
INTRODUCTION
The Beneficial beneficial effect of electric powertrain on reduction of 
power consumption and emissions is confirmed both by numerous 
studies and results of electric vehicles (EV) operation available on the 
market. HoweverMoreover, the use of electric motors in vehicle 
architecture has also an added value for vehicle safety and driving 
comfort and can provide functions of ride comfort control. In 
particular, Murata [1] and Akaho et al. [2] reported that (i) a purely 
electric brakes can shorten the braking distance up to 7 % on the ice 
road as compared with a conventional hydraulic brake system and (ii) 
can reduce the level of heave and roll acceleration of the EV body. 
These results were obtained for Toyota's all-wheel drive electric 
vehicle with in-wheel motors.

The use of individual electric motors, as on the vehicle configuration 
from [1, 2], opens also the way to fundamentally new methods of 
anti-lock braking, where the wheel slip control can be realized 
through the operation of electric motors applying negative torques. 
Such approach extends the operational ABS frequency due to higher 
dynamics of electric motors compared to the hydraulic brake systems. 
With brake system architecture utilizing electric and hydraulic brake 
systems, the ABS operation can be realized either by share of the 

generated brake torque demand between them or by pure operation of 
each subsystem. The combined operation of both variants of anti-lock 
brake systems is adequately covered in different studies proposing 
various approaches to the ABS blending [3, 4, 5]. However, the 
specific methods of the pure electric ABS actuation are still rarely 
discovered in the research and technical publications. Within this 
context, in particular, Zhou et al. [6] have investigated the method of 
pulse width modulation of in-wheel brushless direct current motors 
with its subsequent implementation in the ABS controller. Other 
relevant study has been introduced by Mi et al. in [7], where the 
iterative learning control method is proposed for an electric ABS.

The validation of developed ABS control tools is limited by model- 
or hardware-in-the-loop tests in the most of mentioned and other 
related publications. The experimental investigation of electric 
vehicle braking with a pure electric ABS is insufficiently addressed in 
the analyzed literature. To partially narrow this gap, next sections of 
the work present tests results of the aforementioned test platform 
equipped with electric ABS in the pure regenerative mode. The tests 
were performed at Ford Lommel Proving Ground (Belgium) in 
low-friction road conditions. The following parts of the paper outline 
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the architecture of experimental vehicle, overall ABS control 
structure and working principles, specifications of the testing track 
and test procedure, and analysis of obtained results.

SPECIFICATION OF THE TEST VEHICLE
The test vehicle used in the presented study is built on the basis of 
sport utility vehicle (SUV) Range Rover Evoque within the 
framework of the European project E-VECTOORC [8]. The 
powertrain architecture includes individually controlled switched 
reluctance on-board electric motors connected to the wheels through 
the single-speed gearbox and the half-shaft. The left and right motors 
are arranged in pairs for each axle as depicted on Fig. 1.

Motor cCharacteristics of each motor are: peak torque / power 200 
Nm / 100 kW (for maximum 30 s); nominal torque / power 80 Nm / 
35 kW; maximum speed 15000 rpm. The single-speed gearbox has a 
crawl ratio of 1:10.5 through a 2-stage reduction by helical gears. The 
powertrain elements installed on the vehicle demonstrator are 
represented on Fig. 2 and 3.

Figure 1. Axial components of electric powertrain [9]

Figure 2. Front wheel drive elements

Figure 3. Rear axle drive elements

The vehicle has both the decoupled electro-hydraulic brake system 
[10] actuating the friction brakes and the regenerative brake system 
represented by the electric motors. The electric motors produce 
negative torques in a braking mode.

ABS DESIGN
The anti-lock braking control is developed in accordance with the 
system architecture presented on Fig. 4.

Figure 4. ABS architecture

The proposed ABS utilizes the gain-scheduled proportional-integral 
direct slip control with feedforward and feedback control 
contributions. Such approach realizes the functions of continuous 
ABS control aimed on accurate tracking of the wheel slip ratios and 
as a result provides maximal forces on each of the wheels with 
significantly reduced level of tyre force osillations. The brake torque 
demand Tdem for each wheel is generated in accordance with the 
driver control action measured as the brake pedal travel spedal. The 
brake torque demand is added up with the reactive torque Treact 
computed by the reactive torque controller, which uses the reference 
wheel slip λref, the actual wheel slip λ and the vehicle velocity Vx as 
input parameters. The reference wheel slip is calculated in the 
reference slip generator taking into account the wheel loading Fz and 
the estimated maximum value of the tire-road friction coefficient 
μmax_est. The resulting torque from Tdem and Treact are processed in the 
torque blending block allocating the torque shares for the electro-
hydraulic brake system Tbr_dem and the electric motors Tem_dem. These 
torque values are realized by the corresponding actuators, and then 
the actual torques Tbr and Tem are applied to the corresponding 
wheels. The wheel slip ratios and the vehicle velocity are observed 
using the wheel velocities Vw, vehicle acceleration / deceleration ax 
and actual wheel torque Tw.

More detailed description of the ABS algorithm is given in the 
previous SAE technical paper of authors [11].
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TESTING PROCEDURE
The experiments were performed at Ford Lommel Proving Ground. 
The full test program includes the braking maneuvers on low-friction 
and dry surfaces and for different brake system configurations: (i) 
without ABS; (ii) electro-hydraulic ABS on both axles; (iii) pure 
electric (regenerative) ABS on the front axle; (iv) blended 
regenerative / electro-hydraulic ABS on the front axle and electro-
hydraulic ABS on the rear axle. Within the framework of the 
presented paper the results of braking on low-surface with pure 
electric ABS on the front axle are discussed. For this purpose rear 
friction brakes are deactivated. These results are of special interest, 
as they show how much regenerative electric motors can substitute 
the friction brake system in ABS mode and how robust they are. As 
additional test configurations are in preparation for further academic 
publications, in the presented study the ABS part, which relates to the 
electro-hydraulic brake system from the architecture shown on Fig. 4, 
was deactivated.

The low-friction surface is constituted by basalt tiles as shown on 
Fig. 5, which are continuously wetted by the sprinkler system during 
the vehicle trials. The surface has an inhomogeneous character with 
the friction coefficient of about μ=0.2.

Figure 5. Test road surface

The vehicle is equipped with the dSPACE platform and a set of 
sensors for measurement of required parameters. In particular, the 
vehicle velocity is measured by Corrsys-Datron system, the wheel 
velocities are calculated using signals of inductive ABS sensors. The 
brake demand can be either (i) specified with the external control by 
dSPACE platform or (ii) deduced from the pedal travel measured by 
the brake pedal sensor installed on the electro-hydraulic brake 
system. The first mode is used to achieve required repeatability of 
tests and can substitute the use of a brake robot. The brake torque 
values cannot be measured by direct methods therefore their demands 
are represented on the brake diagrams shown in next section, Fig. 6, 
7, 8.

ANALYSIS OF TEST RESULTS
As it was mentioned above, the advantage of using the continuous 
ABS control strategy consists in particular in longer tracking the 
reference slip. It makes possible to remain at the extremum area of a 
friction-slip curve when compared to the conventional ABS 
approaches.

Figure 6. ABS diagrams for braking from 40 km/h
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Figure 7. ABS diagrams for braking from 50 km/h Figure 8. ABS diagrams for braking from 60 km/h

As it can be seen in Fig. 6, 7, 8, the pure electric ABS guarantees 
accurate tracking of the desired reference slip ratio during the whole 
braking maneuver. It means that the ABS achieves maximal force and 
braking distance can be reduced with correctly defined reference slip 
ratio. If compared to the case where ABS was inactive and vehicle 
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decelerated with the full wheel lock, the reduction in stopping 
distance is nearly 15% for the different initial velocities (from 40 to 
60 km/h). Another advantage of the represented approach is in 
realization of maximum possible deceleration level during the 
braking maneuver. It leads to the significant reduction of jerk effect 
and, as consequence, improves the driver perception of the vehicle.

The realized ABS gain scheduling according to the vehicle velocity 
ensures the stable behavior of the system at different initial velocities. 
The setting time in terms of the slip ratio is about 2 s and overshoot is 
not higher than 0.2 in all 3 cases where the initial velocity is varied. It 
can be concluded that the system received similar damping 
characteristics independently from the vehicle velocity. It points to 
positive impact on the driving comfort as well, because the vehicle 
provides always a predictable response in ABS braking cases.

The analysis of the diagrams from Fig. 6, 7, 8 for the vehicle 
deceleration, the drivetrain torque demand, the wheel slip, and the 
vehicle velocity allows to draw a number of important observations 
and conclusions. 

1. The pure electric braking of only front wheels has guaranteed 
a sufficient level of the vehicle deceleration. The vehicle 
deceleration in all the cases has reached the level of 0,14g 
to the end of maneuver that correlates with available road 
friction conditions, especially taking into consideration an 
inhomogeneous character of the surface and inactive brakes on 
the rear axle. 

2. The proposed ABS controller ensures accurate tracking of the 
wheel slip without considerable deviations from the reference 
slip value. For the experiments, the reference slip value has been 
set up as λref=0.05 that corresponds to the technical specification 
of the test road surface. Only one initial slip jump has taken 
place during the first seconds of the brake process. This initial 
jump falls in the range between λ=0.15…0.25 depending on 
the initial braking velocity. The obtained accurate tracking 
of the wheel slip shows fundamentally different character 
of the proposed ABS as compared with known conventional 
(electro-)hydraulic anti-lock braking systems, whose operational 
dynamics has frequency limitations within 10…15 Hz. 

3. The braking processes are free from pronounced fluctuations of 
the vehicle deceleration, which are typical for conventional ABS 
operation. The resulting brake dynamics is characterized by 
the constant deceleration after reaching steady-state conditions, 
and this effect can be considered as beneficial for the driving 
comfort. 

4. Average drivetrain torque demand in the ABS mode consists 
of 40 Nm that is considerably below of maximum available 
drivetrain torque for the motor operation in a nominal mode. 
Therefore, overrunning load of the drivetrain elements 
(especially half-shafts) is excluded during the ABS braking. 
Peak negative torques at the time point of the vehicle stop have 
reached 75 Nm with duration of not more than 0.2 s that is also 
essentially below the drivetrain limitations. 

5. The modulations of the drivetrain torque demand show the 
relative growth of amplitude with the increase of initial braking 
velocity. This effect can be explained by the configuration of 

the controller gains, which are also responsible for the initial 
drop of the torque demand / slip within initial seconds of the 
braking process. The initial drop of the torque demand / slip is 
a typical phenomenon for most of ABS configurations and it is 
related to the control process adaptation to the reference control 
parameters, e.g. the wheel slip.

The last observation is of special importance because it 
demonstrates for the first time an experimentally confirmed 
potential of the continuous ABS control realized through the pure 
actuation of individual on-board motors. Such continuous ABS 
operation not only fulfills the requirements to the vehicle safety in a 
braking mode but also allows to improve the driving comfort during 
the braking maneuvers.

CONCLUSIONS AND FUTURE WORKS
The results of the presented experimental investigations demonstrated 
the feasibility of pure regenerative anti-lock braking system of the 
electric vehicle, where the continuous ABS functions are realized 
through the individual control of negative drivetrain / motor torques 
for each wheel. Moreover, it is shown that the proposed design of the 
EV powertrain with the on-board motors connected to the wheels 
through gearbox and half-shaft can guarantee the required brake 
performance on the low-friction surface for the case of the brake 
actuation of only front wheels. Another important conclusion relates 
to the fact that dynamics of on-board electric motors allows the 
implementation of the continuous wheel torque control giving the 
accurate tracking of the reference wheel slip and reduced vehicle jerk 
as compared with conventional anti-lock braking systems.

The authors of the paper have carried out a series of additional, 
extended test sessions and would like to present in the subsequent 
publications the results of benchmarking of the electro-hydraulic and 
the regenerative ABS as well as a blended ABS operation with both 
system variants. Of special interest will be also the investigations in 
failsafe modes of the EV ABS control.

REFERENCES
1. Murata S. Innovation by in-wheel-motor drive unit. Vehicle System 

Dynamics: International Journal of Vehicle Mechanics and Mobility, 
2012; 50 (6): 807-830, doi:10.1080/00423114.2012.666354.

2. Akaho D, Nakatsu M, Katsuyama E, Takakuwa K and Yoshizue K. 
Development of vehicle dynamics control system for in-wheel-motor 
vehicle. In: JSAE Annual Congress (Spring), Yokohama, Japan, 19-21 
May 2010, paper 20105533, pp. 1-6.

3. Song C, Wang J and Jin L. Study on the composite ABS control of 
vehicles with four electric wheels. Journal of Computers, 2011; 6(3): 
618-626, doi:10.4304/jcp.6.3.618-626.

4. Bera TK, Bhattacharya K and Samantaray AK. Bond graph model-
based evaluation of a sliding mode controller for a combined 
regenerative and antilock braking system. Proc. of IMechE, Part I: 
Journal of Systems and Control Engineering, 2012; 226(8): 1060-1076, 
doi:10.1177/2041304110394558.

5. Oleksowicz SA, Burnham KJ, Barber P, Toth-Antal B, Waite G, 
Hardwick G, Harrington C and Chapman J. Investigation of regenerative 
and anti-lock braking interaction. International Journal of Automotive 
Technology, 2013, 14(4): 641-650, doi:10.1007/s12239-013-0069-0.

6. Zhou Y, Li S, Fang Z and Zhou Q. Control strategy for ABS of EV with 
independently controlled four in-wheel motors. In: 4th IEEE Conference 
on Industrial Electronics and Applications ICIEA 2009, pp.2471-2476, 
doi:10.1109/ICIEA.2009.5138647.

Savitski et al / SAE Int. J. Passeng. Cars - Mech. Syst. / Volume 8, Issue 1 (May 2015)368

© SAE In
ter

na
tio

na
l

http://dx.doi.org/10.1080/00423114.2012.666354
http://dx.doi.org/10.4304/jcp.6.3.618-626
http://dx.doi.org/10.1177/2041304110394558
http://dx.doi.org/10.1007/s12239-013-0069-0
http://dx.doi.org/10.1109/ICIEA.2009.5138647


7. Mi C, Lin H and Zhang Y. Iterative learning control of antilock braking 
of electric and hybrid vehicles. IEEE Transactions on Vehicular 
Technology, 2005; 54(2): 486-494, doi:10.1109/TVT.2004.841552.

8. URL: http://www.e-vectoorc.eu
9. Dhaens M. Recuperative braking in electric vehicles: Flemish and 

European initiatives. In: IQPC 4th Intl. Congress Electric Vehicles, 
Berlin, Germany, 2011.

10. Savitski D, Ivanov V, Heidrich L, Augsburg K and Pütz T. Experimental 
investigation of braking dynamics of electric vehicle. In: Proc. 
Eurobrake 2013 Conference, Dresden, Germany, paper EB2013-
TM-011, 2013, doi:10.13140/2.1.2918.6560.

11. Ivanov, V., Shyrokau, B., Savitski, D., Orus, J. et al., “Design and 
Testing of ABS for Electric Vehicles with Individually Controlled On-
Board Motor Drives,” SAE Int. J. Passeng. Cars - Mech. Syst. 7(2):902-
913, 2014, doi:10.4271/2014-01-9128.

CONTACT INFORMATION
Prof. Dr. Valentin Ivanov, Dipl.-Ing. Dzmitry Savitski
Department of Automotive Engineering
Ilmenau University of Technology
Ehrenbergstr. 15
98693 Ilmenau, Germany
valentin.ivanov@tu-ilmenau.de
dzmitry.savitski@tu-ilmenau.de

ACKNOWLEDGMENTS
The research leading to these results has received funding from the 
European Union Seventh Framework Program FP7/2007-2013 under 
grant agreement no. 284708. The authors are grateful to Dr. Mustafa 
Ali Arat (Delft University of Technology) for his valuable help to 
improve the paper quality.

DEFINITIONS/ABBREVIATIONS
ABS - anti-lock braking system

EV - electric vehicle

FL - front left wheel

FR - front right wheel

SUV - sport utility vehicle
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