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Abstract
Today, most vehicles are developed with the aim of having an optimal energy ef-
ficiency in order to reach sustainability goals. Major vehicle manufacturers share
these values and are therefore trying to produce more efficient products by shifting
to an electrified propulsion system. Regenerative braking is used in electrified ve-
hicles in order to convert kinetic energy into electric energy using an electric motor
(EM). The part of the brake energy that is not recovered using regenerative braking
is covered by the friction brakes, thus could be considered as waste. Hence, it is
beneficial if regenerative braking could be optimized. There are certain load cases
for which regenerative braking could be used. One such load case is brake applica-
tion that includes ABS intervention.

In this thesis an analysis was conducted, regarding the possibility to brake by merg-
ing a frictional and regenerative brake system during an ABS intervention. The
integration of a regenerative brake system with an ABS, requires a blended brake
control strategy. An optimal torque distribution between the operating brake sys-
tems is crucial, if one desires to perform optimal brake blending. The primary aim
of this thesis was to develop a torque distribution controller that enhances the brake
performance during straight road driving. Two torque distribution controllers were
developed, one where maximal regenerative brake torque was applied and the other
where a regulated amount of regenerative brake torque was used. Both strategies
enhanced the braking performance by reducing the brake distance while still main-
taining vehicle stability. Simulations show that a regulated amount of regenerative
brake torque was more effective in terms of reducing brake distance, whereas by
maximizing the regenerative brake torque gives a greater recuperation at the ex-
pense of reducing the brake distance.

The safety aspect during an ABS intervention is of highest priority, implying that
reducing brake distance is of higher importance. The brake distance reduction was
mainly possible due to the fast response time from the EM used during regenerative
braking. The response time of the EM gave the braking a head start compared to
the conventional system using only friction brakes. Comfortability constraints of
the EM can be removed in order to further decrease the ramp-up time and give the
EM an even greater advantage compared to the frictional brake system. The results
gained from the analysis conducted in this report, indicates that this type of brake
blending system gives the possibility to enhance brake performance.
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Further research and development will enable brake blending during an ABS inter-
vention in a real vehicle. The developed controllers still have room for improvement
regarding performance and adaptability to altering driving scenarios, since the de-
velopment was solely based on straight road driving. The current controllers have
been substantiated using simulations only, in order to apply the controllers in a
vehicle future steps of validation have been determined.

Keywords: Brake blending, Torque distribution, Regenerative braking, Friction
brake, EM, ABS, Brake distance.
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1
Introduction

Today, the majority of vehicles are developed with the aim of having an optimal
energy e�ciency in order to reach sustainability goals. Major vehicle manufacturers
share these values and are therefore trying to produce more e�cient products by
shifting to electri�ed propulsion systems [2]. An example of electri�ed propulsion
is Battery Electric Vehicles (BEVs), which is a technology that is looked upon as a
promising solution to more sustainable transportation, as it has the potential to re-
place vehicles that are powered by fossil fuels [2]. The electri�ed powertrain system
enables new functions and possibilities, alongside being more e�cient than tradi-
tional vehicles, they allow for the recuperation of mechanical energy into electrical
energy also known as regenerative braking [3, 4].

Regenerative braking is used in cars in order to convert kinetic energy into electric
energy using an electric motor and a battery. Electric vehicles often use regenera-
tive braking combined with friction brakes, which is also known as brake blending.
Research and use of brake blending is focused on conventional deceleration levels [5].
However, brake blending is not utilized in emergency braking scenarios, when the
Anti-lock Braking System (ABS) is activated. As mentioned in [5, 6], when ABS is
activated the regenerative braking torque will be removed, which means that only
the friction brakes will operate, to prevent possible wheel lock and stability issues.
This is due to the fact that poorly handled regenerative braking can result in vehicle
instability, reduce handling capability and decrease braking performance [7]. An-
other issue with regenerative braking is that limited electric motor power will cause
di�culties at a higher deceleration rate, as more power is required to slow down the
vehicle down than is available [8].

1.1 Related work

Earlier research [9, 10, 11, 12] has focused on determining the possibilities of inte-
grating ABS with regenerative braking, without decreasing brake performance. The
researchers in [9] have shown that it is possible to integrate and recover a signi�-
cant amount of braking energy. However their research has been performed on a
bicycle wheel which leaves the question of how realistic the results are for a car
wheel. This question has been addressed by researchers in [10] which have tested
their regenerative braking based ABS controller, in both simulation and on a real
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1. Introduction

vehicle. Their results show an improved energy recovery during ABS-situations by
60%in simulation and 40%in real vehicle test [10].

Similar research has been made in [11, 12]. Brake blending control, where regener-
ative braking is merged with a frictional brake system, has been studied in order
to attempt to understand the capabilities of the regenerative braking system. The
energy recovery limits have been investigated along with how these limits can af-
fect the stability or maneuverability of the vehicle at hand. Electric motors were
used for a certain fraction of the requested brake torque, while the remaining part
was handled by the friction brakes. These simulations were performed on a hybrid
vehicle with one electric motor on the rear axle. There were two proposed torque
distribution control strategies, where the results from both imply that rear axle
regenerative braking can be e�ective [11, 12].

As can be seen from above, there were several studies that suggest that brake blend-
ing is possible and bene�cial and that there are several approaches to the problem.
Therefore the main challenges lie with the smooth interaction between friction and
regenerative brakes, along with proper torque distribution in brake blending systems,
for these systems to be feasible.

1.2 Objective

The objective of this thesis is to develop a torque distribution controller, that splits
brake torque between a regenerative and frictional braking system, during ABS
intervention. There are two main research questions that need to be answered in
order to be able to achieve the project goals:

1. How will the torque split a�ect the brake distance?

2. How much regenerative braking can be e�ectively applied?

1.3 Scope

The project began with �nding a suitable controller for a car that accelerates to
130 km=h and proceeds to decelerate as quickly as possible. This scenario can cause
wheel lock and loss of traction which activates the ABS function. The main focus
of the project was to develop a control model that will make an optimal torque
distribution between friction brakes and regenerative braking while ABS is active.

The controller could not be developed without necessary preparations. Figure 1.3.1
is a visual representation of the necessary steps that were taken in order to develop
a torque distribution controller.

2



1. Introduction

Figure 1.3.1: Flowchart representation of the work �ow in this thesis. The grey
blocks are each one of the main parts of the work �ow. The text in white describes
how the work in each segment was conducted. The coloured circles describe how to
transition into next state of the work �ow.

1.4 Delimitations

The following points are the delimitations set in this project

ˆ It was assumed that the car drives on a straight road and that the steering
will always keep the car in a straight line, meaning no lateral or horizontal
displacements were considered.

ˆ The road friction coe�cient was selected relatively low in order to easily trig-
ger ABS and was altered to see how the control models perform on di�erent
surfaces, however only two were used for the controller evaluation.

ˆ The battery state of charge was considered as constant, meaning that battery
limitations are not considered. Temperature in�uence was not considered, e.g
that from high battery temperature that can a�ect the possibility of regener-
ation or the e�ects of the electric motor during high operating temperatures.

ˆ Parameters such as the operating e�ciency and the conversion e�ciency for
converting into regenerative braking will not be considered.

ˆ The simulations are performed solely on one type of vehicle, the Polestar 2
and the brake blending is tested with one ABS model, ABS-Soft provided by
IPG [13].
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2
Vehicle powertrain and braking

system

The vehicle used in this study is the premium all-electric 5-door all-wheel drive
(AWD) Polestar 2. This car was developed based on Volvo Car Group's adaptable
Compact Modular Architecture platform (CMA)[1]. The Polestar 2 falls into the
category of a battery electric vehicle (BEV). The body-shape of the Polestar 2 is a
"fastback" shape, very similar to a sedan body-shape, except that the rear window
and boot door open as one unit[1].

Figure 2.0.1: Picture of the Polestar 2.

2.1 Longitudinal vehicle dynamics

This aim of the section is to provide the reader with some basics in longitudinal
dynamics, in order to give a better understanding how certain forces are connected.
The dynamics are primarily presented for the entire vehicle (4 wheels) and is then
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2. Vehicle powertrain and braking system

narrowed down to single wheel dynamics. The ABS controller used in this project
is based on single wheel dynamics and the torque distribution controller will work
accordingly.

Figure 2.1.1: Four wheel model representation.

This project has only considered longitudinal movements and no lateral displace-
ments. The longitudinal forces acting on the vehicle are expressed in the equations
below and are also visible in Figure 2.1.1. Even though no turning motions are
considered, the vehicle yaw rate (_ ) and the turning angle rate of the wheel (_� ) are
represented in the �gure and in equations. This is done to show how longitudinal
forces are a�ected by lateral movements.

With the help of Newtons second law a force balance along the longitudinal axis can
be represented as

m•x = m _y _ +
X

Fx i ; i = f f l; f r; rl; rr g (2.1)

wherem is the vehicle mass,•x is the longitudinal acceleration,Fx i is the tire force
in vehicle body frame. The subscripti indicates what wheel is referred to, wheref l
stands for front left wheel,f r front right wheel, rl rear left wheel andrr rear right
wheel.

The tire force mapping from wheel to vehicle body frame and can be represented as

Fx i = � i (� i )FN i cos(� j ); j = f f; r g (2.2)

where� i is longitudinal slip ratio, � i is road friction coe�cient and FN i is the normal
force. Subscriptj is indicating which axle a variable belongs to, and it works as
follows, f (front) and r (rear). The longitudinal wheel velocity, vl i , de�ned in the
tire frame, is expressed as

vl i = vx i cos(� j ) (2.3)
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2. Vehicle powertrain and braking system

wherevx i is the longitudinal wheel speed in the vehicle frame. This speed is related
to the vehicle speed,

vx f r = _x + c (2.4)

vx f l = _x � c (2.5)

vx rr = _x + c (2.6)

vx rl = _x � c (2.7)

wherec is the length between the center of the wheel and the center of the respective
axle. Representation of signals associated to each wheel can be seen in equations
(2.4) to (2.7).

2.1.1 Single wheel model

Figure 2.1.2 is a visual representation of the single wheel model, used in order to
provide the reader with a clearer view of the single wheel dynamics.

Figure 2.1.2: Single wheel dynamics representation

In this project the vehicle is assumed to have a straight motion, meaning that no
lateral forces are considered. This will give the system one degree of freedom (DOF)
on each wheel. The model is describing the elementary dynamic properties of the
system [14], and its equation of motion is described as

Ji _! i = � Fx i R + Mwheel i � bd! i : (2.8)

In equation (2.8), Mwheel i is the brake torque provided for each wheel,! i is the
angular speed of the wheel,Ji is the wheel rotational moment of inertia,R is the
wheel radius,bd is a damping factor.

Equation (2.9) is a representation of how the two di�erent brake systems are pro-
viding with the brake torque applied on each wheel.

Mwheel i = M f ric i +
MEM j

2
(2.9)
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2. Vehicle powertrain and braking system

Here,M f ric i
� 0 is the braking torque provided by the friction brakes for each wheel

and MEM j is the torque provided by the EM on axlej . Equation (2.10) is then a
representation of each wheel.

J i _! i =

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

Jf r _! f r = � Fx f r R + M f ric f r +
M EM f

2 � bd! f r ; i = f r

Jf l _! f l = � Fx f l R + M f ric f l +
M EM f

2 � bd! f l ; i = f l

Jrr _! rr = � Fx rr R + M f ric rr + M EM r
2 � bd! rr ; i = rr

Jrl _! rl = � Fx rl R + M f ric rl + M EM r
2 � bd! rl ; i = rl

(2.10)

The EM torque is equally distributed between the left and right wheel. During
braking, when the longitudinal wheel speed is greater than or equal to its angular
speed, i.e.vl i � R! i , the wheel may start to slip. Then, the longitudinal wheel slip
� i is derived as

� i =
R! i � vl i

vl i
; if vl i � R! i ; vl i 6= 0: (2.11)

2.1.2 Tire model (Friction estimator)

In this thesis, the Burckhardt model will be used, as it is optimized for analyti-
cal determinations while maintaining accuracy within the delimitations set for the
project while estimating the road friction coe�cient. Hence, the longitudinal friction
coe�cient estimator is as follows

� i (� i ) = A(1 � e� B� i � C� i ) (2.12)

A (peak value of the road friction), B (road friction curve shape) andC (road
friction curve di�erence between the maximum value and the value at� i = 1) are
constants that changes depending on the road surface. Dry asphalt is the condition
which will be used, where the values of each coe�cient can be seen in Table 2.1[15].

Estimator coef f icients
Condition A B C
Dry asphalt 1.029 17.16 0.523

Table 2.1: A table with values of constantsA (peak value of the road friction),B
(road friction curve shape) andC (road friction curve di�erence between the maxi-
mum value and the value at� i = 1). The values of these constants are determined
by the condition of having dry asphalt.

The slip ratio-friction coe�cient curve has been plotted with the help of Matlab and
is visible below in Figure 2.1.3.

8



2. Vehicle powertrain and braking system

Figure 2.1.3: Plot of road friction coe�cient curve, where the x-axis is the slip
ratio � in %, which ranges from values between 0% to 100%. The y-axis is the
estimated road friction coe�cient, � i , which has a maximum value of around0:9 at
a slip ratio of approximately 20%.

2.2 Brake systems used during brake blending

The entire brake system consists of two types of systems, a frictional brake system
and a regenerative brake system. The frictional brake system is not modelled within
this work, since it is provided by IPG's CarMaker. CarMaker, along with Simulink is
used to model the torque distribution controller. The powertrain model is provided
by Volvo and the ABS model is provided by IPG. The goal is to allocate this brake
torque request between the two di�erent brake systems.

2.2.1 Friction brakes and braking by wire

Figure 2.2.1: The �gure represents a part of the friction brake system. In the
�gure the brake disc and the brake caliper are visible.
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2. Vehicle powertrain and braking system

Friction brakes are mechanical devices which are used to decelerate the vehicle by
converting hydraulic pressure to clamp force, thus creating brake torque. Friction
brakes are also known as hydraulic brakes since they use �uid to create a brake
pressure. The hydraulic brakes are divided in two categories, brake by wire or
full hydraulic. Full hydraulic implies brake system in the car uses brake �uid to
mechanically brake the wheels, while brake by wire controls the hydraulic pressure
at the wheel using electrical means.

The brake by wire system is mechanically decoupling the brake pedal from the
hydraulic brake system, which is increasing the �exibility of the brake torque mod-
ulation. Brake by wire �ts well with vehicles that use frictional brakes and regen-
erative braking system in cooperation. The brake by wire system can achieve ideal
brake torque distribution by modulating the brake torques between rear and front
axle. The brake torque allocation has to be taken into consideration when trying to
achieve an e�ective regenerative system and assure that no wheel lock occurs [5].

2.2.2 Regenerative brake system

Figure 2.2.2: The hydraulic brake by wire brake system in Polestar 2.

A regenerative braking technology can be seen in various electric vehicles today,
where the primary goals are to have a safe brake system and to recuperate as much
energy as possible. Improvements towards a cleaner energy consumption is needed
in order to improve environmental aspects. These improvements could be to increase
the e�ciency of certain systems. There are studies which show that approximately
one third to one half of the power plant energy is used when braking. It is where the
regenerative braking system comes into play, since it o�ers the possibility to convert
the kinetic energy, which would otherwise be converted into heat, into electric energy
and thereby improve fuel economy.[5]

As mentioned above, most electric vehicles use regenerative braking, however, in or-
der to assure that the deceleration process meets the requirements, frictional brakes
are applied. This type of system is often referred to as a "blended" brake system.
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2. Vehicle powertrain and braking system

A blended brake system is used (frictional brake system and regenerative brake sys-
tem) and it is therefore important that both systems are well integrated with one
another. Hence, the structure of both systems are of importance for when a con-
trol strategy is considered. The control strategy has to be e�ective and based on
an appropriate brake system, to achieve good results. The brake torque from the
regenerative brake system and the frictional brake system have to be synchronized
to ful�ll the braking request from the driver and to optimize the regeneration. The
brake torque provided from the electric motor needs to be regulated in order to �t
the variations in torque from the frictional brake system [5].

2.3 The electric motor and its properties

The electric powertrain of the Polestar 2 consists of two 150 kW/330 Nm electric
motors, where each axle consists of one electric motor (EM). The EM is a permanent
magnet brushless DC motor, which is commonly used in electric vehicles due to its
high e�ciency, low wear and high speci�c power output [16].

Figure 2.3.1: Plot of the torque output from the electric motor, which has a
maximum value of 330 Nm.

The EM will have a constant peak output value from zero to a speci�c EM speed.
Then at EM speeds which reach values outside of this interval the torque output
will gradually start to decrease. This can be seen in Figure 2.3.1 , where the torque
starts to dip. Mathematically, the torque limit can be expressed as

MEM j min (! EM j (! i )) � MEM j � MEM j max (! EM j (! i )) (2.13)

where MEM j min and MEM j max are nonlinear functions, typically given as lookup
tables. The EM speed is directly related to the speed of the wheels through the
di�erential gears.

The EM functions as an actuator during drive mode, while it is used as a generator
during regenerative braking mode. During drive mode, the torque can be estimated
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with the help of the �rst order equation seen below [17]

_MEM j =
MEMreq j

� MEM j

� EM
(2.14)

where MEMreq j
is the requested electric motor torque and� EM is the EM time

constant.

2.3.1 Electric power storage system

The battery is the electrical motors power source. A battery model is provided by
Volvo, and is used for this masters' thesis. The battery State of Charge (SOC) will
be set to a constant value, as mentioned in the delimitation section. Hence, no
limiting factors imposed by the battery will be considered.

2.4 Anti-lock braking system

The purpose of the ABS is to achieve the shortest longitudinal stopping distance
while maintaining vehicle stability during deceleration. This is achieved by imple-
menting a feedback control for the slip, which can control the slip at the point where
maximum brake torque is employed on the wheel. The ABS model used in this thesis
is referred to as ABS-soft. The ABS-soft model is based on single wheel dynamics,
where it provides each wheel with a brake torque request. This section will provide
with information about the ABS-soft model and its functionalities.

2.4.1 ABS-soft control strategy

The control strategy is based on a trigger criterion which combines wheel decelera-
tion and slip control. This is done with the help of weighting factors, the expression
seen in equation2:14 is a representation of the control strategy [18].

Si = K _! _! i + K � � i (2.15)

whereK _! and K � are weighting factors.

The desired value ofSi is between0:15� 0:2, this is the region where the optimal
adhesion utilization is achieved. The model is built such that the brake pressure
is reduced, released or maintained, in order to maintainSi in the desired region.
The ABS-soft model contains a subsystem where the driver brake input is converted
in order to perform slip control. The driver is giving brake torque input to the
model when full braking is applied. A �lter is constructed, where a torque update
is performed. The brake torque driver input is sent to the �lter as pulsations be-
tween zero and max. The pulsations are decided by either reducing or releasing the
pressure. The second input to the �lter is a constant value, which is sent when the
pressure should be maintained. The ABS-soft output for each wheel is described in
the following equation

MABS i = f ABS (M demi ; Si ( _! i ; � i (! i ))) (2.16)

12



2. Vehicle powertrain and braking system

where M demi is the brake torque demanded at wheeli , MABS i is brake torque re-
quested by the ABS-soft model.

The goal of this project is to split the torque request by the ABS controller into
friction and regenerative braking, i.e.

MABS i = M f ric i +
MEM j

2
(2.17)

whereM f ric i is the brake torque request sent to the frictional brake system. Since
the frictional brake system has no dynamics modelled it yields that the request
is equal to the actual brake torque provided by the frictional brake system. The
right-hand side terms in equation (2.17) are identical to the right-hand side terms
in equation (2.10), giving that

MABS i = Mwheel i : (2.18)

2.4.2 Torque output of the ABS-soft model

Figure 2.4.1 and 2.4.2 are a representation of theMABS i determined by the ABS-soft
model. These torques will be fundamental to construct a proper torque distribution
controller. From Figure 2.4.1 it can be seen that the ABS intervention is initiated at
12s and terminated when the vehicle has stopped at approximately 15s. The brake
torque then transitions from the ABS-soft request of 3000 Nm to full braking with
a brake torque of 6000 Nm, which explains the peak at 16s.

Figure 2.4.1: This �gure is visualization of how MABS i is divided between each
frictional brake for each wheel, during a brake application which includes ABS in-
tervention. The curve is plotted after 10s since the ABS intervention is initiated at
12s and terminated when the vehicle has stopped at approximately 15s.
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Figure 2.4.2: A representation of the pulsations (similar pulsations in all wheels)
in the demanded torque for the front left wheel , caused by ABS-soft. The frequency
is determined by how often the pressure has to be maintained, reduced or released
in order to perform slip/wheel-control. The pulsations are presented at a randomly
selected time interval from the time period where these pulsations occur.

2.5 Longitudinal dynamics during zero steering
and constant heading

In this work a study of a simpli�ed scenario where the vehicle yaw rate, yaw angle
and steering angle are zero was performed, i.e._ = 0,  = 0, � = 0. Then, it holds

Fx i = Fl i = � i (� i (! i ; v))FN i (2.19)

vl i = vx i = _x = v (2.20)

wherev is the vehicle speed and the function� for computing longitudinal slip has
been de�ned in (2.11). The vehicle equations of motion then simplify to

_v =
1
m

X
� i (� i (! i ; v))FN i (2.21)

_! i =
1
Ji

(� (� i (� i (! i ; v))FN i )R + MABS i � bd! i ) (2.22)

_MEM j =
MEM _ reqj

� MEM j

� EM
: (2.23)

Here,v, ! i and MEM j are states in the system,MEMreq j
is the controllable input and

MABS i and FN i are uncontrollable inputs, i.e. they are decided by other controllers
or system dynamics. Recall that the EM torque is bounded

MEM j min (! EM j (! i )) � MEM j � MEM j max (! EM j (! i )) (2.24)

as well as the requested EM torque

MEM j

2
� MABS i (2.25)
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which derives from the fact that the friction torque is nonpositive.

Notice that, if MEM j is decided, then the wheel friction torque is readily available
from (2.17).

2.6 Brake blending during ABS

Brake blending in today's vehicle is not active during an ABS situation, this is due
to not having any unforeseen issues. Figure 2.6.1 shows how brake-blending works,
however during ABSMEMreq j

is zero. M dem is divided between front and rear axle,
70%=30%. The ABS block calculates the torque that is actually needed if the car
starts to slip in order to prevent the wheels from locking. Torque split divides the
torque from the ABS between the EM and the friction brakes. At every wheel there
is a speed sensor that calculates the wheel speed and sends it back as a feedback to
the controller. The car velocity is estimated as well in order to compare it to the
wheel speed and calculate the slip.

Figure 2.6.1: Control block diagram of the brake-blending system
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3
Methods

3.1 Preliminary analysis regarding the implemen-
tation of a torque distribution controller

As the Simulink model provided by Volvo is very extensive, this model was studied
to understand how to implement the control logic. It contains the powertrain of
Polestar 2. The friction brakes is a part of CarMaker, meaning that a connection
between the model and CarMaker was needed to perform analysis involving brake
blending. The brake blending controller was implemented inside of the CarMaker
blocks. Hence, the earlier mentioned connection is between the plant in the Simulink
model and the control logic. The torque signals from the EM are used as an input
and the brake request from the control logic to the EM is the output, meaning that
it is a closed loop.

Proper subsystem connections within the model are of great importance, while for an
extensive model the complexity of making valid connections increases. This implied
that a lot of signal routing was required. An example of why proper connections are
important, is when the EM brake torque request has to be sent to the transmission in
order to receive a correct amount of brake torque. If the signal is incorrectly routed
past the transmission, a too small amount of brake torque will be provided by the EM
since a gear is used in the transmission to produce more brake torque. Connections
like the one mentioned in the example have all been taken into consideration and
thereby provided for the prerequisites required for constructing a torque distribution
controller.

3.2 General torque distribution approach

As mentioned previously (see Section2:2:1), an electric vehicle that uses brake blend-
ing, is often equipped with a brake by wire system in order to achieve ideal brake
torque distribution. Brake torque distribution a�ects the e�ciency and stability
of the regenerative braking system, meaning that it is of utmost importance. The
allocation between rear and front brake torque distribution will also have an impact
on the stopping distance, vehicle directional control, the durability and thermal load
on the brakes. The stopping distance is improved by optimizing the use of adhe-
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sion, while over-braking an axle can cause steering and stability problems. Lastly
the regenerative braking predominantly a�ects the strongest braked axle in terms
of brake wear and thermal load [11].

Figure 3.2.1: The signal-path is from top to bottom. MABS i , is dependent on
variables such as! i , � i , R and M demi . The ABS-soft model calculates the requested

torque MABS i and the EM provides the brake torque
M EM j

2 based on the brake
torque requestMEMreq j

. MEM j is then subtracted fromMABS i and the remaining
part of MABS i is sent to the frictional brake system asM f ric i

. The frictional brake

system then sendsM f ric i
and

M EM j

2 is added to provide withMwheel i .

The �owchart seen in Figure 3.2.1, visualizes how brake torque requests are handled
by ABS-soft and distributed between the EM and friction brakes, where all of the
brake torques in Chapter 3 are considered as positive. It can be seen how the ABS-
soft requested torque for each wheel,MABS i , is dependent on variables such as! i ,
� i , R and M demi . The ABS-soft model calculates the requested torqueMABS i and

the EM brake torque
M EM j

2 is then subtracted fromMABS i . The remainder ofMABS i

is then sent to the frictional brake system asM f ric i
, this is derived with the help of

equation (3.1). The frictional brake system then providesM f ric i
and together with

M EM j

2 adds up toMwheel i . The brake request sent to the EM,MEMreq j
, will later on
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Figure 3.2.2: Schematic view of complete brake system, including a visual repre-
sentation of the brake torque distribution.

be sent in two di�erent ways, seen in sections3:3 � 3:4, where two di�erent control
methods are presented.

A regenerative brake system should be able to reach the goal of the required brake
torque, while recuperating as much energy as possible. The system needs to output
the right amount of braking torque in order to meet the requirements during decel-
eration. As mentioned before, brake torque for each wheel needs to be distributed
properly in order to maintain vehicle stability. When these two requirements are
ful�lled, then energy regeneration can be optimized to recuperate as much energy
as possible. [11].

Figure 3.2.2 is a visualization of the entire brake system and brake torque distribu-
tion.

The total requested brake torque is provided by the electric motor and the frictional
brakes, the expression seen in equation (3.1) shows how the torque from the electric
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motor and the friction brakes is combined to the requested brake torque from the
ABS-soft, which will be the actual brake torque on the wheel

Mwheel i = MABS i = M f ric i +
MEM j

2
(3.1)

There are three approaches explored in this project. The control, Approach I, is
when all of the torque is provided by the friction brakes. This means that no brake
torque is provided by the electric motor, and no brake blending is used. The amount
of brake torque on each axle is expressed in equations (3.2), (3.3) and the total brake
torque is then the sum of the brake torque from each axle, seen in equation (3.4).

M axle f = M f ric f l + M f ric f r
+ MEM f (3.2)

M axle r = M f ric rl
+ M f ric rr

+ MEM r (3.3)

MABS tot = M axle f + M axle r (3.4)

The total brake torque demanded by the ABS model,MABS tot , is 70%=30%between
front and rear axle. The front left and right wheel friction brakes, will receive the
same brake torque. The rear friction brakes will follow the same principle. The
expressions seen in (3.2)-(3.4), can then be derived to equations (3.5) and (3.6)

0:7MABS tot = M axle f =) M f ric f r = M f ric f l =
0:7MABS tot � MEM f

2
(3.5)

0:3MABS tot = M axle r =) M f ric rr = M f ric rl =
0:3MABS tot � MEM r

2
(3.6)

3.3 Approach II, Brake Blending with maximal
usage of the electric motor

The �owchart seen in Figure 3.3.1, visualizes the torque distribution referred to
as Approach II. This distribution logic is built in order to achieve brake blending,
where both the EM and friction brakes are used in parallel during the entire brake
application. The brake request provided by the ABS-Soft model,MABS i , is sent
directly to the EM. The goal is to utilize as much regenerative braking as possible.
The brake torque provided by the EM,MEM j is subtracted from the brake torque
request from the ABS-soft model,MABS i . After MEM j is removed fromMABS i , the
rest, M f ric i

is sent directly to the friction brakes. Then the frictional brake system

givesM f ric i
and together with

M EM j

2 adds up toMwheel i .
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Figure 3.3.1: Flowchart representation of Approach II. The signal-path is from top
to bottom. The torque request from ABS-soft,MABS i , is dependent on variables
such as! i , � i , R and M demi . The ABS-soft model calculates the requested torque

MABS i and the EM provides the brake torque
M EM j

2 based on the brake torque
requestMEMreq j

. MEM j is then subtracted fromMABS i and the remaining part of
MABS i is sent to the frictional brake system asM f ric i

. The frictional brake system

then sendsM f ric i
and

M EM j

2 is added to provide withMwheel i .

3.3.1 Switch implementations necessary for a bene�cial torque
distribution

SinceMEM j is sent directly from the EM to the logic, certain switches needed to
be made. These switches were implemented to constrain the model to be used
only during braking. The restrictions are required because the EM is used during
acceleration. SinceMABS i is zero during acceleration, thenMEM j is subtracted from
MABS i , resulting in a negative brake request to be sent to friction brakes. This is the
reason why the logic only can be activated during braking. Three di�erent switches
have been implemented and are visible in Figures 3.3.2, 3.3.3 and 3.3.4 . Switch I
and II, are applied in Approach II, while all the switches are applied in Approach
III (presented in section 3.4).

The switch seen in Figure 3.3.2 was made to prevent the distribution logic from
applying any torque from the EM used to accelerate. This basic switch, passes
through the maximal value ofMEM j and 0 as an output, henceMEM j can only be
an output if it is positive valued (braking).
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Figure 3.3.2: This �gure visualizes the switch-logic, which starts from left by
sending a constant value of 0 and the torque produced by the EM,MEM j , to the
block to its right, which sends the maximal value of the two inputs.

The second switch seen in Figure 3.3.3, prevents the distribution logic from sending
a negative brake torque request to the friction brakes. Since the electric motor is
used for acceleration and deceleration, there is a time-consuming transition from
one to the other. The EM has to transition from a high torque application used for
acceleration, giving a negativeMEM j , to a zero-crossing point (where the sign of a
function is �ipped), to a state were it produces brake torque instead. This is the
reason that the switch was implemented, since the e�ect of zero crossing has to be
considered.

Figure 3.3.3: A visualization of the switch-logic constructed with the cause of
preventing negativeM f ric i

to be sent to the friction brakes. The logic starts with
the left side, where a constant value of zero and the di�erence betweenMABS i and
MEM j , are used as inputs to the max block. The max block then gives a positive
value M f ric i

as an output.

The third switch was constructed as a system activator. No brake request,MEMreq j
,

is sent to the EM unless brake pressure is applied. This switch triggers the torque
distribution by sending a request to the EM as soon as the driver applies brake
pressure.

Figure 3.3.4: This �gure is a visual representation of the "system activator", where
the three inputs to the left are, MEMreq j

(u1) , Brake Pressure (BP),(u2) and a
constant value of zero(u3). These are the inputs to the switch following to the
right, where it gives an output of MEMreq j

if BP is larger than 0, else a constant
value of 0 is the output.
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3.4 Approach III, Brake Blending with a regu-
lated usage of the electric motor

In Approach II the amount of brake torque sent by the EM was directly in�uenced
by the brake torque request given by ABS-soft (MABS i ). Meaning that the brake
torque request sent to the EM was not regulated. Approach III was developed to
have the ability to regulate the brake torque request sent to the EM. Approach III
has similarities to Approach II in terms of removingMEM j from MABS i and sending
the rest to the friction brakes. However, Approach III has several di�erent key
features compared to Approach II such as, a lookup table, constant brake torque
corresponding to each road surface, and EM limitations containing a converter since
the requested brake torqueMEMreq j

passes through a transmission. The EM brake
torque request,MEMreq j

, is determined by using a lookup table and is a constant
value depending on the road surface. The control logic is presented by the �owchart
seen in Figure 3.4.1 and is a representation of a single wheel.

Figure 3.4.1: The �gure is a �owchart visualization of the torque distribution
strategy developed for Approach III. The �ow starts from the top, divided in two
pathways, one were theMABS i is sent directly to the distribution block and the
other were the constantMEMreq j

is calculated �rst and then sent to the EM. The

EM then sends a constant brake torque
M EM j

2 , which is removed fromMABS i in
order to send the rest,M f ric i

, to the friction brakes. The frictional brake system

then returns M f ric i
and together with

M EM j

2 providesMwheel i

23



3. Methods

3.4.1 Calculation of constant electric motor torque

In Approach III, the EM is used to send a constant brake torque during the ap-
plication of the brakes. MEM j is removed from theMABS i in order to send the
rest, M f ric i

, to the friction brakes. The constant brake torqueMEM j must be below
the minimal values of the oscillations in theMABS i , since the oscillations should
be handled by the friction brakes. If an acceptableMEM j is achieved, it implies
that a valid removal from the MABS i was performed. In order to �nd the value for
MEMreq j

, a extreme-value function was developed. The extreme-value function de-
terminesMEMreq j

� gear, wheregear is the scaling factor found in the transmission
in the EM. The lookup table was used to store these constant EM brake torque
requests scaled bygear (referred to asM lookup j

) for di�erent road surfaces, which
should reduce computational cost by being able to provide the EM with a brake
torque request as soon the brake application is initiated.

3.4.1.1 Achieving a desired brake torque request using a extreme-value
function

Di�erent road surfaces will result in di�erent MABS i , meaning that di�erent MEM j

are required. This is solved by developing an extreme-value function with the help
of a MATLAB script. The function works as follows: it �nds the max value under
the oscillations (caused by the ABS front/rear brake request) plus a �xed margin
and then sets it as an element of an array. Each element in this array is a di�erent
M lookup j

corresponding to a road friction coe�cient. The array is then used as an
output in a lookup table. This is implemented to prevent the logic from sending
a too large brake torque request to the EM and also to keep the oscillations from
crossing the constant request. This can be seen in Figure 3.4.2.

Figure 3.4.2: The �gure is a representation of how the extreme-value function
is choosingM lookup j

(red line) right before the oscillations seen in the demanded
torque(blue curve).
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3.4.1.2 Test on di�erent road friction coe�cients

Several values of friction coe�cients were used during simulation, all within a range
from 0:5 to 1, increased step-wise by0:1. This gives a more robust model in terms
of braking on di�erent road surfaces.

3.4.1.3 Regulating brake torque request using a lookup table

Each friction coe�cient will be passed as an input variable to a lookup table. The
road friction coe�cient is the only input, making the table 1-Dimensional. A value
corresponding to the input is then the output from the table, yielding the desired
M lookup j

. If the step-size for choosing a new road friction coe�cient is decreased
from 0:1 to a smaller value, the lookup table will, by using interpolation output a
value based on the two neighbouring values.

3.4.1.4 Consideration of electric motor limitations

The EM limitations, in terms of brake torque output was considered in the torque
distribution controller, since a constant brake torque request implies that there exists
a possibility of requesting an unreachable amount of brake torque during certain
wheel-speeds. The �owchart seen in Figure 3.4.3 represents the entire subsystem
step by step, where EM limitations are considered. A switch was implemented,
where either a constant request set by the lookup table is chosen, or if the constraint
set by the EM should be considered by sending maximal power output divided by
wheel-speed instead.

Figure 3.4.3: A �owchart representation of the EM limitations is presented inside
the red square. The �ow goes from top to bottom, starting with the road friction
coe�cient as an input to a lookup table, which then has the corresponding constant
brake torque, referred to asM lookup j

, as an output. M lookup j
is then checked in the

following block, if it can be realized or if it is limited by the EM. Depending on
if it passes the condition or not, it can take two di�erent pathways. Both of the
paths goes through the Torque converter wheregear is removed and leavesMEMreq j

,
which is being sent directly to the EM.
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3.4.1.5 Torque conversion using a gear ratio

The M lookup j
generated from the subsystem where the EM limitations are considered,

represents the amount of brake torque the EM can provide. This is the brake torque
the EM can provide after theMEMreq j

has passed through the transmission, where it
is multiplied by a gear-ratio (gear). This is the reason why an inverse transmission
was needed in order to convert the brake torque request to receive a correct brake
torque.

3.5 Simulation tools used for model-construction
and result provision

All models within this work were built using Simulink, while all parameters were
de�ned and some functions were created in Matlab. CarMaker was used in order to
provide driver inputs, i.e. acceleration and deceleration values. CarMaker was also
used to create a testing environment, meaning that it was possible to easily alter
road-conditions. All simulations were performed using CarMaker and the results
from these simulations were visualised using CarMaker Movie. CarMaker Movie
gives the user the possibility to visually experience the braking procedure. The visual
function was used to study the behaviour of the car in terms of lateral displacements,
which determines the vehicle's stability during braking, as the goal was to keep the
vehicle moving in a straight line.
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4
Results & Discussion

All of the presented results are simulated with a road friction coe�cient equal to 1,
except the ones presented in the Design of experiments (DoE). In order to compare
brake blending and pure friction brakes during a ABS situation, di�erent tests were
made using CarMaker. Two types of tests were performed, one where the car drives
with a speed of130 km h� 1, releases the accelerator pedal and waits 1 second before
applying brake pressure, and the other where the driver accelerates for 11 seconds,
then immediately applies brake pressure.

ˆ Test Case 1 where the driver waits one second before applying brake pressure,
is used to better understand how the response time of the EM in�uences the
braking distance, as this delay prevents zero-crossing of EM torque.

ˆ Test Case 2 where brake pressure is applied instantly after using the EM for
acceleration, this is a more realistic scenario, as it represents an emergency
stop. This test case visualizes the zero-crossing of EM torque from Approach
II and III.

Results of the torque distributions for the two control strategies are presented in
Figures 4.1.1 - 4.1.2 and 4.2.1 - 4.2.2. Each of these �gures consists of 4 sub-�gures
that represent each wheel. In each sub-�gure di�erent torque-graphs are shown
both from brake blending (Approach II and III) and when only using friction brakes
(Approach I). This is to compare an emergency brake situation with and without
brake blending. All brake torque curves are plotted as positively valued, this is
to get a clearer visualization of which brake system is used more during braking,
since negative plot may be less clear. Graphs that show results from Approach I
are referred to as "No brake blending" in the legend. For each wheel �ve curves are
plotted:

ˆ No Brake Blending - ABS Request: This curve represent the brake torque that
the ABS requests when braking only with friction brakes (MABS i = M f ric i

).
This torque request is sent directly to the friction brakes.

ˆ Brake Blending - ABS Request: This curve represent the brake torque that the
ABS request when brake blending is implemented (MABS i = M f ric i

+
M EM j

2 ).

ˆ Brake Blending - EM torque: This curve represents the EM brake torque
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applied at each wheel (
M EM j

2 ).

ˆ Brake Blending - Friction brakes: This curve represent the torque that is sent
to the friction brakes. The torque is the di�erence between requested ABS
torque and the EM torque (M f ric i

= MABS i �
M EM j

2 ).

ˆ Brake Blending - Total brake torque: This curve represent the EM torque and
the friction Brakes torque add together (Mwheel i = M f ric i

+
M EM j

2 ). It is used
for comparison with the requested ABS torque.

4.1 Approach II, Brake Blending with maximal
usage of the electric motor

4.1.1 Comparison of brake torque when using brake blend-
ing and when not using brake blending

This subsection presents and analyzes the results achieved regarding the torque
distribution, whilst using the max amount of brake torque from the electric motor.

Figure 4.1.1: The �gure is a representation of how Approach II performs during
Test Case 1 compared to Approach I, where each subplot represents one of the
wheels. The curve is plotted after10 s since the brake application starts at time
t � 12 s and is terminated when the vehicle has stopped at approximately15 s.
The one second pause interval starts att � 11 s and ends att � 12 s, the brake
application therefore starts at timet � 12 s.
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Since it can be seen from Figure 4.1.1 that the EM responds quicker than the friction
brakes during blending, one may expect that Test Case 1 will be more e�ective in
terms of braking distance compared to Test Case 2. This is since the EM has a
faster response time than the friction brakes and does not need time to transition
from acceleration to deceleration (zero crossing) for Test Case 1.

Figure 4.1.2: The �gure is a representation of how Approach II performs during
Test Case 2 compared to Approach I, where each subplot represents one of the
wheels. The curve is plotted after10 sas the brake application starts at timet � 11 s
and is terminated when the vehicle has stopped at approximately14:5 s.

Figure 4.1.2 visualizes the torque distribution for Test Case 2, where the driver
brakes instantly after accelerating. It can be seen that the no brake blending ABS
request di�ers from the brake blending torque request. When brake blending is
used, oscillations are present in the ABS torque request for the front axle, these
oscillations are higher compared to the ones in the rear axle. The reason this occurs
is unclear, as this behaviour is not typically expected, and the request is provided by
ABS-soft, which tries to control the slip and wheel-deceleration. By looking at the
plot it can be seen that it takes time for the EM to transition from an accelerating
to a decelerating state. Hence, the EM starts to brake later than the friction brakes.
This means, that all the braking during this transition is handled by the friction
brakes. This was expected behaviour because a switch was implemented in order
to disregard any EM torque used during acceleration. It can also be seen that the
friction brakes provide only a small portion of brake torque when compared to the
EM, when brake blending is used. This is because the ABS request is sent directly
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to the EM, which then sends the most brake torque possible.

The results seen from Approach II imply that the EM has a quicker response time
than the friction brakes. This is seen in Figure 4.1.2 where a one second pause
is applied, the EM responds faster than the friction brakes. This is because the
EM had time to stop giving negative brake torque (acceleration) in the one second
pause, and is thereby able to produce brake torque as soon the driver applies brake
pressure. The EM is faster, which implies that the car starts to decelerate sooner
when brake blending is used, as opposed to when only friction brakes are applied.
It can be noted that the EM uses a constant brake torque for both scenarios, unless
the EM limitations stops the EM from providing the requested amount of brake
torque. In the resulting plots there are two di�erent slopes visible during the time
interval 11.5 s to 16 s. The reason the EM gives constant brake torque is due to the
request that it receives. The ABS request is sent directly to the EM requesting a
higher brake torque than what the EM is capable of. This makes the EM send its
maximum amount of torque (around 1500 Nm). Hence, a constant maximal brake
torque is provided by the EM, as long as the limitations do not constrain it.

4.1.2 Comparison of slip when using brake blending and
when not using brake blending

The slip comparison between the two cases and when no brake blending is applied,
is presented in Figure 4.1.3 and is visualizing only the front left wheel. The tests
were executed on a straight road with a constant road friction coe�cient meaning
that the di�erence in slip behaviour between the four wheels is negligible.

Figure 4.1.3: A visual representation of the slip comparison between Approach I
and Approach II, for Test Case 1 (left plot) and Test Case 2 (right plot). Both plots
are a representation of the front left wheel. The curves are plotted after10 ssince
the brake application starts at time t � 12 s for Test Case 1 andt � 11 s for Test
Case 2. The one second pause interval for Test Case 1 starts att � 11 sand ends
at t � 12 s, when the pause interval is completed the brake applications is initiated.
The brake application for Test Case 1 is terminated when the vehicle has stopped
at approximately 15 sand for Test Case 2 at approximately14 s.
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From the the results seen in Figure 4.1.3 it can be seen that the slip during brake
blending behaves as stable as no blending for both Test Case 1 and 2. The slip
control is almost identical for both cases, except the part of the plot where either
instant braking is applied or a pause of one second.

4.1.3 Deceleration when using brake blending and when not
using brake blending

The deceleration comparison between the two cases and no blending, is presented
in Figure 4.1.4. Very similar behaviour was seen between the brake blending and no
brake blending for both test cases. The main di�erence is identi�ed at the negative
peak values from both plots, which implies that a greater brake torque is applied
when brake blending is used. Thus, giving a shorter brake distance as can be seen in
Figure 4.1.6, at around second 15, where the car has has stopped. The oscillations
seen in the ABS demanded torque are also visible in the plot approximately between
12sec to 15sec on the Time-axis of the plot.

Figure 4.1.4: The �gure is a representation of the resulting vehicle deceleration
comparison, between Approach I and Approach II, during Test Case 1 (left plot)
and Test Case 2 (right plot). The vehicle did not start to accelerate (positive valued
curve) until t � 2 s for Test Case 1 and 2. The curves are plotted after10 s since
the brake applications starts at timet � 12 sfor Test Case 1 andt � 11 sfor Test
Case 2. The one second pause interval for Test Case 1 starts att � 11 sand ends
at t � 12 s, when the pause interval is completed the brake application is initiated.
The brake application for Test Case 1 is terminated when the vehicle has stopped
at approximately 15 sand for Test Case 2 at approximately14 s..

4.1.4 Comparison of velocity when using brake blending and
when not using brake blending

In Figure 4.1.5 the velocity of the car is visualised. The di�erence in velocity between
blending and no blending, for Test Case 1, di�ers approximately by0:1m=s. The
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same applies to Test Case 2. This a negligible di�erence in velocity and its a�ect
on the brake distance is minimal.

Figure 4.1.5: The �gure is a representation of the resulting vehicle velocity when
using Approach I and II, during Test Case 1 (left plot) and Test Case 2 (right plot).
The vehicle does not start to accelerate untilt � 2 s for Test Case 1 and 2. For Test
Case 1 the one second pause interval starts att � 11 sand ends att � 12 s, when
the pause interval is completed the brake applications starts at timet � 12 s . In
Test Case 2 the brake application is initiated att � 11 s . The brake application
initiation is marked in both plots with a grey square, where it can be seen that
velocity between Approach I and II di�ers for both cases.

4.1.5 Comparing brake distance when using brake blending
and when not using brake blending

The results seen in Figure 4.1.6, implies that the torque distribution when the usage
of the EM is maximized yields a shorter brake distance than without the brake
blending. The decrease in brake distance di�ers from Test Case 1 to Case 2. The
brake distance is decreased more in Test Case 1, where the one second pause is used,
than during Test Case 2 where zero crossing occurs. As earlier discussed with the
response time, it was expected that Test Case 1 with a one second pause will be more
e�ective. This is because the brake torque provided can be applied earlier giving
the vehicle a head-start compared to the scenario where zero crossing occurs. The
scenario where zero crossing occurs doesn't yield as big of a improvement in terms of
brake distance, but it still shortens the distance when compared to no blending. The
reason being that the total brake torque demanded on the rear axle is higher when
brake blending is used than for the scenario when no brake blending is used. As
mentioned above, it can also be seen that the vehicle's deceleration is higher when
the brake blending logic developed is used, which should imply a shorter distance
and is a correlation to the higher usage of brake torque.
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