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Abstract A tire model can be used to predict vehicle dynamics behaviour, such as brak-
ing or turning. This paper proposes a method for testing/modelling a tire with a roller brake
tester. It requires two speed sensors installed on the roller and idler. That additional sensors
are used to estimate roller brake tester inertia and measure tire slip during testing. After involv-
ing inertia in the calculation, the brake tester measurement becomes accurate in all points from
zero until maximum slip. These results are better than the existing roller brake tester which is
only accurate when the steady state condition of the roller is achieved. The modified brake
tester and tire testing were modelled and simulated using MATLAB® Simulink. Furthermore,
the influence of the brake tester arrangement on measurement characteristics has been identi-
fied.

1. Introduction

In the last few years, there has been a lot of research on traffic safety, especially in the brak-
ing system of a vehicle [1-3]. It is generally accepted that the vehicle braking performance de-
pends on the braking torque and tire-road friction force [4]. Braking torque is caused by the
friction between the brake pad and the disc for the disk brake or the brake shoe and the drum
for the drum brake. Meanwhile, the tire-road friction force is caused by tire thread deformation
generating a phenomenon called slip.

Slip characteristics of a tire influence the tire-road friction force and show the relationship be-
tween friction force and slip. They are often modelled with Julien’s theory, magic formula, or
brush model. Julien’s theory is one of the earliest tire models assuming that the contact patch is
a rectangle and the pressure is uniformly distributed [5, 6]. Magic formula is the most frequently
used today for modelling longitudinal force, lateral force and aligning torque [7, 8]. Unlike magic
formula, an empirical model, brush model has been made based on the physical interaction
between the tire tread and the road. As a result, transient brush and out-of-plane flexible ring
tire models are still being developed [9-11].

There are some advantages if the tire model is known. Tires from different manufacturers
can be compared because parameters in tire models are influenced by their stiffness and oper-
ating condition, such as normal load, inflation pressure, wear rate, and speed [12]. The tire
model also can be used to determine the vehicle’s dynamic behaviour, such as in braking or
turning manoeuvres [13-16]. Furthermore, the tire model can be used for designing braking
control systems because it will contribute to antilock braking system (ABS) performance [17].

Modelling the tire requires experiment data from tire testing. Data required are tire-road fric-
tion force from 0 % slip (free rolling) until 100 % slip (locking). Tire testing can be classified into
two categories: laboratory and drive tests. The laboratory uses a flat road or drum testing ma-
chine [18]. Operating conditions such as speed, normal load, and inflation pressure can be
varied easily. For a drive test, a vehicle is driven at a certain speed, and then the driver brakes
it until the tire locks (100 % slip). A dynamometric rim is attached to the wheel to measure longi-
tudinal force, normal force, and angular velocity [19]. To calculate slip, the angular velocity of

3379



Journal of Mechanical Science and Technology 37 (7) 2023

DOI 10.1007/s12206-023-0605-4

the vehicle wheel is compared with the angular velocity of the
fifth wheel pulled by the vehicle in free-rolling conditions [20].
The laboratory test is expensive because the number of those
testing machines is limited. Only a special laboratory has that
testing facility. On the other hand, the drive test also has weak-
nesses, such as requiring a long track, taking more time, and
being difficult to perform.

A roller brake tester can be used as an alternative device for
tire testing, which is cheaper and easy to use, although it re-
quires some moadifications. Unlike flat road or drum testing ma-
chines, the roller brake tester can easily be found in every city in
a vehicle periodic inspection office. However, it has some weak-
nesses that must be solved before it can be used as a tire tester.
First, a roller brake tester only measures one parameter, that is,
maximum friction force/maximum friction coefficient/maximum
braking efficiency. Meanwhile, tire modelling requires data on
various friction forces from free rolling until locking. Second, its
measurement is affected by an angle B. That angle is formed
because of the distance between rollers, roller diameter, and tire
radius. The same vehicle will have different braking efficiency if
tested on other brake testers with different angles B. The bigger
the angle, the higher the braking efficiency is [21-25]. Third, the
inertia of the brake tester components, such as rollers, gearbox,
and transmission system will be responsible for measurement
inaccuracy [26]. An experiment shows that a roller brake tester
has a measurement error up to 10.4 % [27]. Since tire testing
must be done from free rolling until locking, the device should
be accurate in all conditions for both transient and steady-state
conditions. Therefore, it needs modification to make the roller
brake tester capable of testing a tire.

There are some developments in the roller brake tester. It is
introduced in 1937 [28]. At that time, it still used mechanical
sensors and displays. Nowadays, because of the advent of
computers, modern technology components such as electronic
sensors, analog-to-digital converter (ADC) modules, personal
computers for signal processing, monitor display, printer, etc.,
have been used [29]. For testing ABS (antilock brake system),
a control circuit that commands the modulator to increase, hold,
and decrease the hydraulic pressure has been introduced [30].
The braking force of those three modes is measured by a roller
brake tester. To make the tire contact patch similar to when it
stands on flat ground, a belt is installed between two rollers
[31]. The assembly of those rollers and belt is supported by
sensors measuring normal, longitudinal, and lateral force.
Hence, the test rig arrangement becomes complicated. For
safety purpose, a non-contact sensor (triangulation sensor) is
introduced to detect whether the vehicle wheel is already on
the test bench [32]. To reduce the influence of the angle B, a
mechanism for setting the distance between two rollers is in-
troduced [33]. If testing is performed for different sizes of tires,
the distance between the roller needs to be adjusted. Based on
those developments, no one has used the roller brake tester to
characterize the tire.

Some researchers have proposed measurement methods to
solve the roller brake tester weaknesses. To obtain braking

force data in various friction coefficients (not only maximum
braking force), a magnetic powder clutch, a flywheel, and a
roller are used to simulate multiple friction coefficients, the ve-
hicle speed, and the wheel speed [34]. To attach a sensor as
close as possible to the roller surface, a non-contact sensor
(magneto strictive sensor) is installed on the roller shaft [35]. To
avoid the existence of angle  and the inertia, a static brake
tester using a slowly moving plate is proposed [36]. To meas-
ure braking force accurately, a sensor is installed on the brake
pad, the calliper, or the hydraulic circuit of the braking system
[37-40].

Improvements had been done above can increase the
measurement accuracy. However, if those methods are ap-
plied in the existing roller brake tester, it will require many
modifications. Therefore, the cost is expensive. Furthermore, if
we use sensors installed on the vehicle wheel or braking sys-
tem circuit, it becomes impractical to be applied in a vehicle
inspection station. It takes time to install sensors on the vehicle.

The objective of this paper is to find a tire testing method us-
ing a roller brake tester with the simplest modification. Outputs
of this modified brake tester are not only maximum braking
efficiency but also tire model. Also, the cost is not expensive
because it only needs a little modification, and that test rig has
been used widely in the vehicle inspection facility. The purpose
of the modification is to increase the measurement accuracy by
taking the inertia of brake tester components into account and
to obtain data for tire modelling, i.e., friction force and slip. The
rotational inertia of a typical test rig (twin-roller chassis dyna-
mometer) has been studied experimentally and in simulation
[41, 42]. However, the scenario on the chassis dynamometer is
acceleration, not braking. Moreover, in those studies, the iner-
tia is estimated when the electric motor is controlled in constant
acceleration. That method cannot be performed in a roller
brake tester because it is not equipped with an inverter. In this
paper, tire testing with the modified roller brake tester is mod-
elled and simulated using MATLAB® Simulink.

This paper is organized as follows: in Sec. 2, modelling of a
roller brake tester from electric motor, brake tester components,
until tire characteristics are performed. From that modelling
processes, advantages and weaknesses of a roller brake test-
er are identified; in Sec. 3, a method to enhance the measure-
ment accuracy and sensors required are presented; Sec. 4
discuss simulation results of the existing and modified roller
brake tester when they are used for testing/modelling the tire;
conclusions are drawn in Sec. 5.

2. Modelling of a roller brake tester

Modelling was performed based on the working principle of a
roller brake tester shown in Fig. 1(a). Power from an electric
motor is delivered to the wheel through a pinion gear, ring gear,
roller 1, and roller 2. Roller 2 is connected to roller 1 by a chain.
The idler placed between two rollers is used for safety purpose.
A switch is attached to the idler support. The electric motor can
be started whenever this switch is pressed. Hence, when there
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Fig. 1. (a) Schematic of a roller brake tester; (b) free body diagram of the
electric motor.

is no vehicle wheel above the rollers, testing cannot be per-
formed, although the operator presses the start button. In this
paper, the idler was used not only for safety but also to meas-
ure the linear velocity of the wheel. That linear velocity was
then used to measure the slip between the wheel and rollers.

The braking force or friction force between the tire and rollers
is measured by a load cell. The load cell receives force from a
lever attached to the gearbox assembly, as shown in Fig. 1(a).
When the driver of a car being tested presses the brake pedal,
the load cell measures the braking force. The maximum brak-
ing force divided by the normal force returns braking efficiency
or maximum friction coefficient.

This section is divided into two sub-sections: modelling of
each brake tester component and how to combine them. The
components to be modelled consists of an electric motor, roll-
ers, action force on the braked wheel, maximum and sliding
friction force, and friction force at the roller surface. Combining
those models with the gearbox model will result in a model of a
brake tester.

2.1 Modelling of brake tester components

The electric motor model was made based on the free-body
diagram in Fig. 1(b). An equation to calculate the acceleration
of the electric motor shaft can be expressed as:

.1
0 J(T -C 8 T) 1

m m*m

m

where 6, is the acceleration of the electric motor shaft, 7, is
the electric motor torque, J, is the moment of inertia of the
electric motor, C, is viscous damping, and 7, is load torque.

The mechanical power output of the electric motor based on
the nameplate is 11 kW at 2945 rpm. Hence, the electric motor
torque can be calculated as follows:

_11000Nm / s

S =——————=357Nm. (2)
308.2rad /s

Tm Acc_r

> Fx Vel rp

Fig. 2. Model of rollers: (a) free body diagram of the ring gear of the gear-
box assembly; (b) free body diagram of roller 1; (c) free body diagram of
roller 2; (d) subsystem of rollers.

To reach the synchronous speed (3000 rpm) in 0.3 s [43],
with 7, —Oand T,=35.7 Nm, using Eq. (1), it needs J, =

m

0.001 kg.m” and C,=0.1137 N.m.s/rad. Those values will be
applied to the brake tester simulation in Sec. 4.

The model of rollers was made based on the free body dia-
gram of the ring gear in Fig. 2(a), roller 1 in Fig. 2(b), and roller

2in Fig. 2(c). Hence, load torque 7, can be expressed as:

T, = Lo (L +2.7,)6. + Lo (T,+T,,) (3)
v,
ving ring
where r_and r,  are the effective radius of the pinion and

pin ring

ring gear, J

ring

and J, are the moment of inertia of the ring

gear and roller, 6. is the acceleration of the roller, 7, and
T, are torque because of friction on roller 1 and roller 2.

Let: T,,+T,=F.r, (4)

where F. is the total friction force between two rollers and the
wheeland r. is the roller radius.
Substituting Egs. (3) and (4) in Eq. (1):

0, +Cy 0, 42 (S, +2.0,).6 42 F -1, =T, = 0. (5)

m*Im m*Zm ring
ring Fing

The relationship between the speed of electric motor shaft
6, androllers 6 can be expressed as:

g, =" (6)

v
pin

Let: J, =J oy lon (e +2.7). 7)

ring
r I"
pin ring

Substituting Egs. (6) and (7) in Eq. (5):

J,6+C g 4 F T =0, ®)

r. r.
pin ring

Based on Eq. (8), a subsystem can be built, as shown in Fig.
2(d). This subsystem is called the roller subsystem. Building a
subsystem is required to make a block diagram simple when it
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Fig. 3. Model of action force F,, on the tested wheel: (a) free body dia-
gram of the wheel; (b) free body diagram of the idler; (c) the subsystem of
action force F,, acting on the wheel.

needs to be connected with another block diagram or subsys-
tem.

From Fig. 2(d), it can be seen that the unknown input is fric-
tion force F. . That force is located on two rollers surface be-
cause of the braked wheel. To calculate F., it requires a free-
body diagram of the wheel, as shown in Fig. 3(a).

From free body diagram of the wheel and idler, as shown in
Figs. 3(a) and (b), an equation to calculate the action force
acting on the wheel F_, can be derived as follows:

ac
7

w

F. =l.[Th +T +J.0 + de.i.éd) )

T

where r, and r, are effective radius of the wheel and idler,
T, is braking torque, 7, is rolling resistance torque, J, and
J,, are moment of inertia of the wheel and idler, 6, is wheel
acceleration, and 6, is idler acceleration.

By assuming that there is no slip between the wheel and the
idler, the wheel speed can be measured based on the idler

speed with this equation:

6,="4.9,. (10)
r

w

Because there is a slip between the vehicle wheel and rollers
when the wheel is braked, the relationship between idler and
roller can be expressed as:

6,="-.6.(1-i) (11)

where i is the slip between the vehicle wheel and rollers.
Substituting Egs. (10) and (11) in Eq. (9):

F. :L.(Tb +T, +(Jw Sy ]-(1—:‘)-9’,} (12)
r, 7, T

From Eq. (12), a subsystem of action force F_, acting on
the wheel can be built, as shown in Fig. 3(c).
To calculate friction force F_, it requires the value of normal

Fig. 4. Analysis of when the vehicle moves backwards while testing: (a) the
normal force on rollers 1 and 2; (b) forces on tested and non-tested wheels;
(c) free body diagram of the tested wheel to predict when the vehicle
moves backwards.

force because of the following expression:

F,=u, N (13)
F.=u N (14)

x5 s

where F, and F_ are maximum and sliding friction force,
u, and u  are peak and sliding friction coefficient, and N is

the normal force acting on rollers.

Because of the roller brake tester arrangement, the normal
force acting on rollers is not the same as on a flat road. Its free-
body diagram is shown in Fig. 4(a). From that figure, the nor-
mal force N can be expressed as:

N (15)

={

where N is total normal force (N, +N,), B is an angle
formed by the normal force N, and N,. W is the axle load
acting on each wheel (tire normal load).

Substituting Eq. (15) in Eq. (13):

w
F,=u, —,5
cos| =
2

Based on Eq. (16), a roller brake tester has advantages and
disadvantages. It can measure higher friction force than a flat
plate with zero angle of £ . The bigger the £, the higher the
maximum friction force £, will be. It can be seen in Eq. (16)
that the maximum friction force F,, is inversely proportional to
the cosine g/ 2.

The other advantage of a roller brake tester is the horizontal
force, shown in Fig. 4(b). When a vehicle is tested and the
driver presses the brake pedal, friction force F, and F,, will
arise on the contact between the tire tread and two rollers.
Friction force on the non-tested wheel F,, appears when the
vehicle tends to move backwards. Friction force F,, not al-
ways exists. It appears only in a specific condition.

From Fig. 4(c), it shows forces on the tested wheel to know

when the vehicle tends to move backward, when the friction
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force F,, on the non-tested wheel exists, or when a retainer
is required on the non-tested wheel. By taking a moment about
point O in Fig. 4(c), the vehicle tends to move backwards or
the normal force on roller 1 ( N, ) reaches zero if the condition

expressed in the following equation is true:

r, 2N, 1. (17)

x2lw 1y

The vertical component of normal force on roller 1 N, can
be expressed as:

N, =

y

w
> (18)

Using trigonometric, the length of / can be expressed as:

l:2.rw.sin('%). (19)

Substituting Egs. (18) and (19) in Eq. (17):

F,2 W.sin('%) . (20)

Maximum friction force on roller 2 can be expressed as:
F\‘Zmax :/Ll/) 'Nz' (21)

Based on Eq. (15), the normal force on roller 2 can be ex-
pressed as:

=17 __ (22)

2wl

Substituting Egs. (22) and (21) in Eq. (20):
u,=2sinj. (23)

Based on Eq. (23), the vehicle will not move backwards, or
no retainer is required as long as:

u,<sinf. (24)

According to Table 1, the value of the angle S is 58.2°, and
the peak friction coefficient u, is 0.7. Therefore, because the
value of u, is less than sin B (0.85), the vehicle will never
move backwards while testing is taking place. In other words,
no need for a retainer attached to the non-tested wheel. The
value of angle B depends on the distance between rollers,
the roller diameter, and the effective radius of the tire. If a vehi-
cle with a bigger tire radius is tested, it may move backwards
because of the smaller angle £ . Different from a brake tester
proposed by Muthoriq et al., which always requires a retainer

on the non-tested wheel to prevent the whole vehicle moves
backward [36].

Despite its advantages, a roller brake tester has at least two
weaknesses. The first one is also the effect of angle 3 as
expressed in Eq. (16). In case of the action force of a wheel
has the ability to overcome the maximum friction force
(F,,>F,) the same vehicle will have different braking effi-
ciency (maximum friction coefficient) if it is tested on different
brake tester with different angle £ according to Eq. (16).
Hence, it can be concluded that as long as the angle £ is
different, the measurement result of a roller brake tester will not
be precise. This is in accordance with the experiment con-
ducted by Senabre et al. [24]. That experimentation shows that
when a vehicle is tested in a roller brake tester with a higher
angle S (longer distance between two rollers), the braking
efficiency also increases.

The other weakness of a roller brake tester is its measure-
ment accuracy. That is the main discussion in this paper. As
shown in Fig. 1(a), the load cell measures the braking force
(friction force) on the rollers surface indirectly. There is a long
journey for the friction force before it reaches the load cell. The
friction force is measured by the load cell through two rollers
and gearbox assembly. Because of that, force detected by the
load cell will be affected by the inertia of the roller and gearbox
component. This complies with Xu et al., who state that the
measurement error occurs because the braking force is trans-
ferred to a force transducer through two rollers, a floating
transducer, a floating motor, and a floating measurement lever
[27].

An electric motor used in a roller brake tester is a three-
phase induction motor with a weakness. On an induction motor,
the rotational speed is affected by its load. Hence, acceleration
and deceleration of the roller cannot be avoided. Because of
this, the inertia of rollers and gearbox components must be
included in the calculation to increase accuracy. That is what
has been done in this research.

After the calculation of action force F,, has been made, as
shown in Fig. 3(c), the friction force F. model can be built
because F. is a function of F,,. Modelling of F. is shown
in Fig. 5(a) with some assumptions. Before F. reaches its
peak value F, , the relationship between F. and F_ is
linear with a slope of 1 (point O-A). This is already known in
basic friction when the system is at rest. After peak point A until
sliding friction B are assumed to be linear with a slope of -1.
This assumption is made because the tire is made from a flexi-
ble material. Finally, after point B is assumed to be constant
where sliding or 100 % slip takes place.

Therefore, the curve in Fig. 5(a) can be expressed as:

For F < F, (Point O-A):

xm

F =F,. (25)

x act

For F_ <(2.F,-F,) (PointA-B).

F.=2F,-F,,. (26)

xm act
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Fig. 5. Model of friction force at roller surface F, : (a) the curve of friction
force F, as a function of action force F,, acting on the wheel; (b) the
subsystem of friction force F, representing the curve in (a).

Model O — B : Julien’s Theory
Model B - C : linear

F, S| F_act
‘FXIH B
F,s _ﬁ‘c 5| Fxe
F.\'C A I
\ |
e el 1
0 [( i”‘l 1 ) Fxm I
Fx
Fym B\ M Fx
xs| ‘c
} S| Fxs
R 1
i i B =
Om,—ﬁm.(l — i) Slip i = f(F_act, Fx)

(@) (b)

Fig. 6. Model of slip i of the wheel: (a) slip characteristics curve of a tire.
The top figure is a complete curve. The bottom figure is the curve after it
reaches peak friction force and is modelled as a straight line; (b) a subsys-
tem to calculate slip i based on (a).

For F_,>(2.F,—F,) (After B):

act xm

F.=F,. (27)

Based on Eqgs. (25)-(27), a subsystem of friction force F.
can be built, as shown in Fig. 5(b).

As shown in Fig. 3(c), the action force F_, subsystem re-
quires slip input, that is, slip between the tire and rollers. There-
fore, a block diagram or subsystem calculating the slip value is
needed. A curve for modelling slip i is shown in Fig. 6(a).
Julien’s theory was used to model the relationship between
friction force F. and slip i. Julien’s theory only models from
points O to B. Hence, points B-C will be modelled linear, as
shown in Fig. 6(a) bottom.

Based on Julien’s theory [8] and that assumption, equations
used to make the curve in Fig. 6(a) can be expressed as:

For F_<F_ (Points O-A which is the adhesion region):

act

i=—F (28)

K=kl (29)
K = K.(l ; l_'J (30)
)
ﬂ.[1+ IZAJ
F=— 24 p (31)

where £, is the tangential stiffness of the tire, /, is the length
of the contact patch, 4 is the length in front of the contact
patch deformed, K, is the initial slope of F. vs i curve.
F, s the critical friction force.

For F _<F, (Point A-B, which is a combination of adhe-

act — 7 xm

sion and sliding region):

b—~b*—4ac

D )
where:

omk @)

bzz-lzT-K,(Fm —F,)+2.F, K (34)

c=F2. (35)

For F, <(2.F,—F,) orpoint B-C made based on Fig. 6(a)
bottom:

(1_%J‘(F;_F;m) F
= + L (36)
(F.-F,) K

For F,,>(2.F,—F,) orafter point C:

act xm

i=1. (37)

Based on Egs. (28)-(37), a subsystem of slip i can be built,
as shown in Fig. 6(b).

2.2 Combining the models

Up to this point, four subsystems have been made: Roller,
F._,, F.,and slip i. If these subsystems are combined, as
shown in Fig. 7(a), it results in a new subsystem, a roller brake
tester, as shown in Fig. 7(b). That subsystem didn’t include the
measurement system of a real roller brake tester yet. Therefore,
it is called the roller brake tester without load cell model. It has
three inputs and some outputs. Its inputs are electric motor
torque T, , braking torque 7,, and rolling resistance torque
T, . Its outputs are action force F,,, the friction force between
rollers and the wheel F, speed of roller 6 and idler 6, ,
slip i, and friction coefficient purely because of braking torque
Uy, - The friction coefficient w,, is calculated only to check the
braking torque value and will not be connected to another sub-
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Fig. 7. Model of roller brake tester without measurement system: (a) simu-
link® block diagram, which consists of roller, action force F,. , friction force

F ,and slip i subsystem; (b) subsystem of the roller brake tester made
from block diagram in (a).
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Fig. 8. Model of gearbox assembly: (a) free body diagram; (b) the subsys-
tem of the gearbox made from (a).

system.

The last step to complete the whole model of a roller brake
tester is gearbox modelling. Assuming that the gearbox as-
sembly is rigid, the force measured by the load cell based on
the free body diagram in Fig. 8(a) and Eqg. (3) can be ex-
pressed as:

ring

1 .

F =z.((.], +2.,)8,+F.1,) (38)
where F, is the force measured by the load celland L is the
length of the gearbox lever.

On a roller brake tester, braking force or friction force is esti-
mated with this formula [44]:

F =

bl

F,. (39)

Y|~

Friction coefficient or braking efficiency therefore can be ex-
pressed as:

F,
= (40)

From Eqgs. (38)-(40), a subsystem of gearbox or measure-

— ]
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Fig. 9. Model of the current roller brake tester, which consists of the roller
brake tester without measurement system (load cell) and the gearbox
subsystem.

ment system can be built, as shown in Fig. 8(b).

Model of a roller brake tester used today can be made by
connecting the subsystem of the roller brake tester in Fig. 7(b)
with the gearbox in Fig. 8(b), as shown in Fig. 9. Measurement
output of a roller brake tester is friction coefficient or braking
efficiency u, as in Eq. (40). This output will be compared with
the true friction coefficient expressed as:

L
o

Hr = (41)

A comparison between the friction coefficient measured by
the brake tester 1, and the actual friction coefficient «,. will
show the inaccuracy of a roller brake tester. The simulation
was performed in three cases, i.e., 100 %, 25 %, and 2.5 % of
slip. Data from a roller brake tester and tire parameters used
for the simulation can be seen in Table 1.

Data in Table 1 are obtained from some sources. Electric
motor torque is calculated from Eq. (2). Viscous damping and
moment of inertia of the electric motor are obtained from simu-
lation based on Eq. (1). Gearbox ratio is known from the calcu-
lation in such a way that the roller linear speed without load is
about 5.5 km/h according to the brake tester specification [46].
The other parameters not available in references are deter-
mined based on proportional assumptions.

3. Method to improve accuracy by evaluat-
ing the brake tester rotational inertia

The basic idea to improve measurement accuracy is elimi-
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Table 1. Roller brake tester and tire parameters.

Electric motor torque, T, 35.7N.m
Electric motor viscous damping, C, 0.1137 N.m.s/rad
Electric motor moment of inertia, J, 0.01 kg.m’

Gearbox gearratio ( 7, :7,,.) 1:24.67
Roller radius, . [45] 0.12m
Wheel moment of inertia, J, [45] 0.9 kg.m?
Ring gear moment of inertia, J,, 0.25 J,
Roller moment of inertia, J, 2J,
Wheel radius, r, [45] 365 mm
|dler moment of inertia, J,, 025 J,
Idler radius, r, 0.25 r,
Tire normal load, W [45] 4,675N
Peak friction coefficient, u, [45] 0.7
Brake tester angle, 3 [45] 58.2°
Sliding friction coefficient, , 0.5
Rolling resistance coefficient, f, 0.02
Lever length, L 05m
Tangential stiffness of tire, &, [6] 4610304 N/m?
Contact patch length, 7 [6] 0.282m
Length in front of contact patch deformed, A [6] 0.0315m

nating the influence of brake tester inertia. Hence, the rota-
tional inertia must be identified first before testing a vehicle.
Brake tester rotational inertia is estimated using curve fit (left
division method of Matlab®) based on a second-order differen-
tial equation. That estimation is conducted after turning on the
electric motor until constant speed without the vehicle wheel
above the test rig. When testing a vehicle, the estimated inertia
is used to calculate the friction force between the tire and the
roller's surface. This way, brake tester measurement will be
accurate, although the roller speed is not constant.

Based on Eq. (38), the inaccuracy of a roller brake tester is
caused by the ring gear inertia J,, , the roller inertia J, , and
the roller acceleration 6. . There are two ways to solve that
problem. First, the speed of the roller is maintained to be con-
stant. If its acceleration is zero, there will be no inertia. How-
ever, if the electric motor is an asynchronous type, the roller’s
speed will change when the wheel is braked.

The second way is by involving the effect of inertia in the cal-
culation. Based on Eq. (38), an equation to eliminate the inertia
and acceleration as a function of load cell measurement F,
can be expressed as:

Fo=F-TJ.4 42)
where: J =J, +2.J, (43)
where F, is correction force based on the force measured by

the load cell F,, J, is correction inertia which consists of the

ring gear and rollers inertia.
Therefore, friction coefficient or braking efficiency after cor-
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Fig. 10. The model of the modified roller brake tester. It consists of the roller
brake tester without a measurement system (load cell), gearbox, and cor-
rection subsystem.

rection u, (involving the effect of inertia) can be expressed
as:

Hye = (44)

S

Theoretically, the value of x, will be the same as the fric-
tion coefficient u, in Eq. (41) as long as the value of J, is
accurate. Eq. (44) is used to simulate the effect of the correc-
tion method on a roller brake tester model.

A correction subsystem can be built based on Egs. (42) and
(44). It will be connected to the block diagram in Fig. 9 to prove
that the coefficient of friction after correction x, is similar to
the actual friction coefficient u,, . This combination is shown in
Fig. 10.

As seen in Fig. 10, the correction subsystem requires inertia
correction J,, which consists of two rollers and ring gear iner-
tia. The inertia J, can be measured when no vehicle wheel is
above the brake tester. It can be estimated using curve fit
when the brake tester is started up. The left division method of
MATLAB® can be used to do that [47]. An equation used to
curve fit is based on Eq. (38) with zero F. because there is
no friction on the roller surface. The equation can be expressed
in matrix form as:

[6,].=[F.L]. (45)
Using the left division method, the value of J, is:
J.=[6]\[FL] (46)

where [0] is data of roller acceleration, [F.L] is data of

force measured by the load cell multiplied by the length of the
lever. Those data are taken when the roller’s speed is zero until
the steady state. In reality, it requires a speed sensor attached
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to the roller. Data on roller acceleration is obtained by differen-
tiating the data of roller speed once.

The block diagram in Fig. 9 was used to perform a simulation
for measuring the inertia J_. Simulation without the vehicle
wheel can be done by setting the friction force F., rolling re-

sistance T, and braking torque 7, equal to zero.

4. Simulation results and discussions

The existing and modified roller brake tester were simulated
using the block diagram in Figs. 9 and 10, respectively. With
those simulation results, factors that contribute to measure-
ment error can be identified.

4.1 Simulation of the current roller brake tester

A simulation of 100 % slip is shown in Fig. 11. To make the
wheel 100 % slip requires braking torque in Fig. 11(a). In the
simulation, the driver of a vehicle presses the brake pedal after
the time is 2 seconds. How the wheel slips can be seen in Fig.
11(c), which shows the speed of the idler reaches zero. The
idler speed represents the speed of the wheel. Hence, the
percentage of the linear speed difference between the idler and
roller is called slip. From Fig. 11(c), the minimum speed of the
roller is about 3.25 km/h. That value conforms with the re-
quirement of a roller brake tester. The speed of the rollers has
to be in the range of 2-5.5 km/h when testing is taking place
[46]. The comparison between the brake tester measurement
and the actual value can be seen in Figs. 11(b) and (d).

Simulations of 25 % and 2.5 % slip are shown in Figs. 12
and 13. These simulations are conducted to take a closer look
at small slip where the wheel or rollers has the most significant
deceleration. To do that, braking torque lower than those of
100 % slip are given, as can be seen in Figs. 12(a) and 13(b).
Similar to 100 % slip, the comparison of the true and brake

Driver Input to Simulate 100 % Slip

1000
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2 3
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Fig. 11. Simulation of 100 % slip: (a) braking torque input from vehicle
driver to produce 100 % slip; (b) comparison of the true friction coefficient
u,, and friction coefficient measured by the brake tester 4, ; (c) the linear
velocity of the roller and idler; (d) comparison of the true slip characteristics
and slip characteristics measured by the brake tester.
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tester measurements are shown in Figs. 12(b), (d) and 13(b),
(d). Slip between the vehicle wheel (idler) and roller are shown
in Figs. 12(c) and 13(c).

4.2 Simulation of the modified roller brake tester/
proposed method

There are two steps to simulate the proposed method. The
first one is rotational inertia estimation. It is conducted using a
block diagram in Fig. 9 but without the vehicle wheel (braking
torque, rolling resistance, and friction force equal to zero). Data
to be observed are force measured by the load cell and roller
speed when the electric motor is turned on until steady, as
seen in Figs. 14(a) and (b). Based on these data, the inertia of
the brake tester components can be estimated.

The second one is the simulation of tire testing after the
brake tester rotational inertia is identified in the first step. This
simulation uses the block diagram in Fig. 10, which involves
the brake tester inertia J, for correction. Simulation results
are friction coefficient and slip characteristics curve as shown
in Figs. 14 (c) and (d).

4.3 Discussion

Based on Figs. 11(b) and (c), the brake tester measure-
ments are inaccurate in some points. When there is accelera-
tion or deceleration of the roller, the measurement will not be
the same as the actual value. If the roller's speed increases,
the brake tester measurement will be higher than the true value.
On the contrary, if the roller's speed decreases, the brake test-
er measurement will be lower than the true value. At the begin-
ning of the simulation, when the time is less than 1 second or
the linear velocity of the roller increases, the total friction force
acting on two roller’s surfaces is caused by the wheel inertia,
the idler inertia, and the rolling resistance of the wheel. How-
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Fig. 12. Simulation of 25 % slip: (a) braking torque input from vehicle driver
to produce 25 % slip; (b) comparison of the true friction coefficient .,
and friction coefficient measured by the brake tester 4, ; (c) the linear
velocity of the roller and idler; (d) comparison of the true slip characteristics
and slip characteristics measured by the brake tester.
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ever, the brake tester measures not only these inertias and
rolling resistance but also the inertia of two rollers and the iner-
tia of the ring gear of the gearbox assembly, as can be seen in
Eq. (38). That is why the brake tester measurement is higher
than the actual value.

At the time more than 2 seconds or after the brake pedal of a
vehicle is pressed, the measurement is lower than the true
value. That is because the roller is in deceleration mode, as
shown in Fig. 11(c), after 2 seconds. When the roller deceler-
ates, the inertia of the rollers and ring gear will reduce the force
measured by the load cell. Hence, the friction coefficient
measured by the brake tester will be lower than the actual fric-
tion coefficient on the roller's surface. This phenomenon com-
plies with the experiment conducted by Firdaus et al. [48]. Their
investigation shows that the braking efficiency in fluctuating
braking is lower (40 %) than in gradual braking (44 %). When
intermittent braking is applied, the roller's deceleration will be
higher than gradual braking. Therefore, higher inertia will re-
duce the force sensed by the load cell.

When the speed of the roller is constant, the measurement is
accurate. It can be seen in Figs. 11(b) and (c). In the time be-
tween 1-2 seconds and after 2.5 seconds, the brake tester
measurement is the same as the actual value. That is because
when there is no acceleration, the inertia will be zero. In short,
the measurement of a roller brake tester is accurate only if the
roller's speed is in a steady state.

Based on that explanation, if the slip characteristics curve is
plotted, the brake tester will not give an accurate result, as
shown in Fig. 11(d). The curve from the brake tester measure-
ment will be lower than the true value. That figure is plotted
from 1 second until 3.5 seconds. The slip of the wheel used as
an axis is known by calculating the difference between the
linear velocity of the idler and roller. Obtaining the slip data on
a roller brake tester requires a speed sensor attached to one
roller and the idler.

The 25 % and 2.5 % slip simulation in Figs. 12 and 13 shows
the same phenomenon as the simulation of 100 % slip. The
measurement is correct if the speed of the roller doesn't
change. These simulations are conducted to zoom in on the
slip characteristic curve. The zoom-in of slip characteristics
from 0 to 25 % and 0 to 2.5 % are seen in Figs. 12(d) and
13(d), respectively.

From Figs. 12(d) and 13(d), it can be seen that the meas-
urement is accurate only in two points. These are a point
where the slip is zero and the point where the maximum slip is
reached. Between those two points, the friction coefficient
measured by the brake tester is lower than the actual value. As
discussed before, that is because the slip characteristic curve
is plotted after 1 second where the roller is in deceleration after
a steady state. When the speed of the roller decreases, roller

and ring gear inertia will reduce the force acting on the load cell.

Therefore, the force measured by the load cell will be lower
than the friction force acting on the roller surface. Paulo et al.
also state that the force transducer of a roller brake tester
measures not only the friction force on the roller surface but
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Fig. 13. Simulation of 2.5 % slip: (a) braking torque input from vehicle driver
to produce 2.5 % slip; (b) comparison of the true friction coefficient .,
and friction coefficient measured by the brake tester u, ; (c) the linear
velocity of the roller and idler; (d) comparison of the true slip characteristics
and slip characteristics measured by the brake tester.
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Fig. 14. Simulation results of the roller brake tester without vehicle wheel:
(a) force measured by the load cell; (b) angular velocity of the roller. Simu-
lation results of the roller brake tester after applying correction method
(involving the inertia of rollers and ring gear J, ); (c) comparison of true
friction coefficient and friction coefficient of the brake tester after correction;
(d) comparison of tire slip characteristics between true value and brake
tester measurement after correction.

also parasite forces (inertia of rollers, a wheel, and the trans-
mission system) [26].

Because the measurement is only accurate when the roller is
in a steady state, a roller brake tester used today cannot be
used to measure/model the tire characteristics. To make it
possible, we proposed a method to increase the accuracy.
Before conducting testing, the inertia correction J, must be
known. That inertia is measured when no vehicle wheel is
above the brake tester. The block diagram in Fig. 9 was used
to do the simulation. Data of force measured by the load cell
and the roller's speed is shown in Figs. 14(a) and (b). Based
on Figs. 14(a) and (b), by using Eq. (46), the estimated value of
J. is 3.8378 kg.m’. The real value of . from Table 1 is
3.8250 kg.m?, which consists of two roller inertia and ring gear
inertia, as in Eq. (43).

After the inertia correction J_ has been identified, the brak-
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ing system testing of a vehicle can be started. The block dia-
gram in Fig. 10 was used to simulate that testing. It compares
the actual value with the brake tester measurement after in-
volving the inertia correction J_. The simulation results are
shown in Figs. 14(c) and (d). From Fig. 14(c), it can be seen
that the friction coefficient value from the brake tester meas-
urement after correction is accurate in all points. Therefore,
plotting the tire’s slip characteristic becomes accurate, as
shown in Fig. 14(d).

These results show that the method proposed can be used
to improve the accuracy of the measurement system of a roller
brake tester. Therefore, the modified roller brake tester can
measure the maximum friction coefficient or braking efficiency
and model the tire.

5. Conclusions

Based on the simulation, by adding just two speed sensors
installed on one roller and the idler, the accuracy of a roller
brake tester had been improved. First, the inertia correction J,
was estimated using curve fitting when no vehicle wheel was
above the test bench. Data used for curve fitting were the
speed of the roller and force measured by the load cell. These
data were taken from zero speed until steady state. The inertia
correction value J, was then used to calculate the friction
coefficient based on the force measured by the load cell. The
simulation showed that after involving inertia correction J, in
the calculation, the effect of inertia was diminished. The meas-
urement of the roller brake tester became accurate in all points
from zero slip until maximum slip, unlike the current brake
tester which is only accurate when the speed of the rollers is
constant. Hence, by this simple method, a roller brake tester
could be used not only to measure maximum braking efficiency
but also to test/model the tire.

From mathematical modelling, the angle B formed by normal
forces of two rollers gives measurement characteristics. Sup-
pose the braking system output of a vehicle is more than the
maximum friction force between the roller surface and the tire.
In that case, the same vehicle will have different maximum
braking efficiency if tested on different brake testers with differ-
ent values of . The bigger the angle, the higher the maximum
friction force will be. In addition, the angle  will determine
whether the vehicle moves backwards during testing. If the
peak friction coefficient between the tire and the roller surface
equals or exceeds the value of sine B, the vehicle will move
backwards. Therefore, if that condition happens, it requires a
retainer installed on the non-tested wheel.
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Nomenclature

6, : Idler angular acceleration

9, : Idler angular velocity

6, : Electric motor shaft angular acceleration

9, : Electric motor shaft angular velocity

6, : Roller angular acceleration

6, : Roller angular velocity

6, : Wheel angular acceleration

9, : Wheel angular velocity

M. True friction coefficient/braking efficiency

7 - Friction coefficient/braking efficiency estimated by the
existing brake tester

R - Friction coefficient/braking efficiency estimated by the
modified roller brake tester

u, : Peak friction coefficient between roller surface and tire

A : Sliding friction coefficient between roller surface and tire

C, : Electric motor viscous damping

F.  :Action force acting on the vehicle wheel consists of brak-
ing torque, rolling resistance torque, and inertia of the
wheel and idler

F, : Braking force/friction force estimated by the existing roller
brake tester

F : Force measured by load cell

F, : Friction force/braking force estimated by the modified roller
brake tester

F...  :Friction force on non-tested wheel

F, : Total friction force on roller 1 and 2

F, : Friction force acting on roller 1

F, : Friction force acting on roller 2

Fpmex - Maximum friction force on roller 2

F,,  :Maximum friction force on roller surface

Fe : Sliding friction force on roller surface

J, : Correction inertia consists of ring gear and rollers inertia

Jy . Idler moment of inertia

J, : Electric motor moment of inertia

J, : Roller moment of inertia

Jue - Ring gear moment of inertia

oot : Total inertia consists of electric motor, ring gear, and roller
inertia

J, : Wheel moment of inertia

N, : Normal force acting on roller 1

N, :Vertical component of normal force on roller 1

N, : Normal force acting on roller 2

T, : Braking torque

T, : Electric motor load torque

T, : Electric motor torque

T, : Rolling resistance torque

T, . Roller 1 torque

T, : Roller 2 torque

ry  Idler radius

I : Pinion gear effective radius

r. : Roller radius

Fing : Ring gear effective radius

r, : Wheel effective radius
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: Length of gearbox lever

: Total normal force of roller 1 and 2

: Heel/tire normal load

: Slip between vehicle wheel and roller

: Angle formed by two normal forces acting on roller 1 and 2

®» sz

Tire parameters (Julien’s theory)

F. : Critical friction force

K, - Initial slope of friction force vs slip curve
k, : Tangential stiffness of tire

I, : Length of contact patch

A : Length in front of contact patch deformed
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