
the energy efficiency of the vehicle. Qiu [9] suggested a differ-
entiated control between hydraulically implemented brake
and RB, using rotation sensors, where the innovativeness
focuses on the use of serial braking logic between regenerative
brake and hydraulic brake, which is implemented electrically.

The RB also represents a stress for the battery due to the
continuous charge and discharge phase, causing an immediate
increase in battery temperature as well as a long-term effect
on aging. Feng [10] presented a system designed to preserve
battery life by minimizing battery usage during charging
phases due to RB, introducing a DC/DC converter with a
supercapacitor, with the aim of absorbing the largest peaks of
regenerative power.

In this article, the design of a new control logic capable
of optimizing the energy consumption and the working condi-
tions of the main components of the driveline (electric motor,
electro-actuated brake (BBW), and battery) is presented.
Specifically, the logic was applied to an electric vehicle on
which four innovative brakes called “magnetorheological”
(MR) are implemented. These are a kind of brake of an electro-
actuated nature that can generate torque from the change in
viscosity of a MR fluid, as a function of a magnetic field
passing through it. The proposed control system is developed
to complement a direct braking split between the regenerative
capacity of the electric motor and the electro-actuated brake
with a series of sensors that can consider critical cases for both
the brake and the powertrain but also the vehicle dynamics.
The innovation of the control logic presented is mainly focused
on a working condition, identified as Disconnected (explained
in detail later), which allows electric power to be regenerated
thanks to RB even when the battery is fully charged. This is
possible thanks to the presence of electro-actuated brakes
(BBW), necessary for the application of the control logic.

2. The Control System

The operating scheme is shown in Figure 1, and it is based on
six basic components:

* Battery pack and converter (A, D);
e ECUs (B, C);
* Braking system (E);
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m Operating layout of the control system.
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e Electric motor (F);
e Sensors (1-6);

e Input drivers (H).

The control is based on input parameters received from
the central ECU, reprocessing the values of vertical force
acting on each wheel (due to the presence of a vertical force
measurement sensor on the tire, as wheel-mountable commer-
cial load cells) into maximum torque that can be transferred
from the tire to the ground and the driver’s braking request
(H). The values of vertical force, as well as the friction coef-
ficient between tire and road, used in the simulations are the
actual values computed by the vehicle model, while in a real
application it would be necessary to estimate [11, 12, 13], or
to use wheel force transducer (WFT) [14], which is capable of
measuring all wheel forces and moments, an essential part of
studying and testing vehicle dynamics. The ECU divides the
braking demand into four required torque values for each of
the vehicle’s traction/deceleration systems.

Torque is requested by allocating between RB and electro-
actuated braking, following one of the four states (Figure 2):

1. Baseline: This braking state involves using the full
braking capacity of the RB to recover as much
kinetic energy as possible. If RB is not sufficient to
have the torque demand from the central ECU on
each block (E-F), the same ECU will request the
difference between maximum RB and torque
demand from the electro-actuated brake,
minimizing its use. The battery, in this way, receives
a net charge equal to the difference between the
regenerated current and the current demanded by
the electro-actuated brake.

2. Disconnected: In this braking phase, the ECU

requests the controller (block D) to isolate the motor
and brake actuator (blocks F and E, respectively)
from the battery (block A). Braking torque will thus
be generated by allocating between the RB and the
electro-actuated brake such that the RB will
generate enough power to activate the brake to
cumulatively achieve the optimum torque to
respond to the driver’s braking demand. The battery
will be neutral to deceleration maneuvers in this
configuration, so its SoC will not affect

regenerative efficiency.

In the case considered in this article, electro-actu-
ated brakes are brakes that take advantage of the MR
nature of a fluid within them. This fluid changes
viscosity as a function of the magnetic field passing
through it and generates braking torque. From the
characteristics of the MR brake, it is known how much
electrical power is required to generate a required
braking torque. The logic in Disconnected configura-
tion, given a required braking torque for each wheel,
calculates how much electrical power needs to be regen-
erated from the electric motor, then sends a signal to
the inverter that drives the motor. This electrical power
is sent to the brake, via a DC-DC converter. The
amount of power calculated by the logic will then
be such that the sum of the braking torques generated
by the electric motor and MR brake is equal to the
required braking torque.

. Full Brake: The state provides for deactivation of the

RB by requesting that the brake (block E) provide the
required torque only. The battery in this configuration
is in discharge-only mode.
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m Diagram of braking breakdown states per each wheel.
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4. Full Regenerative: The state provides for brake
deactivation (block E) by requesting torque demand
exclusively from the RB. This is the only mode
(Figure 2) unable to supply 100% of the possible
braking demand. For this reason, braking torque
would be redistributed to the motors and to the
brakes (blocks F and E), but possibly a contribution
from the brake is required in case it is the only way to
achieve the braking target.

For safety reasons, the brake is equally sized to have 100%
braking capacity of the maximum possible required. In this
way, the total braking capacity of each block (blocks E and F)
is equal to the sum of the capacity of the electro-actuated
brake and RB. There cannot be cases where there is insufficient
electrical power because logic considers a target value of elec-
trical power required to brake the vehicle from 130 to 0 km/h
exclusively with BBW brakes. When the battery reaches this
target value (during the discharge phase), the logic gradually
slows down the vehicle, signaling an emergency condition for
which the battery needs to be recharged.

The central ECU (block B) determines the optimum
braking torque for each individual wheel and evaluates the
signals received from the peripheral ECUs in order to define
the optimum braking state to achieve the target, improving
the thermal energy and dynamic conditions of the components.

To achieve the braking target, the ECU prioritizes the
baseline state, the stage to which the system will return once
each sensor ensures values within the specific standards of
each component.

The signals and, consequently, the braking state, follow
a specific hierarchical order that goes to define the criticality
of the parameters, refer to Figure 1:

Full regenerative

Disconnected

Brake request 100% . Regenerative braking torque

. Electro-actuated brake torque

Brake request 100%

© Giuseppe Pio Tempone, Henrique de Carvalho Pinheiro,
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Battery voltage (sensor 1).

Brake temperatures (sensor 3).

Battery temperature (sensor 2).

Temperature of the electric motor (sensor 4).

SIS

Rotational speed of the electric motor (sensor 6).

Referring to Figure 3 at each critical condition, the ECU
recognizes a different state to be used according to the
following criteria:

1. Ifthe SoC exceeds the defined critical value depending
on the battery (A), the operating state selected by the
central ECU will be in the disconnected mode. This
maximizes the RB, which would otherwise be severely
limited, and achieves energy optimization for the
entire vehicle. Once the SoC decreases below the
critical value it will revert to baseline mode.

2. If the brake temperature exceeds a certain value
(considered critical for the specific electro-actuated
brake system) the central ECU sets the full
regenerative state. In this way, the brake is not
stressed, and its temperature decreases. Importantly,
the full regenerative mode is the only one that is
unable to obtain 100% of the potential braking
demand from the driver. For this reason, the ECU
will have to, if the braking demand exceeds the
maximum braking obtainable exclusively with RB,
redistribute torques to other electro-actuated brakes
that are less thermally stressed, using an activation
scheme that keeps the torque generated on the right
and left sides homogeneous. If demand is at its
maximum, and it is not possible to distribute to the
other braking systems, the ECU will prioritize safety
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© Giuseppe Pio Tempone, Henrique de Carvalho Pinheiro, Giovanni Imberti, Massimiliana Carello

by returning to baseline mode until the vehicle is
safe again.

3. If the battery exceeds the critical temperature for the
pack, the central ECU sets the disconnected state so that
the battery can cool down by reducing charging sessions.
Disconnected mode also preserves the battery’s life.

4. Ifthe electric motor is overheated, the central ECU sets
the full braking state so that the electric motor reduces
its temperature. This state is the least energy efficient
and is therefore coupled with the least critical condition.

5. If the wheel begins to slip, a dynamically critical
condition is registered by the electric motor’s rotation
sensor in communication with the system’s central
ECU, which can manage the ABS and ESP control
systems, activating them and allowing a
stable condition.

3. Transient Braking
Control Model

The developed control logic needs to be simulated before
moving on to the production and the physical application [8,
9, 15, 16]. So, a properly made from Simulink model has been
created to implement data from a specific car, equipped with
the innovative electro-actuated braking system, specifically,
the car is structured to have the integrated MR brake [17] with
an in-wheel motor for each wheel.

The brake, thanks to its special geometry, is integrated
with the rotor of the in-wheel motor, thus creating a cavity
that can accommodate the MR fluid (MRF). Through a system
of coils in the stator of the brake, a magnetic field is generated
that passes through the fluid, changing its viscous properties
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and thus generating braking torque. An electro-actuated
braking system is thus realized that does not exploit the
friction between discs and pads and therefore does not
generate pollutant emissions [18]. The brake geometry came
from the idea of using in-wheel motors as electric motors. The
automotive industry has recently been active in research on
these kinds of motors because they can lead to advantages in
terms of vehicle stability [19], since torque vectoring actuated
through individual motor control is more effective than torque
vectoring based on active differential [20, 21, 22, 23].

To simplify the explanation, from now on the MR brake
and the in-wheel motor mounted on the single wheel will
be identified as a zero-emission driving system (ZEDS). It is
important to specify that the control logic can be applied and
simulated through the model as long as it is a vehicle with at
least one electric motor and electro-actuated brakes. So, the
only basic requirements for the application of the control logic
analyzed are that the vehicle is electric and has an electro-
actuated braking system.

The model is able to simulate a road test, supervise the
behavior of the vehicle, and monitor parameters such as
battery SoC and current, speed and acceleration, drive and
RB torque (generated by the MR brakes). The model (in
MATLAB/Simulink) has some limitations in validating the
developed control logic, in fact, it considers only the longitu-
dinal dynamics, and not the vertical and lateral dynamics.
In addition, there is no tire modeling that considers slippage,
so the longitudinal force developed by the tires is calculated
exclusively through the product of the vertical force trans-
ferred to the wheel and the coefficient of friction (assumed to
be known and constant). In addition, all thermal signals
(motors, brakes, and batteries) are simulated by thermal
modeling, which still has an error rate compared with the
real case. What is more, in reality, with the algorithm imple-
mented in a vehicle ECU, these thermal signals would come
from temperature sensors that would surely exhibit distur-
bances. The model in its current state does not consider this

m Model layout.

Tempone et al. / SAE Int. J. Veh. Dyn., Stab., and NVH / Volume 8, Issue 2, 2024

aspect. However, at present, the main goal is to have initial
feedback inherent in the energy effectiveness of the developed
logic. Certainly, the next development steps will focus on
improving the MATLAB/Simulink model so as to avoid
these limitations.

3.1. System Layout

The layout of the model (Figure 4) contains the basic blocks,
thanks to which the driving cycle is defined and the test
performed, the environmental conditions and data are
processed to monitor the behavior of the car, the braking
system, the four in-wheel electric motors, and the battery.

As shown in Figure 4, the model is made of several
main blocks:

* “Input Test™ In this block it is possible to select the test
you want to perform; in particular, this gives as output
the speed profile to be obtained from the vehicle and the
slope of the road profile to be traveled by the vehicle in
function of its instantaneous position.

* “Vehicle Dynamics™ The speed profile, the road slope,
and the voltage at which the battery is act as the input,
and they calculate the torque required for the individual
in-wheel motors and the torque required for the MR
brakes. In addition, there is a sub-block within the block
set to simulate single electric motors, which calculates
the torques generated by them and their operating
temperatures [24]. Then the relative currents required to
these, the total power consumed (during the individual
calculation step), and the resulting vehicle dynamics and
motion of the vehicle are calculated.

* “Brakes™ As a function of the required current to the
brakes, the braking torque generated by each individual
brake and the relative operating temperature of each are
calculated [25].
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slope angle >
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e “Battery”: Their performance is simulated as a function
of the total current required through an inverter that can
calculate it according to the total power required by the
in-wheel motors and possibly the brakes, then the SoC is
provided as output. There is also a sub-block in which
the thermal behavior of the battery is simulated, which
calculates the battery’s operating temperature [26], an
important parameter to apply the control logic.

3.2. Implementation of the
Control Logic in Simulink
Model

The implementation of the control logic on Simulink was
realized with the use of two MATLAB functions. The first one
has a “Truth Table Subsystem” in which there is a truth table
that can identify the braking configuration (baseline, discon-
nected, full braking, and full regenerative) to be implemented
atthe ZEDS under consideration. In the second one, according
to the established configuration, the required braking torque
is allocated between the electro-actuated brake and the electric
motor. Depending on the defined configuration and instan-
taneous working conditions (required torque, motor speed,
etc.), the current to be sent to the brake (through a DC-DC
converter) of the ZEDS under consideration and the torque
generated by the corresponding electric motor are derived.

Opted for the use of a truth table since this way allows us
to respect the correct priority given to influential quantities,
as the logic described in the Paragraph 2 (reported in the table
represented in Figure 3).

3.3. Data Comparison in
Different Working
Conditions

Several test conditions were simulated using the same electric
vehicle setup; specifically, the vehicle is equipped with four
ZEDS, one for each wheel, in which four “EMRAX 348
Medium Voltage” [27] in-wheel motors and a battery pack
with lithium cells are mounted. The values determining the
electric motor parameters and the vehicle dynamics are
reported, respectively, in Tables 1 and 2.

Several studies [28] testify to the need to oversize brake
discs so that they can dissipate more thermal power and
prevent them from ceasing to function properly under a
stressful working condition such as the Grossglockner descent.
Brake heating, therefore, arises as a major design issue.
Choosing to simulate the Grossglockner test presents the
possibility of opening up the evaluation of different aspects
related to the potential of the brake system. In fact, this test
proves to be very valuable for the evaluation of brake heating.

The first test done is the “Grossglockner test,” which is a
typical test performed to measure the working and stress condi-
tions of a vehicle’s brake system. Grossglockner is an alpine
road in Austria and presents automotive manufacturers with

TABLE 1 Electric motor parameters.

Electric motor parameters Values

Peak motor power at max load RPM [kW] 200
Continuous motor power [kW] 91
Maximal rotation speed [rpm] 4500
Maximal motor current [Arms] 400
Continuous motor current [Arms] 190
Maximal motor torque [Nm] 500
Continuous motor torque [Nm] 213
Torque/motor current [Nm/Aph rms] 13

Motor efficiency [%] 92-98

© Giuseppe Pio Tempone, Henrique de Carvalho Pinheiro,
Giovanni Imberti, Massimiliana Carello

the opportunity to test under extreme driving conditions. The
slope of the road and the desired speed profile have been given
in input, respectively, both as a function of vehicle displacement.

However, the increasingly impressive advent of electric
motors partly succeeds in reducing the problem. In fact,
electric vehicles can take advantage of RB, which not only for
energy recovery and reduction in brake pad consumption, but
also largely averts the possibility of the brakes being over-
heated, thus impairing their operation. Due to battery mass,
the EV brakes are larger than those of a conventional vehicle;
moreover, the regenerative capacity of electric vehicles is
highly dependent on the SoC.

Wagner [6] analyzed the potential of downsizing the
friction brake by using auxiliary power consumers like the
high-voltage heater (HVH), the air-conditioning system (AC)
and low-voltage auxiliaries, taking into account their dynamic
behavior. a model predictive control (MPC) strategy was used
to distribute the power in an optimal way in consideration of
the system dynamics, and the result is that the required braking
power during the Grossglockner test can be almost completely
covered by RB. However, the study is also based on a prediction
of auxiliary consumption related to desired comfort in the
passenger compartment, which could change from case to case.

To have a more complete demonstration of the validity
of the developed control logic, in addition to the four

TABLE 2 Vehicle parameters.

Vehicle parameters Values

Vehicle mass (with EMs and battery) [kg] 1767

Pilot mass [kgl 80
Wheel radius [m] 0.291
Distance of the CG from the front axle [m] 0.861
Wheelbase [m] 2152

CG height [m] 0.5376
Friction coefficient [—] 0.7
Rolling resistance coefficient fo [—] 0.0136
Rolling resistance coefficient K [m/s2] 6.5 x 1076
Vehicle frontal section [m?] 2
Aerodynamic drag coefficient Cx 0.33

© Giuseppe Pio Tempone, Henrique de Carvalho Pinheiro,
Giovanni Imberti, Massimiliana Carello
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m Comparison between Parallel (Ieft) and Baseline (right) configuration.

Parallel

100% 100%

Braking torque
Braking torque

0%
0% Brake request 100% 0%

0%

configurations described in Paragraph 2, another configura-
tion called Parallel has been considered. It mirrors the opera-
tion of the usual control logic acting on electrical machines,
whereby given a certain required braking torque, a percentage
of torque is supplied by the EM (until the maximum threshold
value is reached) and the remainder is supplied by the brake.

A comparison between Baseline and Parallel configura-
tion is shown in Figure 5.

The Parallel configuration was added to allow a compar-
ison of the results obtained with a traditional electric vehicle
operated under braking by this configuration and an electric
vehicle operated by the developed control logic. In the model
considered, the RB contribution according to the required
torque was set at 60%. This percentage in commercial electric
vehicles does not appear to be constant [29], but it could be set
at 60% since the capability of a commercial electric vehicle to
regenerate energy usually does not exceed 50%.

m Vehicle and desired speed—Test 1.

Baseline

. Regenerative braking torque

- Electro-actuated brake torque
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Brake request 100%

4. Simulation Results

The “Grossglockner” test is conducted wit