
Abstract
The presented research discusses the experimental procedure 
developed for testing of friction brake systems installed on the 
modern electric vehicles. Approach of combined experimental 
technique utilizing hardware-in-the-loop platform and brake 
dynamometer is introduced. As the case study, an influence of 
brake lining coefficient of friction fluctuations on the anti-lock 
brake system (ABS) performance is investigated. The ABS 
algorithm is represented by the direct slip control aimed to the 
precise tracking of reference slip ratio by means of electric and 
friction brake system. Vehicle prototype is represented by RWD 
electric vehicle with in-wheel motors. Results, representing the 
investigated phenomenon, are derived using the developed 
combined test bench. The achieved results give a basis for 
further extension of standard brake testing procedures.

Introduction
Among many specific technological problems related to the 
electric vehicles (EV), development of EV brake system is of 
special importance and can require the revision and 
advancement of conventional design principles. The reason is 
that an influence of different electric powertrain concepts must 
be properly taken into account to guarantee safe and energy-
efficient operation in the braking mode. Various factors should 
be especially addressed during the process of EV brake 
system design.

The main factors related to the architecture of the brake 
system can be formulated as follows:

• Brake functions of an electric vehicle are being realized 
both with friction brakes and electric motors operated in a 
recuperation mode (brake blending). As a result, friction 
brakes operate in different loading modes as compared 
with conventional vehicles. 

• The specific cases as the electric system fail must 
be considered to provide an appropriate deceleration 

requested by the driver. Such modes bring several 
constraints to the brakes design. 

• Due to the specific operation modes friction brakes can 
meet also other problems such as corrosion. 

• In the case of electric powertrain architecture with in-
wheel motors (IWM), wheel hub space available for the 
installation of friction brakes is limited. Therefore their 
downsizing is required. 

• Packaging of IWM and friction brake inside of the wheel 
hub is characterized by specific thermal mode that calls 
for advanced cooling or ventilation measures.

Other factors are relevant to the brake system level, where the 
brake blending requires proper consideration for the following 
tasks:

• Optimal brake force distribution realized through both 
brake subsystems; 

• Wheel slip control with combined brake torque modulation, 
for instance, by electric motors and wheel brakes actuated 
by hydraulic brake systems; 

• Adaptation of brake pedal characteristics to ensure the 
required driver comfort (brake pedal feel).

These points evidence the need of the novel testing 
approaches and development of special testing procedures for 
brake systems of electric vehicle. It is also required to shorten 
significantly the step between simulation and road tests. For 
this purpose, the tests carried out on the stand-alone brake 
dynamometer [1, 2] can be advanced by installing of the real 
brake system. With further extensions like the brake robot and 
vehicle dynamics simulator software, the resulting approach 
will have several advantages as consideration of the system 
hysteresis, inclusion of delays produced by the driver during 
brake application etc. For the research tasks related to safety 
and stability control algorithms of electric vehicles, it can be 
very advantageous to receive the information about the brake 
lining coefficient of friction to track its possible influence on the 
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control effectiveness and performance. It brings also additional 
advantages to the testing on driving cycles (NEDC, FTP-75 
and others) representing typically a set of brake applications. 
Under such conditions the brake performance is extremely 
influenced by the brake friction pair temperature.

Analysis of various studies and state-of-the-art literature [3, 4, 
5] points to the fact that such complex investigations of 
interference between parameters of friction brakes, hydraulic 
brake system and electric motors are still rare explored. 
Therefore, authors of the presented research would like to 
contribute to this topic and to start a series of publications 
dedicated to brake system design and testing for electric 
vehicles. Within this context, the actual work has two 
objectives:

1. To propose the architecture combining test rigs from 
different domains (in particular hardware-in-the-loop and 
brake dynamometer); 

2. To introduce the application of the developed combined 
testing technique for a case study, which investigates the 
friction brake system parameters influence on the ABS 
performance in a closed-loop mode.

The first objective focuses on the development of the combined 
testing technique based on the previous competence of the 
authors in test-rig-in-the-loop (TRIL) methodology [6].

The second objective deals with the case study considering the 
electric system fail, where the friction brakes have to fulfill the 
whole brake demand and manage to operate in the ABS mode 
without loss of performance. It should be underlined that this 
scenario will be illustrated for the closed-loop algorithm of slip 
control. The closed-loop mode makes possible to assess the 
influence of brake lining coefficient of friction on the ABS 
performance.

Next sections of the paper include description of the brake 
control architecture, experimental approach and test results 
obtained for the case study.

Combined Testing Technique
The complex research of brake processes requires a wide 
spectrum of experimentation tools. One of the most important 
techniques concerns hardware-in-the-loop (HIL) test rigs. The 
HIL devices are widely used for joint testing of control 
algorithms and real brake hardware components. However the 
usual HIL procedures do not provide the brake control systems 
with information about the actual brake torque. In the one of 
well-known approaches the brake torque can be obtained in 
experimental conditions by using the brake dynamometer [7]. 
Usually the dynamometers allow complex investigations on 
brake performance, NVH, durability, life cycle, and other 
various friction and thermal processes influenced by dynamical 
loading. Hence, a certain breakthrough in the relevant 
experimental investigations can be achieved by integration of 
the test equipment coming from different domains: loading test 
rigs (dynamometer) and control engineering test rigs (HIL). The 
related integration methodology was firstly introduced by 

authors of this work in [6, 8]: The HIL test rig is connected with 
the dynamometer to control it in accordance with the logic 
realized in algorithms of brake control. The parameters of 
resulting braking process as well as tribological phenomenon 
(e.g. dynamic friction coefficient) can be additional feedbacks 
to tune the brake control algorithms, Figure 1.

Figure 1. Test-Rig-In-the-Loop approach (reedited from [15])

The variant of the combined test technique used in the 
presented study is described below in more details including 
hardware specifications.

Electro-Hydraulic Brake System Test Rig
The electro-hydraulic brake system in combination with 
hydraulic brake robot are the main components of the 
hardware-in-the-loop test rig used in the presented study, 
Figure 2.

Figure 2. Brake system installed on the HIL test rig

Real-time control on the brake system and its coupling with the 
vehicle model is realized through the dSPACE real-time 
platform. The brake system has a decoupled architecture, i.e. 
the brake pedal and calipers have no direct hydraulic coupling. 
The feedback force from the brake system to the driver is 
realized by the brake pedal simulator with embedded sensor. 
Hence, the data from the brake pedal sensor is transferred to 
the vehicle control unit (VCU) to generate the appropriate 
brake pressure demand. Then the demand is being sent to the 
electro-hydraulic control unit (EHCU), which is responsible for 
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the maintenance of the required pressure level in calipers. A 
quick system response is provided by the hydraulic pump, 
which supports high level of pressure in accumulator during the 
brake system operation. As compared with the known 
configurations of brake-by-wire systems [9], the pressure in all 
calipers in the emergency mode is maintained by the brake 
pedal application without boosting. To obtain the caliper 
pressure, two kinds of information are used: (i) estimated 
pressure and (ii) pressure measured by external sensors. The 
estimated pressure is based on the internal calculations in 
EHCU and used for the pressure control purposes, whilst the 
external sensors provide the actual values of the brake 
pressure.

The EHB system on the HIL test rig is actuated by the servo-
hydraulic brake robot designed at Ilmenau University of 
Technology [10], Figure 3. The parameters of the brake robot 
are: pedal force up to 1500 N; pedal displacement up to 100 
mm; pedal velocity up to 1000 mm/s; brake pedal force 
deviation from the set point is not higher than10 N of absolute 
value; sampling rate up to 4 kHz.

Figure 3. Brake robot

Dynamometer Test Rig
The dynamic parameters of the friction pair “brake disc - pad” 
are obtained on the dynamometer test rig with adjustable 
inertia, Figure 4. The dynamometer allows diverse types of 
experimental investigations like performance testing or testing 
of noise and vibration processes generated during the brake 
operation. The tested brakes correspond to the vehicle 
prototype. Before the testing the typical bedding cycle has 
been carried out.

Figure 4. Brake dynamometer

Test Rig Integration
The integration of the dynamometer test rig and the EHB 
system test rig is realized in accordance with the architecture 

shown on Figure 5. Figure 6 illustrates the physical coupling of 
the test rigs. The resulting structure unites real hardware 
components of the friction brakes and the brake system 
through the software vehicle simulator in the IPG CarMaker. 
Since the case study considers the longitudinal maneuvers 
only, the vehicle model is reduced by using the same brake 
control signals and pressure for left and right wheels. 
Dynamics of virtual subsystems, which are not represented as 
the hardware elements and used for the offline mode 
applications, are modeled in the MATLAB/Simulink 
environment.

Figure 5. Integration of test rigs for the real-time applications

Figure 6. Dynamometer and hydraulic brake system coupled for the 
combined testing procedure
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The wheel speed is received from the speed sensor of the 
dynamometer test rig. It allows to describe the wheel dynamics 
in the vehicle model for the subsequent realization of the wheel 
slip control and actuation of the brake system of the HIL test 
rig. The main advantage of this approach is the real-time 
coupling of the closed-loop system utilizing two experimental 
platforms for more precise testing of the control algorithm. The 
disadvantage of such approach lies in less realistic wheel 
behavior, which can be further resolved by application of 
varying inertia, or using drag mode and utilizing only actual 
brake torque as it is done in [6]. Nevertheless, with such 
approach it makes possible to consider changes of brake 
friction coefficient and investigate its influence on the brake 
control processes. This procedure will be illustrated in next 
sections for the particular case study.

Target Vehicle Specification

Vehicle Configuration
The results, which will be presented in the paper, are obtained 
for the electric vehicle with motors on the rear axle and the 
brake architecture as in [11]: front brakes are being actuated 
through the electro-hydraulic system only, and electric motors 
responsible for the traction and brake functions are mounted 
on the rear axis, Figure 7. This variant concerns the roadster 
electric vehicle (mass 1250 kg) equipped with in-wheel electric 
motors produced by Siemens AG and installed on the rear 
axle. The main specifications of the electric motor are the 
maximum continuous torque 500 Nm, maximum peak torque of 
500 Nm, continuous power 73 kW and peak power 120 kW. 
The friction brakes are installed only on the front axle. For the 
individual wheel brake pressure control electro-hydraulic brake 
system is utilized.

Figure 7. Principle scheme of investigated full electric vehicle

Such a configuration can be of special practical interest 
because loading modes and ABS processes will be appreciably 
distinguished for front and rear brakes. Within the framework of 
the presented study, the same powertrain configuration is 
being investigated with the help of combined experimental 

technique, that allows to overcome limitations of pure 
simulation research traditionally used on the phase of the 
brakes design.

Brake Control Architecture
Different approaches to the structure of the brake controller of 
electric vehicles are known from the research literature. In 
particular, the studies carried out by Sakai and Hori [12] and by 
Zhang, Yin and Zhang [13] investigate the hierarchical brake 
architecture with ABS functions. The study [14] discusses 
rule-based blending between two actuating sub-systems 
(friction brakes and electric motors). From the analysis of 
known solutions, authors have selected the architecture based 
on a direct slip controller [15], Figure 8.

Figure 8. Overall scheme of the brake controller [15]

The proposed controller consists of several functional elements 
realizing base-brake functions and enhancing brake 
performance in the cases of emergency braking. Base-brake 
controller generates the total brake torque demand Tdem, which 
is further subjected to the brake blending. The demanded 
torque Tdem is the function of the force Fdriver applied by the 
driver to the brake pedal. The brake blending procedure 
(Torque limitations and blending block) is carried out 
considering the motor velocity and battery limitations. The 
brake blending aims also at the achievement of maximum 
energy recuperation. In accordance with the internal logic 
(more detailed description is given in [15]), Torque limitations 
and blending block separates the total brake demand in two 
parts: the torque demand to be realized by electric motor 
Tem_dem and friction brakes Tbr_dem. Both torques are being 
realized by corresponding actuators and the actuator outputs 
Tem and Tbr are further used either in the vehicle model (in the 
case of software- and hardware-in-the-loop simulations) or the 
real vehicle (in the case of experiments on the real car). The 
actual wheel velocity Vw and longitudinal vehicle acceleration 
ax serve also as the input for Slip and velocity observers. In the 
cases, when the applied torque tends to lock the wheels and 
actual slip ratios λ are reaching certain appointed thresholds, 
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Reactive torque controller corrects the situation by producing 
the reactive torque Treact to be added to (or subtracted from) 
actual total brake demand Tdem. The torque Treact is computed 
by from the reference slip ratio λref (produced by the reference 
slip generator), the observed slip ratio λ and the vehicle 
velocity Vx as input parameters. This is done by the PI-
controller with gains tuned to achieve minimal deviation 
between desired and values of slip ratio, minimize stopping 
distance and maximize vehicle deceleration. As it is proposed 
in [16], the gain scheduling in respect to the actual vehicle 
velocity is carried out.

The proposed control scheme can produce in an ideal case the 
precise tracking of the desired slip ratio and absence of the 
wheel speed oscillations as in the conventional types of the 
ABS. It leads to less oscillatory longitudinal acceleration, which 
enhances driving comfort, and longer operation in the area 
close to the friction coefficient extremum that shortens the 
stopping distance. Figure 9 shows an example of the ABS 
operation for the case of low-friction surface with reference 
value of slip ratio at 4%. It should be mentioned that the 
proposed controller has embedded mechanisms of the slip 
target adaptation, which are described in [15]. The system 
operation is characterized by precise slip tracking and lack of 
wheel oscillations comparing to the known approaches. For 
comparative purposes, Figure 10 display the velocity diagram 
obtained for the conventional electro-hydraulic ABS with the 
rule-based controller on the HIL test rig in the same road 
conditions.

Figure 9. Vehicle and wheel speeds during the continuous ABS 
operation on the low-friction surface

Figure 10. Vehicle and wheel speeds during the electro-hydraulic ABS 
operation on the low-friction surface

Figure 8 illustrated the brake control mode, where a dominant 
operation of electric motors takes place during the whole 
duration of the brake maneuver. In the case of increased share 
of the actuation through the electro-hydraulic brake system, the 
wheel slip will be characterized by more oscillatory behavior 
like on Figure 9. This operation mode is investigated in the 
presented study to find a character of influence of friction brake 
loading on the performance of controlled electro-hydraulic 
brake system.

Case Study
The presented case study investigates the standard brake 
maneuver for testing of ABS performance:

• Straight-line braking of the vehicle on homogenous low-
friction road surface is considered (friction coefficient 
μ=0.3). 

• The braking of rear axle is realized through electric motors 
and emulated in the vehicle software simulator. 

• The braking of front axle is realized through the EHB 
system and is reproduced on the combined HIL and 
dynamometer test rigs in a real-time mode.

Following the specific task of the case study, to find a character 
of influence of friction brake loading on the performance of 
controlled electro-hydraulic brake system, it can be expected 
the EHB system should have differences in the pressure 
delays depending on the level of demanded brake pressure. To 
prove this hypothesis, a series of experiments have been 
carried out, which correspond to the brake application in the 
form of a sine signal with frequency of 0.5 Hz and with different 
initial offsets from 30 to 70 bar. The example of relevant 
experimental characteristics is displayed on Figure 11.

As it can be seen from Figure 11(a), there is no significant 
deviation between the demanded and actual brake pressures 
for the low pressure level (30 bar). The setting of a higher 
pressure level (70 bar) leads to detectable changes, Figure 
11(b): there is a delay in the range of 0.2-0.3 seconds on each 
cycle on the control phase of the brake pressure increase.

To evaluate how these delays can potentially influence the ABS 
operation, the further testing procedure on the integrated test 
rigs has been carried out for the following conditions: Initial 
temperature before the brake tests is varied from 50 °C up to 
400 °C to provoke considerable changes in the coefficient of 
friction between the brake disc and the brake pad. It can be 
expected in such a situation that (i) the changes of the friction 
coefficient can force the brake controller (ABS) to generate 
higher brake pressure demands to keep the same slip ratio 
tracking;(ii) then, as soon as higher brake pressure is 
generated, the phase shifts in ABS operation could be 
observed.

The performed experiments allowed to confirm the statements 
(i) and (ii), Figure 12. This can be seen that the controller 
reduces the reactive torque part and produces a higher 
pressure level demand to compensate the friction coefficient 
losses. The difference in the actuator delays, mentioned earlier 

© SAE In
ter

na
tio

na
l



and dependent on different pressure levels, leads to additional 
phase shifts in the ABS operation. This can be clearly seen on 
the brake pressure plots from Figure 12.

Figure 11. Pressure delays in the brake caliper for different initial 
pressure values: (a) - 30 bar; (b) - 70 bar

Figure 12. Front left caliper brake pressure.

The phase shifts during the brake control can be also 
estimated through the analysis of the wheel speed sensor data, 
and wheel slip ratios, Figure 13 and Figure 14 respectively.

Figure 13. Front left wheel speed acquired from the dynamometrical 
test rig

It should be pointed out that the detected processes can cause 
a feasible influence on the brake performance under the ABS 
operation mode. Considering this point it is important to 
consider such effects on the phase of ABS control system 
design. Further investigation in compensation of the friction 
losses, as it is proposed in [17] for the service braking cases, 
also should be performed for the emergency braking events 
under the ABS operation mode.

Figure 14. Front left wheel slip from the combined testing platform

Conclusions and Future Works
The dynamic processes in a brake system under complex 
control actions like ABS operation, or brake blending in the 
case of an electric vehicle, require revisiting of conventional 
test procedures on the development design stage to take into 
account as much as possible the influence of disturbance 
factors of various nature on the brake control. One of possible 
solutions is the application of combined experimental technique 
integrating the test rigs / setups from different domains. In 
particular, the integration and simultaneous operation of the 
brake dynamometer and hardware-in-the-loop test rig allows to 
investigate in a real-time mode the impact of the variation of 
the brake pad-disc friction coefficient on the controlled brake 
pressure modulation.

Within this context, the combined experimental technique has 
been proposed in the presented study for a specific case study: 
to investigate influence of the brake friction processes on the 
dynamics of the EHB system operating under the brake 
blending control. The test results have shown that the 
compensation of the fluctuations of the brake lining friction 
coefficient is required for the brake system operation in an ABS 
mode. Such fluctuations call for the phase shifting in the brake 
pressure modulation with an adverse effect for the ABS 
performance. Hence, the combined experimental technique 
allowed to investigate a phenomenon during closed-loop 
control, which can not be done with enough precision by 
conventional test setups or simulation technique.

This study is a part of the extended research being carried out 
by the authors of this paper in the field of the brake control of 
electric vehicles. It is expected that next publications will 
introduce further results obtained by the authors and 
concentrated on specific problems of the foundation brake 
design for electric vehicles with in-wheel motors and analysis 
of different implementations of relevant brake controllers
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