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Application of an inertia dynamometer
to check braking performance against theoretical predictions-

Abstract

Friction is a typical stochastic process, characterised by a number of random influences. It is almost impossible to
predict performance and reliability of such mechanisms theoretically or in an analytical form. Evaluation of
tribological properties of friction mechanisms is a rather complex task, and that is why experimental methods are
broadly used. It particularly applies to brakes and braking systems of road vehicles. There is a general awareness that
vehicle brakes have to be thoroughly tested and approved in accordance to various regulations and road safety
requirements, so as to evaluate their performance confidently.

In order to provide experimental verification of theoretical predictions of performance and reliability characteristics of
friction brakes and road vehicle braking systems a comprehensive testing facility is developed at the Faculty of
Mechanical Engineering of the University of Belgrade. The most important part of it is the LCBT - Laboratory for
Clutch and Brake Testing, This Laboratory is equipped with a new line of six inertia dynamometers, all being self-
developed and locally manufactured. The patent-pending and compact designed dynamometers are fully automated,
i.e. computerised and on-line data acquisition, data processing and test results presentation is provided to enable full-
scale testing of all types of brakes and other friction mechanisms, including dry and oil immersed clutches and multi-
plate brakes used in cars, commercial and off-road vehicles, and other earth moving equipment. The paper describes
how the inertia dynamometers developed at the LCBT Laboratory are used for various tasks with respect to type
approval testing, quality assurance and quality control, research and development in the field of friction mechanisms
for road vehicles.

1. INTRODUCTION

Tribological properties (friction and wear) of friction mechanisms used in different motor vehicles, their trailers and
other earth moving machinery depend on a number of influencing factors exerted by service conditions, design of the
friction mechanism, and the properties of materials used to make it. As generally recognised, brakes and clutches
realise their function in a vehicle by means of frictional forces developed between elements in relative motion at
different sliding speeds, with one element usually revolving while the other is often being still-standing.

Evaluation of tribological properties of friction mechanisms is a rather complex task, since friction is a typical
stochastic process, characterised by a number of random influences, why it is almost impossible to predict performance
and reliability of such type of mechanisms theoretically or in an analytical form {11]. Experimental methods are
therefore broadly used to evaluate performance of brakes and clutches. It particularly applies to brakes and braking
systems, which have to be tested and approved in accordance 1o various regulations and prescriptions related to road
safety [9, 22].

However, experimental ¢valuation of tribological properties of friction mechanisms is time consuming and may
become very expensive, because a variety of different test conditions and test methods may be applied. Although
different methods for testing of brakes and/or braking systems may be applied under road or laboratory conditions, all
of them may be classified as follows:

I-  Evaluation of chemical and physical properties of friction materials, such as chemical composition, hardness,
modulus of elasticity, moisture absorption, oil absorption etc.,

IE-  Small sample (or specimen) based testing of friction and wear, using different test machines, like Ranzi ~ Cuna,
Krauss, SAE-Chase, eic., operating under constant pressure or constant speed,

Il - Full-scale test benches often called inertia dynamometers,

IV - Rolling-road test benches, and

V- In-vehicle testing in real service conditions or on the test tracks.

These methods are different with regard to their purpose and scope. Evaluation of friction material with respect to its
chemical and/or physical characteristics in addition to the small sample friction and wear testing procedures is very
convenient for conformity of production checks and very popular because of that, but that would not be enough to
determine the rating performance of a given brake, for example.

Friction mechanism used in road vehicles and other moving machinery is usuvally a part of complex equipment, device
or system like braking system, transmission gear or similar, That is why road testing is more suitable for evaluation of
the overall characteristics of such an equipment, device or system and therefore this represents the most objective
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method. However, road testing creates a number of inconveniences, particularly with regard to repeatability, high
scattering of test results, long lasting and generally high costs.

Rolling-road tests intend to gather together road and in-house or laboratory test conditions in a unigue test method and
such a special test equipment is often used for some conformity tests of vehicles with respect to braking, like in the
case of periodical inspection of vehicles, and for the on-condition diagnostic tests used in maintenance technology.
Therefore, full-scale brake laboratory test methods are more suitable for evaluation of the friction mechanism itself
and its componerts by providing test results quicker and cheaper. Besides, the results are then more strictly tied to the
mechanism under test, by means of eliminating side effects produced by adjacent elements or equipment etc. The
results may sometimes become less realistic and somehow difficult to understand and explain. But if the test is
performed at a full-scale dynamometer, using test program based on well designed simulation technique, the obtained
results usually are satisfactory and they may be easy to understand and explain. That is why full-scale inertia
dynamometer tests are widely used for research, development and quality control {10, 19, 21] and in the standardised
form for type approval and certification purposes [9, 22].

In some cases there is an idea to standardise the test sample [18]. Although certain advantage related to flexibility of
enabling quick testing and high repeatability of test conditions in such a way may be provided, this type of tests is
more or less similar to the small sample testing, because the results of “standardised scale” tests are hard to correlate
with those corresponding to the “full scale” mechanism.

2. LABORATORY FOR CLUTCH AND BRAKE TESTING

The LCBT - Laboratory for cluich and brake testing of the Institute for motor vehicles of the Faculty of Mechanical
Engineering, University of Belgrade, is in operation since 1966, It now represents the unique testing facility of this
type in Yugoslavia, and alsc in this part of Europe. The Laboratory is accredited by the governmental autherities as an
official technical service for type approval testing of vehicles with regard to braking, according to ECE Regulations
No. 13 and 78 [22], and for other friction mechanisms certification procedures according to national regulations. The
accreditation process with regard to ECE Regulation No. 90 concerning replacement brake linings is in due course.

Along with the type approval and other certification activities, this Laboratory carries on various research and
development projects, in collaboration with a number of local manufacturers of cars, commercial and other vehicles,
brakes, clutches, friction materials and other friction mechanisms and components. Very intensive co-operation with
some of the most famous foreign companies in this area like Mercedes-Benz, Rockwell, Don-Mintex, and others
partners like University of Palermo has also enabled excellent research results to be obtained [8, 19, 20].

~In addition to the comprehensive equipment for road testing of vehicles and in particular braking system tests
according to ECE Regs. 13 and 78, this Laboratory is equipped with a full line of inertia dynamomeiers designed to
simulate application modes and loading of brakes and clutches in different vehicles, under in-service or usage
conditions. Several type ranges or families of inertia dynamometers are developed, all patent pending. Each family is
composed of several units, intended to be applied for testing brakes and/or clutches of different vehicle categories. Six
different stands are now in use at LCBT, and several other units were developed to meet the needs of different
customers and therefore they were built and sold to a number of industrial enterprises,

The PSK line of dynamometers comprises several units. Figure 1 shows one of them, designed for testing smail and
medium brakes used in cars, vans, and light trucks and trailers. The other unit (Figure 2) is designed to provide testing
of brakes used in heavy commercial vehicles. All units are designed so as to be tailored following the specific needs of
an end user,

The dynamometers of PSS line are designed so as to enable specific conditions of testing to be duplicated following the
needs to test dry clutches used in agricultural tractors (Figure 3) or road vehicles (Figure 4), but also for oil immersed
clutches and brakes for off-road vehicles, caterpillar tractots and other heavy equipment.
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Figure 1. Car and ight commercial vehicle brake dynamometer PSK-20
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Figure 4. Car and light commercial vehicle clutch dynamometer PSS-20

3. FULL SCALE INERTIA DYNAMOMETERS

Since all friction mechanisms perform their function by converting kinetic energy into the thermal one, the task of an
inertia dynamometer is to enable 10 a tested brake to be loaded by the appropriate portion of the vehicle's total kinetic
energy. This energy is duplicated by the portion of the vehicle's total inertial mass driven at the appropriate speed,
corresponding to that of the vehicle.

The aim of testing a brake by means of an inertia dynamometer is to provide possibilities for transformation of the
above mentioned kinetic into thermal energy by reducing the speed of revolving masses and to dissipate it to
environment. This principle is realised by means of a number of fiywheels to which the rotating part of the tested
brake is firmly connected. Those flywheels are accelerated by a driving motor to a designated speed, and then
decelerated by the brake to a given final lower speed or to the full-stop.

The design of LCBT inertia dynamometers is explained in principle in Figures 5 and 6. The Figure 5. presents scheme
of the brake rig PSK-20 used for testing the brakes of cars and light vehicles. The DC motor (1) drives, via coupling
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(2), a set of six flywheels (3) independently mounted on the driving shaft (4). The flange (5), firmly jointed to the shaft
{4), bears rotating part of the tested brake (drum or disc), while immobile flange (6), being firmly connected to the
foundation (7), is used for mounting stationary parts of the tested brake {(shoe-plate or caliper). By means of a specific
device, each of fiywheels can be connected to the driving shaft (4) separately or in a required combination, providing
in such a way different inertia (from 10 to 200 kgm?). In addition to that, in the case of test rig intended for testing
commercial vehicle brakes (PSK-30) there is an auxiliary constant-ratio gear box, which provides much higher inertia
(from 90 to 1800 kgm?) at lower speed (maximum 50s™), as required for testing of heavy vehicle brakes.

Since the DC motor with a tyristor controller gives a continuous speed variation, up to 150 s-1 the total kinetic energy
of the dynamometer can be changed in wide limits, so as to adapt to the requirements. The testing sequence comprises
various type of braking from higher to smaller speeds (“snub-braking™), or to the stop (“full-stop” braking). The stand
also provides possibilities for simulating down-hill braking at constant speed and/or constant torque.

Both in the Figure 1 and in the scheme of Figure 5 an important feature of the LCBT brake dynamometers is
demonstrated: the possibility to test brake together with a corresponding wheel, as intended to be required by some test
procedures. This is particularly important from the point of view of a direct timpact that a wheel may have to the brake
heating/cooling capabilities.

Figure 5. The scheme of brake dynamometer PSK-20

Both in the Figure 1| and in the scheme of Figure 5 an important feature of the LCBT brake dynamometers is
demonstrated: the possibility to test brake together with a corresponding wheel, as intended to be required by some test
procedures. This is particularly important from the point of view of a direct impact that a wheel may have to the brake
heating/cooling capabilities,

The scheme in Figure 6, represents the full scale inertia dynamometer for laboratory testing of performance and
reliability of oil immersed brakes and clutches PSS-51. This test stand consists of a massive support (1) carrying AC
motor (2) to which the driving shaft (4) is connected via belt drive (3), The shaft (4) catries an energy accumulation
flywheel (5). Besides, driving elements of an oil immersed friction cluich (6) are connected to it. Cluich plate (7) is
connected to the driven shaft (8), which carries the brake plate (9) on one of its free ends, and the load flywheel (10)
on the other. Stationary part of the brake (11) is connected to the support (1). Both clutch and brake are full scale
mechanisms, comprised in the separate section of the test bench - housing (12) - which provides required conditions of
oil delivery to the friction surfaces. Special hydraulic device that is not shown in the drawing enables oil circulation
for renewal and cooling purposes. Inlet (13) is clutch control input, while inlet (14) is brake control input.
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Figure 6. Oil immersed brake and cluich dynamometer PSS-51

This inertia dynamometer enables simuitaneous testing of one oil immersed brake in association to one oil immersed
clutch, Because driven parts of the clutch and rotating parts of the brake are connected via driven shaft, the clutch is
tested in the “speed built-up” mode, while the brake is tested in the “braking” mode. It means that the cyclic test
process is applied enabling the clutch to be engaged for driving and accelerating the load flywheel (11) from the rest to
the motor speed. After this speed is attained, the clutch is disengaged, when the brake is actuated, bringing the load
fiywheel to the full stop. The test cycle is presented in Figure 7.

DRIVING
T SHAFT /
i _ /
DRIVEN At /
SPEED SPEED
BULT-UP | | BRAKING | | BUILT-UP BRAKING

TIME — P

Figure 7. Test cycle of the PSS-51 dynamometer

The described concept for the test benches allows:

a) full scale brake and/or clutch application,

b) the rating performance evaluation of tested friction mechanism is enabled,

¢) mechanisms of different types may be tested under appropriate load conditions,

d) identical mechanisms may be tested under different test modes,

e) highly rated duplication of real operating conditions is enabled,

f) automatic control and data processing enables a variety of possibilities to process and present test results and to
evaluate tribological propetties of the tested mechanisms,

All the inertia dynamometers developed at the Faculty of Mechanical Engineering in Belgrade are fully automated,
providing automatic control of the test process and effective data acquisition, processing and presentation that is
enabled by means of a full line of high performance electronically controlled devices and measuring equipment at the
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end of which a standard PC is used. The principle scheme of these important subsystems is explained in Figure 8 for
PSS5-51 rigs and in Figure 9 for PSK brake dynamormeters,

Ao N d
AUTOMATIC CONTROL

Figure 8. PSS-51 dynamometer control and measuring system

DATA ACOUISITION AND PROCFSSING

AL W/ Y
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AUTOMATIC CONTROL

Fligure 9. Brake dynamometer’s control and measuring system

However, the control system also provides manual operation, enabling to the operator to decide when and how to
activate the brake or other dynamometer functions (when to start motor, how to accelerate inertia fiywheels, when to
activate brake, etc.). By antomatic mode, which is used practically in all test programs, especially for type approval
testing, all control functions are overtaken by a microprocessor system. This system, as shown Figure 9, for example,
comprises micro-computer with peripherals (24 to 26), data acquisition device (23), electronic measuring units (14 to
17), and the brake application and speed control device (20).

The automatic data processing is based on the “on-line” or “off-line” principle that comprises:

- acquisition of basic data, i.e, data obtained from the measurement of speed, number of drum/disc revolutions,
air/hydraulic pressure, torque, brake interface temperature,

- data processing and
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- presentation of the results,

Data processing is performed with help of corresponding software, developed so as to satisfy requirements or
particular wishes. It is nseful to note that the obtained results may be presented in different forms, as figures, tables or

diagrams.

An example of a test report in the tabular form is shown in Figure 10, with all necessary explanations. This form of
the test report relates to “standardised test procedure”, developed also at the LCBT in Belgrade. It contains the
identification data (tested brake, test program, number of test cycle) and obtained results (initial speed, braking torque,
control line pressure, initial and fina! brake interface temperatures, work done by the tested brake for one or for a

group of brake cycles, braking time and average deceleration).
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Figure 10, Table of the test results

LLL TR

Application of an Inertia Dynamometer to Check Braking Performance Against Theoretical Predictions

Dr Cedomir Duboka - University of Belgrade

IRTENZ Seminar Christchurch 1996

Page 8




Test results are often presented in the form of graphs or diagrams, as well, Some typical examples of the curves and
graphs are shown in Figures 11. and 12, respectively, for a commercial vehicle drum brake tests. Upper diagram in
Figure 11 shows the average brake torque (M) over mean control line pressure (p) for initial brake speed (v) from 20
to 100 km/h, obtained with constant control line pressure of 6 bar and with four different initial interface temperatures
(50, 100, 200 and 300°C). Lower diagram in Figure 11. shows the average braking torque (M) with respect to control
line pressure (p), for constant speed of 80 km/h and the same temperature levels as above.

p=6bar

5

Msp (kNm/bar)d
oW

1 N - Be——E] 18@ OC
b 200 °C
+—+ 388°C
58 30 20 50 160
Vv (kmsh)-
16} U= SBkm/"'I

Figure 1. Braking torque presentation over initial test conditions
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Diagrams in Figure 12. show the variation of braking torque (M) and control line pressure (p) during a number of
consecutive braking cycles, realised with constant temperature (@) and constant speed (v), respectively, These and
similar diagrams give possibilities for comprehensive and detailed analysis of the braking process, pointing out the
most important influences and their effects.
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Figure 12. Braking torque behaviour during brake application
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4, TEST PROCEDURES

Iy general, mertia dy ramometers are used for expernnental evaluation of tribological propertics (friction and wear) of
brakes. clutches and other types of [riction mechanisms, as it is required by tvpe approval or safety regulations. In
many cuses. however, results obtained by dynamometer testing make a basis for compreheasive research and
imvestigation projects. including development of new products and new or improved matevials used in friction
mechanisms.

The following application of inertia dyvnamoemeters deserves a particular allention;

- Testing for certification or type approval purposes of friction mechanisms {like brakes in the case of heavy trailers)
and/or {riction materials intended for application in brakes and clutches as original equipment or spare parts {linings,
pads. facings),

- Testing for quality conirol of brakes and/or other friction mechanisms in the series production. comprising
conformity of production checks.

- Development testing of brakes and clutches, for different vehicle types and categories (new design or design
medification). and in particular testing of asbesics and non-asbestos friction materials (new composition, improved
technology).

- Research testing, especially related to the investigalion of Iribological phenomenon in brakes and clutches. like fade
characteristics. wear mechanisms te..

- Development of improved test procedures and test facilities, including development of new or modification of the
existing inertia dynamometers,

There are different test programs used by the industry or relevant independent test authorities to enable evaluation of
tribological properties of friction brakes by means of application of an inertia dynamometer. [rrespective of the aim of
brake testing. test programs normally comprise a number of general and/or specific issues, like bedding procedure,
cold and/or hot performance tests. fade and recovery tests. wear tests etc. However. there are significant differences
between lest pregrams used by different test autherities over the world. A lot of work has been done within 8O or
ECE, for example, to develop and introduce in practice some standardised test programs for evaluation of tribological
properties of friction brakes. but still there are test programs applied by the individual test authorities following their
own experience and philosoply of testing. That is why repeatability of test conditions and/or test results may become
impossible even if the same friction mechanism is tested by two different test autherities, when each of them applies
its own test program,

Because of that, the basic principle applied in LCBT with respect to test programs is to provide conditions for
application of such a test procedure which would meet specific needs of the customer. That is why standardised test
procedures following the ECE or [SO philosophy are applied in addition lo test procedures prescribed by large vehicle
manulacturers (like Mercedes-Benz or FIAT. for example. [19, 201). However. own test programs are also developed
1o enable more detailed investigation of particular issues. like bedding procedure [6], wear test for life prediction [2,
3], modelling of tribological properties of friction materials (friction, wear, work done by the bralke) [1, 14, 15, 16],
tribo-mutation effects [8]. quality control and inspection formally prescribed by Yugoslav standards. comprehensive
investigations of friction materials wear mechanisms with particular emphasise on the possible environmental
contamination |14, 16], braking force distribution optimisation {17], brake load and stress distribution analysis by
comparison of finite elements theoretical models and inertia dvnamometer test results [+, 12], or maintenance aspects
of the brake wear process |7].

5. CONCLUSIONS

Almost thirty vears of own experience and the intend of regulatory authorities to enlarge application of inertia
dynamometer tests for certification. tvpe approval. confornity of production and quality conirol purposes gives
evidence that such a laboratory equipmenl is extremely suitable for experimental evaluation of brakes and other
friction mechanisms. When supported by an appropriate automalic control and effective and sophisticated sofiware for
dala acquisition, processing and presenlation, inertia dynamometer testing provides results and information of the
grealest importance for ali aspect of tribology engineering in the field of {riction mechanisms and materials, as well as
for research and investigation of a varicty of typically tribological phenomenon. That is why further expansion of
application of such test equipment is forgscen lo be highly appreciated.
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