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A) The Eindhoven University of Technology. 

The Eindhoven University of Technology offers nine courses of study in 

which students can ~ualify ~s graduate engIneers (ir.) specialising in 

the following subjects: 

Technology in its Social Applications 

Industrial Engineering and Management Science 

Mathematics 

Computing science 

Technical Physics 

Mechanical Engineering 

Electrical Engineering 

Chemical Engineering 

Architecture r Structural Engineering and Urban Planning 

Since the Eindhoven University of Technology opened in 1957 more than 

6300 students have graduated from it. The degree of Doctor in the 

Technical Sciences can be obtained by students submitting a doctorate 

thesis on research he/she has carried out, or on a design made and 

successfully defended before the Doctorate Board. Since 1957 there 

have been more than 500 such graduations at the university. 

The first honorary doctorate was awarded in 1976 and three more were 

granted in 1981. 

A new four-year first-phase course of study was put on the University 

curriculum for the 1982/1983 academic year. 
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Students and Staff 
1962 1967 1972 1977 1982 

Number of students 1350 2482 4751 4344 4959 

Ordinary professors and lecturers 

Professors extraordinary 

Scientific staff 

Technical personnel 

Other personnel 

Total 

50 75 

20 18 

163 302 

394 470 

457 706 

1084 1571 

Number. of graduates (cumulative) at EDT 

109 121 

24 28 

490 571 

560 572 

691 699 

1874 1991 

127 

30 

585 

628 

619 

1989 

1962 1967 1972 1977 1982 

Industr. Engineering and Management 

Mathematics and Computing Science 

Technical Physics 

Mechanical Engineering 

Electrical Engineering 

Chemical Technology 

Arch.Struct.Enging. & Urban Plan 

Total 

Number of students per department 

1 

3 

3 

3 

10 

Industr. Enging. and Management 821 

Mathematics & Computing Science 342 

Technical Physics 506 

Mechanical Engineering 702 

Electrical Engineering 939 

Chemical Engineering 550 

Arch. & Struc. Enging. & Urban Plan. 909 

Total 4959 

(Numbers as at 31.12.1982) 

54 343 681 

13 63 125 

47 249 519 

152 451 805 

164 565 993 

238 663 1124 

3 353 

614 2048 4262 

227 

756 

1090 

1416 

1306 

831 

6327 



-6-

B) Research Project FAIR (Flexible Automation and Industrial Robots). 

The research project FAIR is an interdepartment project of the 

cepar~~e~ts of E'~ct~ical Engineering and Mechanical Engineering of 

the Eindhoven University of Technology. 

The aim of the project is to develop to a large extent applications of 

flexible automation and industrial robot systems. In order to achieve 

this aim a thorough study and development of the integral systems and 

of the components is important. 

For organisational reasons the project is subdivided into five 

projects: 

1. General aspects of flexible automation 

2. Handling of parts 

3. Kinematics and dynamics of mechanical structures 

4. Drive systems, control systems and convenience of use of the 

systems 

5. Arc-welding and.sensory systems. 

My project has been done in the project group 4 of the project FAIR, 

where electro-mechanical actuators are subject of study. My work was 

split in two parts: 

I Measurements of the dynamic characteristics of the ASEA Robot 

IRB6/2 

II Development of new servo motors and new type of drives for 

robot actuators. 
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C) Structure of studies in the Netherland. 

A full university course in the Netherlands used to take at least 5 

years. Moreover, under this old system there was no limit to the 

actual time spent on completing the course; the majority of students 

required a longer time to complete their studies. 

From 1 September 1982 onwards a new Act on the structure of university 

education will take effect. This Act, which applies uniformly to all 

university courses, restricts both the duration of a course and the 

period of time permitted for its completion. 

Also, university study will be divided into two phases. 

The first phase 

The first phase has a duration of 4 years and comprises two 

examinations: the first or preliminary ('propaedeutisch') examinatio~ 

at the end of the first year and the final ('doctoraal') examination 

at the end of the fourth year. Students are allowed 2 extra years to 

complete the first phase. The first examination has to be passed at 

the end of the second year at the latest. 

After 6 years one may no longer register as a regular student for 

first-phase courses in any field of study at any Dutch university. 

The second phase 

After passing the 'doctoraal' examination only a limited number of 

students can be admitted to the second phase. 

This phase will be introduced in the academic year 1986/87. It covers 
three types of training: 

1. further professional training as a physician, pharmacist, dentist, 

veterinarian, chartered accountant and possibly in other 

professions, with a maximum of 2 years; 

2. professional training of teachers for secondary schools and schools 

for higher vocational education, with a maximum of 1 year; 
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3. training for research and technological design, with a maximum of 1 

or 2 years. 

The number of students admitted to the second phase depends on the 

number of r!a('~s aV;311<'lble in the field of study conce.rneu. An 

admissions committee selects students from among the candidates who 

present themselves. 

Doctorate 
The degree of 'doctor' (dr.) will remain the highest degree obtainable 

at a Dutch university. 

Those who have passed a 'doctoraal' examination, under both the old 

and the new systems, are eligible to proceed to a doctorate. The 

preparation for this takes at least 3 years and consists of 

independent research. It has to be conducted under the supervision of 

a · promotor , who has to agree to perform this task. No courses are 

given for this degree. The results of the research must be laid down 

in a dissertation ('proefschrift') that has to ~e defended at a public 

session of the Doctorate Board of a university. 

The dissertation may be written in Dutch, English, French or German; 

for all other languages the permission of the Doctorate Board is 

required. 
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A) Introduction 

The first work I was asked to do was to measure the dynamic 

characteri::;tics of th~ ASE! !F136!? Robot: wlllCh has never been done. 

We thought it would be useful to do this in order to be able to say 

wether the technical choices which had been made for the design of 

this robot were right. 

My very first work, to get familiar with the robot, was to read the 

ASEA Instruction Manual and to make some programs for the robot. 

B) The ASEA Robot IRB6/2. 

This robot is only one and a half year old in its design. We could 

therefore say that it is one of the most modern ones. 

Like every robot, it is a versatile aid in the automation of 

industrial manufacturing processes, and is particularly applicable in 

situations which are dangerous or difficult for human operators. It is 

quite widely used nowadays, and one of the applications which has been 

developed further in the Eindhoven University of Technology is arc

welding. 

Principal features. 

* Separate electrical and mechanical sections. 

The ASEA industrial robot is divided up into two main units - the 

free-standing mechanical robot and the control equipment. This 

separation allows the mechanical portion to be kept to a compact 

format, for placing in limited working locations. This also allows the 

control equipment to be placed separately, if this is required for 

reasons of space or environment. 

Fully electric operations. 

The robot system is fully electric except for the gripper actuator 

which is air driven, with the axes driven by D.C. motors, giving low 

maintenance costs, low noise level, low power consumption, and easy 

control. 
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The motors for each of the five axes are of the following type. 

CEM. AXEM DC electric servo-motors with a flat air gap and disc shaped 

armature with lamello windings. 

Type F9M4H. {Power: 168 W Speed: 3000 rpm. Nominal Torque: 0,54 m N 
~ Max. Pulse Torque: 4,9 m N 

* Dialogue programming. 

* 

* 

* 

* 

Programming is carried out by means of a dialogue between the operator 

and the control equipment, in a simple non-coded language. A portable 

programming unit is used for this purpose. 

Defined work point (T.C.P.). 

The movements of the robot are programmed in such a way that a 

particular point, known as the work point or Tool Center Point 

(T.C.P.) moves relative to the robot in a well defined manner. The TCP 

can be defined in any selected position, and the system can store a 

number of different TCPs in its memory. 

Joystick: co-ordinate systems. 

A joystick fitted to the programming unit is used to control the 

movements of the Tep. The TCP can be moved in right-angle or 

cylindrical robot-oriented co-ordinates. This simplifies the work of 

programming and allows the robot to be moved quickly in the desired 

positions. 

frogram structure and subprograms. 

The program structure may contain a large number of separate 

subprograms. In these, the movements, conditions, patterns and 

·weaving" movements of the work point of the robot can be defined. In 

this way, a clean and logical program structure is built up. 

Program instructions: editing. 

A wide range of program instructions and editing functions are 

available. These include: 
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Movement between two points, at a selected speed, programmed in 

mmls and with optional degree of accuracy. This allows 

opportunities for optimization of cycle times, 

Program centrel ttro~gr. inputs and 0utruts or from an internal 

register providing jump, wait or interrupt in programs, or in 

control of peripheral equipment. 

Instructions for adaptive control. 

A programmed pattern of movement can be transposed in any 

desired direction, during both programming and execution. This 

feature is particularly useful if, for example, a fixture must 

be altered or when a similar pattern of movements is needed 

several times during a process. 

A robot program can be corrected, erased, copied, renumbered, 

testrun, etc. 

Inputs and outputs. 

There is wide flexibility in choice of inputs and outputs. Inputs may 

be digital or analog and outputs are digital. 

* Floppy disk unit. 

The control system is suitable for connection to a floppy disk unit, 

of the plug-in type. This unit is used to store user programs on 

floppy disks or as a mass storage for storage and call up of programs 

during operation of the robot. 

* Adaptive control. 

Sensors can be connected to the robot, for adaptive control; possible 

functions include searching, contour following and speed control. Both 

digital and analog sensors can be used. 
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Control cabinet. 

16 BIT OATAeUS FUTURE EXPANSIONS 
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.__....I.. __ -_.__....I.._r-...J--, 
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..... _--' ....... -~ L..,. ....... --' 1.-_.....1 L ____ J 

CUSTOMER 110 

The control cabinet contains the electronic and drive equipment 

required to control the mechanical robot and the peripheral equipment. 

The robot is linked to the control cabinet by means of a cable, which 

may be up to 15 m in length. 

Communication between the operator and the control system takes place 

through the control panel and the programming unit. 

The control system communicates with the peripheral equipment through 

input/output units, which are available in a number of different 

variants. A wide selection of number and type of inputs and outputs is 

available, depending on the needs of the particular installation. The 

status of the inputs and outputs (I/O) is shown by indicator lamps 

(LEOs) on the fronts of the I/O-units. 

The control program for the robot is stored in the permanent memory of 

the control system (EPROM), while the user program is stored in the 

read/write memory (RWM), which is provided with battery back-up, to 
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protect the contents in case of power failure. The capacity of the 

user memory can be easily increased by additional memory boards, or by 

use of a floppy disk unit as a mass storage. 

The electronic units in the control system are connected to a common 

data bus through which all information is passed between units, and 

through which the system is monitored by the central processing unit 

(CPU). 

The servo system is served by its own computer; this contributes to 

the good performance of the system. 

The control system carries out continuous tests on the most important 

functions of the robot system, and more extensive tests are performed 

after start-up. If a fault is detected, program execution is 

immediately interrupted, the FAULT lamp lights up, and a message 

showing the type of fault is displayed in plain text on the 

programming unit. 

To assist in fault tracing, the various units of the control system 

are fitted with test outlets and LEDs which indicate the status of the 

input and output signals of the system, the servo system and the 

interlock chains. There are also LEDs for indication of supply 

voltages to the electronic unit and for their communication with the 

central unit. 

In addition r separate test equipment is available in the form of a 

test adapter and a bus test unit. 
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The mechanical robot. 

E, Bend 

""'upper a,.,. 

Lower arm 

Body 

Base 

~~=l-.f.L ____ - __ ----Motor unit, E-axis 

,-__ -------Motor unit, P-axis 

Motor unit, B-axis 

0+--..---------- Motor unit, A-axis 
~..." 

~otor unit, C-axis 
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The arm movements are made by means of ball screws which actuate the 

arms through levers. The wrist axes, E and P, are driven by link rod 

systems inside the lower and upper arms. The wrist is so designed that 

the bending movement (E-axLs) 1S always in the plane of the arm. 

The motor units for all robot axes, except for the C-axis which is 

mounted inside the body, are located on the outside of the rotatable 

body of the robot. 

The motor unit consists of a DC motor and a resolver for indication of 

position and for regulation of rotary speed. 

The transmissions are of two types; gearboxes of type "Harmonic Drive" 

and ball screws. 

The servo amplifier is placed in the control cabinet, together with 

the other electronic equipment. 

The cables to user connections are carried through the arm sections to 

the wrist. Connections are made through the underside of the forward 

end of the upper arm. 

A solenoid valve can be fitted in the upper arm for control of 

pneumatic outlets. 
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C) Measurements. 

I General. 

Computer 

The first big problem to solve for succeeding in measuring the 

dynamics characteristics of the robot was to be able to get access in 

the system itself. 

As a matter of fact, the schematisation of the control of one axis of 

the robot can be done like in fig. 2. 

POSITION (Ref) 

VELOC ITY (Re f) 

I (Ref) 
PWM 

MOTOR 

~ _________________________________________ T_A_C_H_O_MET __ E_R_~ _ 

A 
~ _________________________ . _________________________ RE_S_O_L_V_E_R ____ ~~I-

As the tachometer gives at every moment the speed of the motor, we 

want to work on the speed response of the system to an input signal. 

The position reference is given by the axis computer, obeying a 

possible program which would have been stored in a memory. We wanted 

to disconnect all this part, and command directly the velocity 

reference with a voltage input. 

Thus, we wanted to enter the system as shown in fig. 3. 
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We still keep a control of the speed and the current references in the 

following way: 

The speed controller is used to improve the dynamic characteristics of 

the servo-loop. The actual speed is measured by means of a tacho

generator coupled to the drive motor of the robot axis. The tacho

generator supplies a D.C. voltage directly proportional to the speed 

of the axis. When the axis is stationary, the output signal is zero. 

In the speed controller the desired speed, which is determined by the 

analog reference, is compared with the actual speed, which is 

indicated by the tacho generator output signal. 

A current reference is generated in the speed controller on the basis 

of the difference between the desired speed and the actual speed. This 

reference determines the required D.C. current of the drive motor, and 

corrects the rotation speed so that the difference between the desired 

and actual speeds is at a low value. The load current of the motor is 

measured in the current regulator and converted into a D.C. voltage 

signal which is compared with the current reference from the speed 

controller. The maximum load current is set to a suitable level by 

limiting the current reference. 
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The places where the speed reference points could be quite easily 

found in the diagrams we had at our disposal. Another very important 

problem raised. As a matter of fact, the control system of the robot 

has :nanj' safety systems WhlCh turn the robot off wh.en fault occurs and 

thus avoids any intrusion into the system. We had dozens of electronic 

diagrams of the system, but as it is a new one, we have not been given 

all of the information about it. That is why we had to go to Apeldoorn 

where some people'from ASEA work. 

There we met M. Jogchem and H. den otter who had a very good 

understanding of the system and told us which switch or relay turns 

the system off. 

It was the relay on the "OUT CH 16 RUN" line in D14153 on fig. 4. 

We simply had either to activate the relay with 24V D.C. (I) or 

directly connect D141S3.X81.Z12 with 24V A.C. (II). We chose the 

second solution for greater convenience, taking the 24V A.C. from the 

control board. 
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II The first measurements 'in the time domain. 

The first type of measurements we did were of the following type. 

Using a squRre wave generator for the iUlJut, with adjustable .:l.mplitude 

and an adjustable period, the output was taken from the tachometer, 

for the first and the fifth axis. Input and output were both looked at 

on an oscilloscope and pictures of the results were taken (fig. 5 and 

6) 

Load 

Fig 5 shows results from the fifth axis. We can observe that the 

response is good in both cases and shows no visible difference between 

the -load" and 8 no load" characteristics. Nevertheless, we could see 

that with this frequency of measurements, which was around 3 Hertz, 

the behavior of the fifth axis was not so good; we could see 

interference vibrations. Therefore it was necessary to carry out other 

types of measurement, using the real speed and the end of the axis 

instead of measuring the speed of the motor from the tacho. 

Moreover, it proved the non rigidity of the drives from the motor to 

the fifth axis. 





-24-

Fig. 6 shows measurements done in the same way on the first axis. 

First of all, we can see that the position of the robot around the 

first axis, what we called • centric " and "excentric· has no influence. 

As a matter of fact, picture 1 and picture 3 are very similar. 

The terms "ARMIN- or Mini Inertia, "ARMOUT" or Maxi Inertia as well as 

"load" are defined in the paragraph ·Ways of measuring". 

Another important factor for measuring is: 

the amplitude of the input signal which is the speed reference, 

knowing that the tacho has a EMF or 3 V/1000 rpm. 

We can deduce from these pictures that: 

the delay of response increases with the amplitude of the speed 

reference which was expected. 

It showed that the measurements were still quite good from this point 

of view, as the delay is not so important. 

Nevertheless, with a relatively high speed of 1700 rpm (fig. 5), with· 

the ARMOUT but no load on it, the measurements been done at a 

relatively low frequency (1.7 Hz), the motor could hardly reach the 

speed reference. 

However, all of these measurements have been done with the tachometer 

voltage as output. We can imagine that the real speed at the end of 

the arm as output would have been much worse. However this measurement 

was impossible to do with these devices because we only have 

acceleration transducers and therefore, we need an apparatus for 

integrating in the time domain. They were done later with a special 

device. 

III Transfer functions 

1) Presentation of the HP 5420.5423 device. 

The measurements of the transfer function in the frequency domain of 

every of the five axes have been done with the 5420 or 5423 Hewlett 

Packard digital signal analyser. 
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The way it works and the possibilities of measurements are described 

in the H.P. publications: 5420 A Specifications; Hewlett Packard 

Journal October 1911 and application note 240.0. 

It is not necessary to describe it completely here, as we did not use 

all of its possibilities and because it would be too long and 

complicated. 

We used it in two ways: 

1. for measuring transfer functions of the axis, between the speed 

reference and the tachometer output, between the speed reference and 

the velocity output (measured on the arm itself by means of an 

accelerometer) and between the tacho voltage and the velocity of the 

axis. For this reason, we needed to integrate the output signal of the 

accelerometer, which was possible with the analyser both in time and 

frequency domain. We chose the bode plot representation, because it is 

the most simple to interpret. We also wanted to have another piece of 

information about the measurements. That is the coherence function. As 

a matter of fact, the reference signal which is given to the system by 

the analyser is a white noise and thus it is necessary to know the 

degree of causality between system input and output. 

The coherence function is mathematically defined as follows: 

if x{t) = Time domain input of the system 

yet) = Time domain output of the system 
Sx(f) = Linear fourier spectrum of x(t) 

Sy!f) = Linear fourier spectrum of yet) 

The autocorrelation of the x 

average defined by Rxx (t) = 
function, 

1 · 1 I ~m -
T 

for example, is a time special 

x(t) x(t+d dt. 
T+... T 

But for the sake of simplicity and speed, most digital analysers 

perform the correlation operation by taking advantage of its duality 

with the power spectrum that is, 
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if Gxx(f) = auto-power spectrum of x(t), which is the magnitude 

squared of the linear spectrum. RXX(i) ~~ Gxx(f) 
-1 -1 * and RXX(T) = F [Gxx(f)] = F [5x{f).Sx(f) ] 

where the star (*) denot~s th~ conjugate of the function. 

So, if Gyx{f) = Cross power spectrum of yet) and x(t). 

Gyy(f) = Auto power spectrum of yet). 

The coherence function of the measurement is 

, as the transfer function is 

* 
H(f) = GyxCf) 

Gxx(f) 
= Sy(flSx (fl 

SX(f)Sx*(f) 

where the bar (-) denotes the average function. 

12(f) is a measure of the signal strength in the output, y, that is 

due to the measured input, x, at each frequency. 12{f) = 1 indicates 

that all the ouput signal at that frequency is due to the measured 

input. 

If 12(f) < 1, then there are extraneous input signals not being 

measured, noise present in the system, non linearities in the system, 

or time delays through the system. 

We can also get the impulse response from the analyser. 

The impulse response is the time domain representation of the transfer 

characteristics of a system. It is defined in the apparatus as 

h(t) = F- 1[H(f)] 
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2) Kinds of measurements. 

The fallowing types of measurements have been carried aut. 

a.) Transfer functions can be measured and platted with a printer. We 

get an the same chart the magnitude in dB and the phase, as well as 

the coherence function of the noise, all are given with a logarithmic 

scale of the frequency. The results of the measurements are given from 

the accelerometer, at the end of the arm. That is why we integrate the 

results in the frequency domain before plotting. 

b.) From these transfer functions, the device can calculate and plot 

the response of the system to an impulse. This response is integrated 

and gives the response to a step for the velocity. We can observe 

these twa responses on chart 4 for the first axis. However, we can 

notice on this chart that the oscillations have a lot of peaks, which 

proves that the calculation possibilities of the system are not high 

enough to give a precise drawing. 

c.) Therefore, to achieve precise drawings, we made some measurements 

in the time domain, which is possible with the H.P. 5420. We used a 

square wave generator for this purpose. As a matter of fact, we could 

not really use a step, as the movements of each of the five axes are 

limited. This made the measurements quite complicated. 

Moreover, a further problem was raised, which is visible on chart 5. 

For all the measurements done, it is obvious on this graph that the 

response to the step functions does not appear as a periodical one, 

and it is obviously wrong. In fact, we noticed a constant slope 

function added to the real one, which came from the integration of a 

constant in the value of the signal given by the accelerometer. This 

constant could be put off only by pressing a reset button between each 

measurements, but for many of them and particularly those with a high 

amplitude, the integration constant was not zero any more only during 

the time of one measurement. Therefore very little part of all the 

measurements which have been done in this way can be used to draw some 
conclusions. 
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3) Ways of measuring. 

1st 
Axis' 4th 

Axis 
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1st 
Axis 4th 

Axis 

3rd Axis 5th Axis 

,2nd 
Axis 

1st 
Axis 

~, t 

Axis, 

,I 2nd 
,Axis 

1st 
Axis 

Ace. 

The frequency responses of axis 1 and axis 5 are measured. For both 

cases, these types of measurements are carried out. 

1. Velocity input at the servo amplifier to tachometer output. 

2. Tachometer output to velocity of the gripper. 

3. Velocity input at the servo amplifier to velocity of the 

gripper. 

As mentioned before, the velocity of the gripper has been determined 

by integrating the output of an acceleration transducer which has been 

mounted at the gripper I see fig. 7. 

However, due to mechanical clearance of the gripper, the measured 

acceleration could not be correct for the response, so the 

acceleration has been measured just before the gripper, fig. 8. 

5th 
Axis 
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Comparison of the two measurements done on diagram 1 shows how slight 

the difference is, proving that doubling the measurements was not 

really useful. It is only obvious that the speed is higher at the end, 

because this point is farther from the first axis. 

Another great difference could be seen on the transfer function 

depending on the load and inertia on the motor on which the 

measurements were done. For example, for the axis 1, the measurements 

have been done in a position called Minimal Inertia (fig. 9) and in 

another position, called Maximum Inertia (fig. 10) 

ft· 10 

* We have also got the possibility to put a load on the pneumatic 

gripper. It is indicated when necessary, which the numerical value 

of the mass used. In order to be able to see what happens during the 

actual use of the robot, we put a load of 4 kg on the gripper. 

* It was important to control the direction of use of the transducer. 

This accelerometer, as a matter of fact, is a flat cylinder with a 

hole in its axis, in order to fix it. Thus, it is theoretically 

meant to be used for measuring acceleration parallel to its axis. 
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On chait 2 the measurement has been done exactly parallel to the axis. 

In chart 3-2, the axis of the transducer was almost perpendicular to 

the movement and we notice that the result is much different from what 

could be expected. On chart 3-1, the ~xis nf the cylinder was 

approximately 450 with the axis of the movement. The result is almost 

the same as that with the axis parallel to the movement. Thus we know 

from the comparison that we had to take care of the orientation of the 

transducer, but it was not done in a very thorough way. 
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4) Results and interpretation. 

As we already mentioned, if we do these measurements in order to find 

a certain improvc~ent of the movements; we have to study the axes 1 

and 5 more carefully. 

However measurements have been made on axis 2, 3 and 4 but no real 

study was made from them. 

What is more, the fourth axis, which gives the bend motion of the 

wrist, works in the following way. 

The motor unit is secured to one side of the lower linkage center for 

the lower arm and transmits a rotary movement in a gear (Harmonic 

drive) to a linkage disk located inside. A similar linkage is located 

inside the bend of the arm between the upper and lower arms and yet 

another inside the wrist. These three discs are connected to each 

other by means of linkage roads. 

A rotary movement on the lower linkage disc is transmitted to the 

upper linkage disc in the wrist. The working range of the bend motion 

is between - 900 and + 900 about the horizontal plane (see fig. 11). 

That is why, considering the way the fifth axis works (see "Modelling 

for the fifth axis, fig. 12), it is impossible to operate the fourth 

axis without the fifth axis working, which makes the interpretation of 

the results of the fourth axis measurements difficult. 

Robot seen from rear Li.n.k'.age rod eys liem, bend 
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-----..--.--._.-r._ ..,.,,_, 

Upper arm It + JlS 
~---.----,----------~-' 

'---... 

Work range of robot 
seen from above 

The third and second axis have not been analysed so thoroughfullYI as 

it appeared that the axes which could be obviously improved in their 

caracteristics were the first and the fifth axis. As a matter of factI 

the fifth axis, which corresponds to the turn motion of the wrist is 

driven by a long kinematic chain and we could easily think that its 

characteristics, are worse then those of the fourth axis, because of 

the presence of a gear at the end of the drive for the fifth axis (see 

"Modelling for the fifth axis), and is expected to be worse than the 

second and third axis too, because these are driven more directly 

through a bell screw system. 

We expected that it was easily possible to improve the characteristics 

of the first axis for the following reason: All the axes are moved by 

the same electrical motor (Parvex CEM F9M4N) certainly in a will of 

standardisation from ASEA, though it is obvious that the first axis is 

the one which carries the most important load. To obtain the necessary 
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torque for moving the system, an extremely high ratio harmonic drive 

is needed (1:158) which lowers the speed of the movement possible. 

This motor is mounted as shown on fig. 12, and we think that another 

solution could have been found to improve the c.haracteristics. 

SEA-'-'-+-4~"C 

k· 13 
Another problem raised during the measurements, due to the fact that 

at certain frequencies, the coherence was very bad in a short range. 

Thus, it was impossible to state the validity of the measurements in 

this range. An example of this problem is shown in diagram 4 on which 

there is a very low coherence around 17 Hz. 

The reason of this anomaly was the following. As a matter of fact, the 

whole robot was mounted on a socle on which a table was fixed (fig. 

13). It could be seen that this table vibrated a lot at certain 

frequencies of excitation of the robot. We decided to measure the 

frequency response of the table, when axis 1 was excited. Chart 5 
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shows that the amplitude of the vibrations of the tabel are much 

higher around the area of low coherence for the measurements on the 

first axis. That proves the importance of the surroundings for such 

measurements. 

When the coherence is very low at low frequencies, as it is on chart 8 

for example, it is only due to a mistake in the measurements, and the 

HP 5420 filters the D.C current and low frequencies in these case. We 

just consider as nonvalid the curve we have at low frequencies in 

these cases as not valid. It is noticeable that a width of 3 or 4 Hz 

only appears as very large, because of the logarithmic scale for the 

frequencies and the band width of 200 Hz. 
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IV Modelling for the fifth axis. 

1) The fifth axis. 

The fifth axis is the one which corresponds to the turning motion of 

the wrist of the robot. 

The turn motion is effected in the following way: 

A motor unit, secured in the linkage centre for the lower arm 

transmits a rotary movement in a harmonic drive to a linkage disc 

inside. A similar linkage disc is located inside the bend of the arm 

between upper and lower arms z and yet another in the wrist. These 

three are connected in series with each other by means of linkage rods 

which transmit the movement from one to another. A 90 0 angular gear in 

the wrist transmits the rotary movement on what is called the tool 

attachment. The turning range covers ± 1800 and is controlled by the 

working program. Should the work range be exceeded, there is a 

mechanical end position shock absorber which prevents con'cinued 

movement. (see fig. 13) 
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Robot seen 
from rear 

Linkage rod system turn 

Diagrammatic sketch of wrist transmission 

2) Modelling of the motor. with the speed feedback through the 

tachometer. 

For the speed cantral, a comparator and a proportional regulator are 

used. 

Terminal resistance of the motor at 25°C 

Current constant K
t 

= 8, 810- 2 mN/A 

back E.M.F. constant K = 91 2 V/krpm 
-3 e 2 = 91 2 x 91 54.10 V/rod/s. = 8, 8 10 V/m/s 

Tachometer constant K = 3V/krpm v 

R = 1,1Q 
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J Mass of inertia of the rotor of the motor, the rotor of the m 
tacho and the primary part of the harmonic drive. 

K Constant of the proportional regulator. a 

cr- K) I T 1 K l/R. K
t a Js 

- -

KE 

K.v 

Um is the voltage reference applied to the system. 

E = U - K Q m v 

The equations for the system are: 

K K Kt Ka E = Kt Ka Q ( 1 +~) = (Um - Kv Q) R Js R Js R Js 

Q ( 1 
Ke Kt + 

+ R'J"; 
Kt KS!. Kv 
R J s ) 

Kt Ka 
= R'J"S Um 

Now, Ke = Kt = , = flux in the air gap of the motor. 

..n.. 
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As a matter of fact, the torque is 

and the back EMF is 

U = - ~ = Q + = Ke Q. 

thus, 

L=~ 
U T S K 2 Kt Ka Kv m 

1 + -L+ 
t 5 

Kt Ka 
= 

T S + K 2 
t + Kt Ka Kv 

K' 
Kt Ka 

= 2 
Kt + Kt Ka 

and with U ' = K' U m m 

U' m' Q = ---"-""---
+ ,'5 

if we let Om be 

° = m 

t' 

Kv 

T S 

== 

1 + " 

= 
K 2 

t 

, :::: R J 

=oL 
U 

S m 

T R J = 2 + Kt Ka K Ka Kt Kv + Kt v 

T' :::: ____ .... J __ _ 

K 2 + K K
t 

K 
( t a v) 

R 
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The electric analog of the model of motor + zervo becomes. 

110m f I 
0 

U J m m 

3) And the model of the whole system, from the motor to the wrist is 

1/0 

with. 

m 

J 
m 

Dm = motor (+ servo) damping 

J m = J m + J H.D. + J T 
DH = damping of the Harmonic drive 

J I 

L 

CL 
J' 

L 

inductance (spring) of the mechanical drive + load 

Inertia of the load + mechanical drive 

DL damping of the mechanical drive + load 

20 = U'm = motor rotational speed without load torque 

2T = UT = rotational speed of the tacho = actual speed of the motor 

Q = UA : velocity on the axis. 

1 

D~ 
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* We must take into account the gears which exist in the kinematic 

drive: 

• Thus, Om' Jm and 0H keep their real value. 
• CL, DL have to be reduced using the square of the Harmonic drive 

transformation ratio, which is: i 2 

• J'L is separated into two parts. 
J' . = J + il 

L L 
J L = Inertia of the driving mechanism 

il = Inertia of the load mounted on the wrist. 

J L has to be reduced by i 2, 

il has to be reduced by the square of the transformation ratio of 

both gears in series. 

• We just assert Q = U is general, assimilating a voltage~to a speed, 

knowing that a multiplicating constant could be introduced. However, 

we don't take care of this constant, as we work on the rations of 

two voltages and consider that the magnitude is 0 dB at w = 0 Hz. 

We can simplify this diagram, using Thevenin. 

Thus, we include the damping of the harmonic drive in the damping of 

the motor + servo. 

That is to say that this system 

u~ 
m 

1/0 
m 

J 
m 

1 
0"" K 



un 
m 

is equivalent to this one 

with 

u " m 

U" = 
m 
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1/0 1 

m 

Thus, an electrical equivalent of the whole system is 

1/0' 
m 

J 
m 

(~. '5 

J 
L 

1 
D~ 
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Simplifications 

The inertia of the system composed of the motor + Tacho + Harmonic 
drive, Jm is quite high. 

The inertia of the load JLt in wich we inclu~e the inertia of the 
drive can be high too, if a load of 3,5 kg is applied on the axis, but 
the real value of the inertia has to be divided by the square of the 

transformation factor of the harmonic drive for the drive, and by the 

square of the transformation ratio of the cog-wheel system and the 

harmonic drive, for the load. 

So JL«Jm. That is why we can neglect the affect of the load on UT, 

which wil be checked a posteriori. 

_1_ 

So 
UT JmS 

= = u' -L + 1 J m 
JmS Dm ....m s + 1 

Dm 

using the Laplace transform. 

~ 1 
:: U· J m ....m S + 1 

Dm 

On the other hand, 

1 

with s = j" 

"n2 =~ 
J
L 
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cOIrespcnd~ to the tache/reference charts. 

corresponds the velocity/tachometer charts. 

-5 2 5 -5k m2 
J m = Jtacho + Jmotor + J H.D.= (3,4+3,5+2,05).10 kg m = 8/9 .10 g 

.The motor is a F9M4H disc. D.C. servomotor from C.E.M. Parvex 

.The tacho-generator is a F9T from C.E.M. Par vex 

.The hermonic drive is a HDVC128ABL3Sp from A.T.B. Smits ratio 

i 128:1 

The tachometer/reference charts are exactly the same with and without 

load and they show a perfect first order system (see chart 6). 

f6 = 23Hz ~ wn = 2w x 23 = 46u rd/s 

1 -3 __ J m 
~ T = 46n = 6,9210 s Dm 

thus -2 D = 1,29.10 Nm/rd/s. m 

The two velocity/tachometer charts (charts 7 and 8), with and without 

load, show a second order, as expected in the model. Still, the slope 

after the break frequency of 70 Hz on chart 8 is not -40dB/dec. As the 

coherence is quite low in this area, we can assert that the real slope 

of the system is that of a second order system. The measurements with 

load have been done with a bar of a mass m = 3 kg and a length of 1 = 
20 cm. 

2 
The inertia of the load is m; . We reduce it by dividing by the square 

128 of the ratio of both years, which is i' = 2.286 = 5~. 
So the reduced inertia of the load is a = 3 X (Q!2~ = 1,27.10-5 

3 x (56) 
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J'=J +a. 
L L 

from the charts, we deduce 

with load ~ = 11 x 2~ = 69 rd/5 n 
The peak is ~ 11 dB so ~ ~ 0,13 

..£. Q.Jl -3 ~ - - 1,88.10 = 2C = constant ~n - 69 - L 

J I = J + a. 
L L 

with no load 

... 

~ ::;: 70 X 211" 
n = 14011" = 439 rd/s 

~n 

-3 = D ~ = 439 x 1,88.10 = 0,83 

~ _ -3 
C

L 
- 3, 74 . 10 = 

~ _ 3 1,88.10- (see above) 2C
L
-

~ _ (439}2 -7 2 J
L 

- = D JL = 3,22.10 kg m 

CL _ 2 -5 2 
-5'- (69) J'L = 1,3.10 kg m 

JL+1,27.10 

CL = (439)2 x 3,22.10-7 = I 6,20.10-2 m N/rd = C
L 

-3 -2 -4 
DL = 3,74.10 x 6,2.10 = I 2,32.10 N/rd/s = DL 

and we can check than "with" or "without load" 

J' «J 
L m 
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So, the figures for the model of the 5th = axis motion are the 

following. 

-5 m2 J = 8,95.10 kg m 
-7 m2 J L = 3,22.10 kg 

Dm = 1,29.10-2 Nm/rd/s -2 CL = 6,20.10 mN/rd 

-4 DL = 2,32.10 mN/rd/s 

From these results, we can deduce the transfer function of the system 

with the reference as an input and the velocity as an output. 

As a matter of fact, 

velocity 
reference = velocity ~ 

tacho x ref. 

So the addition of the two transfer functions already studied must be 

the transfer function from reference to velocity. 

We can check the validity of this assertion in drawing the asymptot 

diagram of the sum of the two first transfer function and compare it 

with the experiment. 

We can clerify on both velocity/reference charts (with and without 

load) that the experimental results have the same shape as the results 

obtained with the asymptots 
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V Modelling for the first axis. 

1. The first aX1S. 

The first axis corresponds to the rotary movement to the robot (see 

fig. 12). This movement is effected by the motor unit which rotates 

the stand by way of a year drive with extremely high ratio (1:158) 

2. Modelling. 

The modelling of the motor, with the speed feedback through the 

tachometer is the same as that of the fifth axis , as the motors arc 

exactly the same for these two axis . 

As we included the inertia of the harmonic drive as well as that of 

the tachogenerator in the inertia of the motor, Jm, it has to be 

changed. As a matter of fact, the harmonic drive is of a different 

type: HOUC32.158.2ABL35p. The inertia of this harmonic drive is JH. D. 
- 4 

=1,.94.10 . 
-4 -5 -5 So J

m 
= 1,94.10 + 3,4.10 + 3,5 .10 . 

I J = 2,63 .10-4 kg m2 
m 

l et Om be the damping of the motor + harmonic drive 

let J L be the intertia of the load "mini inertia" 

let J'L be the inertia of the arm "maxi inertia II 

let ex be the inertia of the load of 3 kg at the end of t he arm 

let CL be the inductance (spiny)' of the arm 

let °L be the damping in the arm 

Like for the fifth axis, all these values are reduced to low speed, 

considering that the year ratio is 1:158. 

U"m corresponds to the motor rotational speed without load 

torque 

UT corresponds to the rotational speed of the tacho = actual 

speed of the motor 
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U
A 

corresponds to the velocity at the end of the arm. 

The electrical analog of the whole system lS 

1/0' 
m 

J 
m 

~ . 20 

, " 
' I "'L 

1 

o~ 

However, the main difference between this study and the former one is 

that we cannot neglec t the effect of the load on the speed of the 

tacho. 
UT That make the ca l culation of U" more complicated. 

m 

-L x 
_1 

Ji" + 
JL'" Dr, _ 1_ _ 1_ 

+ J:. + CL 
_ 1 _ 

+ 
_ 1 

J '" J '" CL 
JL'" DL 

m m 

UT = 
U" 

m 
-L _1 

x 
Ji" Jr,'" Dr, _ 1_ -L J:. 1/Jr,'" + 

+ CL 
_1 _ _ 1 

J '" J '" CL l/JL'" + 
JL'" 

+ 
DL 

m m 

UT = 
J ",2 + DL'" + CL L so U" 

_1 _ 
x 

_ 1 

Jr,'" D1:. 
_ 1_ 

+ 
_1 

J L'" DL 

1/ Dr, 
+ 

1/DL 

JmJL 
"'\(J 

DL 2 CL DL m 
D O+JL)'" +( - (JL+Jm)+DL)"'+CL+CL 0 m D m m In m 

and, like for the fifth axis 

::a 1 = = UT ~2 J w2 
1 + + .:.1 ",2 1 + 2j .r,!. 

C tJ. C
L 

W W 2 L n n 

_1 
D m 
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We can easily check the validity of these calculations on the 

experimental results. 

As a matter of fact. 

Both velocity/tacho charts show a second order, see chart 11 

and chart 12 . 

. Both tacho/input chart have the following asymptots. 

First, a horizontal straight line until a break frequency f1' 
From f l' a-20 dB/decade slope until a break frequency f 2. 

From f 2, a+20dB/decade slope until a break frequency f3' 

From f
3

, a horizontal straight line untial a break frequency 

f4' 
.From f 4, a-20 dB/decade slope, 

This corresponds to the addition of 4 transfer function. 

,A first order one whose break frequency is f 1 . 

. The opposite of a second order one whose break frequency is 

f 2 · 
.A first order one whose break frequency is f3' 
.A first order one whose break frequency is f 4. 

This suite the model perfectly, whose numerator is a second order 

function in t:. and whose denominator is a third order function which car 
be split into three first order function. 

However this study can only be done qualitatively. As a matter of 

fact, on chart 13 and 14, we can assert that the shape of the 

asymptots is right, but we can't prove in a very precise way the 
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numerical values of the break frequencies. NOw, we have shown, for the 

modelling of the fifth axis that the comparison between the charts of 

mini and maxi inertia to determine the figures corresponding to the 

diffe=ent ccnstants of thA model. 

Another lack of precision prevent us from finding any figures. In both 

chart 11 and chart 12, the break frequency is in a range of low 

coherence, which prevent us from deducing the amplitude of the ~eak, 

and therefore 1:,. 

On the other hand, we can compute the ratio of the inerties of the arm 

between the maxi or mini inertia. 

Fig. 21 and fig. 22 show all the figures necessary for this 

calculation. 

h· 21 h· :n. 

If we consider that each arm is a bar, 

if 11 is the langht of the lower arm, M1 the mass of the lower 

12 is the • • upper arm, M2 the mass of the upper 

M is the mass of the two arms M=M 1+M2, 

L is the total lenght of two arms L=1,+1 2. 

11 1 
M1 :: M- M2 ;: M =t L 

if J 1 is the inertia of the lower arm in both position. 

J2 is the inertia of the upper arm for "mini inertia" 

J' « • • ·maxi inertia" 2 

(1, cos ~)2 
r1 

1 3 cos 2 i3 , 
J, :: M, = 3 L 3 

arm. 

arm. 
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12 and 12 as shown on fig. 21. 

d is the distance between the first axis and the third joint. 

:z2 
12 

Then 

with the 1~ad at the end of the arm, of m=4kg, at a distance R= 1,054 

of the first axis. 

m R2 4x(1.054)2 _ ~ _ 1,76310-4 kg m2 
a = 1582 = 1582 - 158 -

Now 

2 W' so n 

w' n 

But we ca~ 

w 2 
< .J.L 

8,92 

W W 
< n w' < -1L 

/8,92 n 2,98 

w' , break frequency for maxi n' inertia 

W : break frequency for mini n inertia, 

W 
-.lL > 2,98 W' n 

see on chart 11 and chart 12 that 
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Therefore, giving the real figures for the model can not be done here, 

and would require more measurements. 

However, the model is proved to be very good qualitatively. 

What is morc, we can check that the v~loclty!input charts are both 

third orders (see chart 15 and 16). 
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VI Time measurements. 

As we already explained, some measurements have been carried out in 

the time domain, using the HP5420 'or 5423 analyser. 

We could get some interesting results (see chart 17), both for axis 1 

and axis 5. 

However, we can't draw any quantitative results from these results, as 

they are much less precise than those of the transfer functions. 

As a matter of fact, we can see on chart 18, that 

.due to the fact we obtained the step function for the input 

from a square wave generator, it was almost impossible to start from a 

speed equal to zero. However, the robot movements are limited for every 

axis, and therefore it was impossible to get a measurement in which the 

speed was stable . 

. Even when we could have thought we had reached a stable speed, 

it appeared not to be the case. Chart 18 shows 2 measurements 

carried out with same amplitude; the second one has been done during a 

longes time. The speed seems stable on the first picture I but second 

picture shows that it was not. 

Thus, it is almost impossible to get really valid results in this 

laind of measurements, due to the fact we were obliged to use a square 

wave because of the limits in rotations. 

Chart 19 puts a real square wave as an input, an we can see that the 

arm obviously does not reach the required speed of 2500 rpm, with a 

maxi inertia, this result was expected. 
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VII Conclusion. 

For all these measurements, we have put the emphasis on the axis 1 and 

axis 5. Axis 1 was studied because it carried the highe~t inertia of 

all axis. Axis 5 was studied because of the complexity of its drive. 

The measurement which were carried out took much more time than we 

expected due to many problems which raised and could not be solved 

easily. We needed for example, the help of specialists from the robot 

builder, ASEA. A model has been found for both axis, but only the 

measurements from the fifth axis allowed us to deduce the numerical 

values of the model. 

However, we can draw some conclusions from all these measurements . 

. The effect of the load on each axis is very important, and 

decreases the dynamic possibilities of the robot . 

. The first axis should be moved by a bigger motor, as it 

behavior with a big inertia or is low. This is easy to do it, 

as the motor itself does not move, and thus has not to be 

carried. We don't need to have a very high motor at this place . 

. The fifth axis is a much more complicated problem. The dynamic 

characteristics are lowered by the whole kinematic chain, and 

if an improvement is necessary for this axis, the solution 

could be found in the simplification of the kinematic chain. A 

direct or semi direct drive could be a solution, but as we will 

check it in the second part of the study, it is quite difficult 

to build one. 

All the problem raised in this study came from the fact that nothing 

had been done before in this way. If it does not give all the results 

people could need, it makes much easier any further measurements of 
this laind. 
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A) Introduction 

This study deals with the use of servomotors. We have tried to make a 

comparison between some existing servomotQr~ accorning to different 

inertia, and made a review of some interesting new possibilities and 

directions of research nowadays. We studied particularly solutions 

which could be applied on robot drives. 

B) General 

Formely, both A.C. and D.C. servomotors were used, with a strong 

preference to the A.C., because of the simpleness of the aquirral cage 

induction motor. The D.C. motor was more efficient but less reliable 

because of brush problems and interferences created by the 

communication. D.C. motor used to run high power servomechanisms, as 

the A.C. motor was prefered when a high power was not required. 

Nevertheless, the tremendous improvements which occured in the domain 

of magnetic materials made it possible to improve significantely the 

formance advantages of the D.C. motor. Increased reliability has been 

achieved as well as reduced radio. Frequency interference. A.C. 

amplifiers are inherently more stable then D.C. amplifiers, but they 

are also more expansive. A.C. line power is more readily available 

than D.C. power, but most amplifiers require a D.C. supply. D.C. 

signals and D.C. feedback are more practical because phasing problems 

are eliminated and compensation is simplified. 

Properties demanded to a servomotor 

The following properties are usually asked to a servomotor 

.great possibilities of velocity changes 

.position control at velocity zero 

. reversibility 

.high maximum torques at low velocity 

.little variation of torque 

.linearity of the torque velocity diagram 

.low mechanical time constant 
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.high thermal time constant 

.possibility of working at least 1ah a day, which means a high 

reliability 

.the efficiency is not of the greatest importence 

.for certain applications, the weight of the motor is a very 

important characteristic, as the motor can be mounted on a 

moving part, in robots for example. 

There are some constants which can be calculated for caracterizing an 

electrical motor in its ability to be a good servomotor . 

. The most commonly used is the power rate 

is Tp is the peak torque of the motor 

J is the inertia of the motor m 

P.R. 

When a motor is coupled to a load, the time constant of the system 

becomes if T is the s time constant of the system 

T is the motor time constant 

J M is de motor inertia 

J L is de load inertia 

From this expression, it can be seen that although the lowest time 

constant (highest acceleration) is obtained without a load inertia, 

the optimum acceleration can be only obtained with a load; inertia 

similar to that of the motor. When the load inertia is significantly 

larger than that of the motor, the optimum xonditions can be restored 

by coupling it to the load by gearing having a ratio N such that 

Under these optimal 

imparted by a motor 
conditions, the acceleration ~ at 

developing a peak torque of T is 
p 

the load 
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thus, P.R. 

The advantage of using this expression is that the motor and load 

constants are separated. If the load inertia and acceleration is 

known, the motor required can be selected from the power rate. 

And another constant is sometimes used. It is named the motor constant 

Km' and is the ratio of output torque to the square root of power. It 

is a measure of how effectively the motor converts its input power to 

output torque. 

let r be the phase resistance of a motor 

let Kt be the torque constant of a motor 

let p be the input under stell condition 

let T be the output torque under stell condition 

let p be the input power under stell condition 

A motor with a very large motor constant is required when a heavy load 

is to be handled effectively. 

The weight of the motor has to be the lowest possible when it is 

mounted on moving parts, as it is on some robots, and particulary 

those which a direct drive design. In these uses, the introduction of 

~, the ratio of mass to peak torque ratio can be used as an index to 

evaluate the performance of the motor. 

If Tp is the maximum torque of the motor 

If M is the mass of the motor 

Q _ !'1... 
I" -. T 

P 
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C) A general comparison between A.C. and D.C. servomotors 

This comparison is done for usual typs of motors. 

The D.C. systems are lower in cost than they used to be, because 

nowadays the amplifiers eliminate most of the drift that was in older 

amplifiers. The D.C. servomotors have a high efficiency as well as a 

fast respons. They can deliver peak power well above the steady power 

rating, which allows to use a smaller motor. When a large bandwidth is 

required or a large inertial load is to be moved, D.C. motors are 

prefered. The made problem of D.C. motors is the presence of brushes 

which give them a relatively short life. 

Torque is produced in a motor by interaction between armature current 

and field flux. In A.C. motors, there are spare and time deviations 

between current and flux, and as the torque is maximum when these two 

quantities are in time phase together, the torque is lower than in 

D.C. motors. The small inducation motors are inefficient, as the rotor 

current and flux come from the transforming action through the 

magnetic field. 

In an A.C. motor, the average flux density is only the ratio of the 

peak flux by ~. Now ~ ~ 1,57, therefore the iron in the induction 

motor has to be increased bu 57\ compared to an equivalent D.C. motor, 

which results in much lower efficiency. The pressure or brushes in the 

D.C. motor reduces drastically the iron losses. 

For all this reasons, we will lay the emphasis on D.C. servomotors, as 

they are most used. 
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D) The direct current servomotors 

1 . Introduction 

As already stated, the servomotors are widely used because of the easy 

controlover a wide range of speeds they allow and their high outputs 

compared to an A.C. motor of the same size. They are also easier to 

stablize. From the 1960's, the D.C. servomotors have improved a lot, 

with new materials or production techniques. 

One of the most commonly used which are still improved are the 

permanent magnets motors, particularly the moving coil types, the 

printed circuit types and even the continental type as or "slotted 

armature" . 

2. The permanent magnet type 

A permanent magnet motor saves coppes, armature size and power to 

energize the field, as permanent magnets replace the field winding. It 

is compensated by commutating windings to avoid demagnetization of the 

magnets when the armature voltage is suddenly reversed or sudden 

overloads occur. Exessive temperature rises can also have a 

demagnetizing effect on the magnets. The main advantages of this type 

of motors are: 

- they are smaller and lighter than wound field motors of the same 

rating 

- they have an almost perfectly linear torque speed relatinship 

- they have a high starting torque 

- they need only two wires for use. 

Most permanent magnet motors use Alnico VIII alloy cast magnets in a 

circular ring and completely surrounding the armature. However, a new 

magnet material composed of Samarium (a rave earth element), cobalt 

and some additive imparts flux properties are quite a bit above the 

Alnico series. These magnets are called "rare earth magnets". 
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2.1 The moving coil motors 

The moving coil motor can have a flux disc armature or a shell 

armature that contain: no iren. The active armature conductors move 

through on air gap of high flux density but with no reluctance torque 

effect or cogging. (cogging is the change in air gap reluctance as the 

rotor revolves and has a residual effect that can reduce the torque 

performance). It has the highest acceleration capability of any D.C. 

motor, ie several thousand start stop duty cycles per second, and 

therefore is used much more after when non continuous operations are 

needed than for continuous operations at high speed. Therefore, these 

motors are used every time high performance and high acceleration 

rates are required. They are applied for moving robot arms. On the 

ASEA robot, disc type moving coil motors, also called printed circuit 

motors, are used. 

A study has been carried out in 1981, by S.K. Pal and J.D. Stratton 

from Evershed Viqnols Lemited in London, comparing shell armature 

moving coil motors and slotted armature motors (conventional types) 

and described in the followings: 

2.2 Comparison between moving coil and conventional designs of D.C. 

permanent magnet D.C. motors 

Fig. 1 and fig. 2 show the design features of both types of motors. 

Magnet 

Airgal' 

Atlllature 

calle 

Conventions .. 

Magnet 

Airgap 

Airgap 

Moving Coil 
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2.2.1 Theoretical considerations 

To be able to appreciate the comparetive results, some prelimimany 

theoretical studies are nec~ssary 

If Eb is the back emf W angular velocity at no load 
o 

I the current Is starting current 

J the moment inertia 

K e the voltage constant 

R resistance windings 

T torque 

Ts starting torque 

V supply voltage 

tjl flux/pole 

W angular velocity 

Ts starting time constant 

at steady state conditions, 
V= K iT + R I( 4 ) thus W= L - RT (5 ) 

e Ke K 2 
e 

So, the speed torque characteristic is linear and has a negative slope 
2 R/Ke . For each voltage, there is a parallel characteristic. 

Moreover, T= J ~ (6), so W= Wo (1-e -tITs) (7) with Ts= Wo ~ (8) 
s 

The starting current'Is = VIR (9) 

Equations 1, 2, 3 and 9 show that 

W 
~is proportional to ~ (10) 

s 

So, time constant is proportional to inertia 8 and inversely 

proportional to square of :lux (10). 
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.50 for a similar.moment of inertia, the time constant is proportional 
W 

to TO and is constant. So, because of the shorter airgap and hence 
s 

more little volume of moving coil motor, equation 10 shows that· the 

magnet must be more powerful than that of a conventional . 

. As the armature of the moving coil motor is self supported and not 

housed in slots as for conventional armatures (see fig. 1 and 2), its 

mass and therefore its ine~tia is low . 

. If r 1 is the outside radius of both moving coil and conventional 

armature, r 2 is the inside radius of moving coil. 

The inertia of a moving coil winding is 

Now, the thickness of the moving coil is small, r 1= r 2 
the inertia becomes m r 1

2, and that of a conventional is ~ m r 1
2 

That means that for a same inertia, the mass of a conventional 

rotor could be double than of the moving coil . 

. We already stated that magnet system had to be stronger in a moving 

coil motor. But if we want the outside radius and lenght to be the 

same, we cannot in increase the magnet size. Moreover, the number on 

conductors is limited in a given periphery of moving coil, which 

limits the output power. 

2.2.2 Practical considerations 

Armatures 

In a moving coil, the number of conductors within a given periphery is 

limited, and an increase in the size of conductors increase the airgap 

and there·fore decreases flux and performance. On the other hand, the 

conventional armature can be wound for a wide range of voltages with 

identical performances. Heating is a serious limitation, as the 
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winding temperature must be kept within the limits of the class of 

insulation. 

Heat transfer from the moving is by convection only, while from 

conventional rotor it is done by ~onduction and cOnVp.ctlon: which 

increases drastically the thermal time constant. 

Permanent magnet system 

The magnet flux has only to go through one airgap in the conventional 

motor but in the moving coil, it has to go through the gaps, as the 

conductors can be considered as an gap. To cope with this loss of 

flux, it is necessary to increase the magnet volume, which results in 

an increase in weight. 

Commutator and brushes 

In a conventional design, the number of coils determines the number of 

commutator bars and consequently the commutator diameter. The brush 

area and brush pressure is determined by low voltage high current 

operations. These facts results in high functional losses. 

On the other hand, the moving coil type has a very low brush friction. 



-87-

2.2.3 Advantage and disadvantages 

Measurements on both types of motors gave the following results 

Conventional armature 

Torque/inertia ratio 

Power output/volume ratio 

Voltage flexibility 

ADVANTAGES 

DESADVANTAGES 

Cogging 

Friction 

Armature inductance 

Electrical time constant 

PERFORMANCES LIMITATIONS 

Saturation of armature 

Cogging/friction losses 

2.2.4 Conclusions 

Moving coil 

Absence of cogginh 

Frictional loss 

Efficiency 

Armature inductance 

Electrical time constant 

Commutation 

Power output/volume ratio 

Torque/inertia ratio 

Limited supply voltage 

Thermal capacity 

Vibration and shock 

Conventional motors should be prefered when the following factors are 

considered as essential: size, power rate, acceleration, mechanical 

and thermal time constant. 

Moving coil motors will be chosen when low starting voltage, low 

electrical time constant and absence of cogging are required. 
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One of the main problems of the moving coil motor is its very low 

thermal time constant (which can be around 10 seconds) which limits 

considerebly the overload. 
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2.3 The printed circuit motor 

Pole piecl!s 

Motor casing 

Shaft ' 

___ - Flux return ring 

Bearing 

__ Silver graphite 
brush 

Printed armature 
disc 
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The printed circuit motor (see fig. 3 and fig. 4) is in fact the disc 

moving coil type with a printed circuit armature/commutator that gives 

a very compact, low inertia unit. The armature is made of copper with 

a large number of commutator segments which ensu.re a smooth, non 

cogging output mainly because the inductance of the printed armature 

is almost zero. As a matter of fact the armature has very few turns 

"(f i.f.h 'P""fUI rnuut.."'tive (:;t;)uplingtot the permanent magnet field structure. 

The main advantages of the printed circuit motor are 

- low time constant - high power to weight ratio 

- high pulse torque 

- minimal cogging 

- wide speed range 

- efficient heat transfer 

These properties allows this motor to be widely used in both velocity 

and positioning servosystems, as in the ASEA robot, for the movements 

of arms. One significant difference between the disc armature motor 

and one with a long thin cylindircal armature, and therefore 

considerably limited number of commutator segments is the former's 

significant ability to run evenly at speeds as low as 1 rpm. Bij 

virtue of the evenness of the torque for any position of the armature 

the disc motor can reasonably be considered for incremental motion 

applications in competition with the stepping motor. 
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Characteristics 

As the armature contains no iron, no saturation effect appear which 

allows a linear torque speed characteristics for this type of motor. 

Fig. 5 shows a typical characteristic of a printed circuit motor with 

a rated output of 244 W. 
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Therefore, all these charcteristics make the printed circuit motor 

better than most others when a fast response is needed, because of 

this low inertia and theirability to withstand very high overloads. 

However, some improvement can be made for all D.C. permanent magnet 

servomotors with the improvements that have occured during the past 

few years in permanent magnet materials. 
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2.4 The improvement in D.C. servomotors - characteristics with new magnet 

materials 

2.4.1 Permanent magnet theory 

.The hysteresis loop 

flu. 
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• i 
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The reaction of specimen of magnetic material to a magnetic field can 

be described in terms of the applied field H and the resulting flux 

density B. 

All possible combinations of Band H for a given material lie within a 

curve of the form shown in fig. 6. This hysteresis loop represents the 

cycle of complete magnetization and demagnetization of the material. 

The working point of the material (BIB) moves along minor loops and 

recoil lines. 
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The origin of fig. 1 represents an remagnetized specimen. If the 

applied field increases the flux density will follow the curve 0-1, 

the initial magnetization curve. Further increase in H will cause B to 

increase at a rate that tends towards the permeability of free space 

dB/dH = ~o' Then the material is saturated and no longer contributes 

to the increase in flux density. The properties of the material 

corresponding to point 1 are saturation flux density and saturation 

field strength. 

If, after saturation has been reached, the applied field is steadily 

reduced, the B H locus falls back along the line 2.3, reaching 3 when 

H=O. The flux density that remains in the material, point 3 is termed 

the remance, Br, of the material. Increasing the applied field again, 

but in the reverse direction to the saturation field causes the (BH) 

locus to follow curve 3-4. This the demagnetization curve or second 

quadrant of the hysteresis curve: the most important region in 

permanent magnet applications. When the value of reserve field is such 

as to cause the flux density to reach zero in the material, the field 

strength is termed the coercivity, symbol H . 
cB 

Further increasing the applied field drives the CBH) locus towards 

saturation (5 and 6) in the opposite direction. Once point 5 has been 

reached, the CBH} locus can be allowed to fall back to remanence at 

point 7 and so into the fourth quadrant. 

The demagnetization curve 

Complete huyteresis loops are important for soft magnetic materials 

where the material is usually subject to rapidly reversing applied 

fields, as in for hard (permanent) magnetic materials, which usually 

operate in a demagnetizing field (self or applied) the demagnetization 

characteristic is the more important. This lies in the second and 

fourth quadrant of the hysteresis loop, which are, in consequence, 

known as the demagnetization curve. 

Fig. 7 shows a typical demagnetization curve for a permanent magnet 

material. The graph is also merked with BH product contours. A curve 

of BH against B appears to the right of the B axis. 
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The curve of BH indicates' the energy stored in the field external to 

the magnet per unit volume of magnet material. 

'fI ::: 
BB in the c:,. system 2 w .. 

W = BH in the C.g.s. system 81f 

The maximum value of BH, also called the maximum energy product, or 

(BH)max corresponds to the point (Bd, Hd); it represents the point of 

optimum utilization of the magnet material and is one of the crieteria 

for comparing the performance of different materials. 

The value of (BH) is quoted in kilojouls per cubi metre (51) or max 
megagauss. oersted (c.g.s.) 
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Recoil 

The demagnetization curve represents the steady decrease in flux 

density with increasing demagnetization of the material. If a magnet 

is saturated and then subjected to a certain demagnetizing field less 

than the coercivity, the flux density in the magnet will be given for 

that reverse field by the demagnetization curve. Under practical 

conditions, however, the demagnetizing field experienced by the magnet 

is rarely constant: large or small variations will take place, 

depending on the application. 

What happen when a magnet is subjected to a given value of 

demagnetizing field that is then reduces is shown in fig. 8. A 

saturated magnet is subjected to a demangetizing field H1. This field 

is then reduced. The working point of the material does not follow the 

demagnetization curve back towards remanence, but moves along the 

curve c. If the demagnetizing field is reduced to zero, the working 

point follows the curve C to Bo; restoring the original value of 

demagnetizing field causes the ~orking point to fall back to A1, 

following the curve 0, thus tracing out a small loop in the process. 

If instead of reducing to zero, the demagnetizing fields fells only to 

H2, the working point moves to (8
2

, H
2

). Restoring the original 

demagnetizing field causes a smaller loop tp be tracked 

8 r flux 
density 

(8) 

t 
8 0 

82 
8, 

80 

A3 
I I3J 

II 
II 
II 
II 
II 
II 
II 
II 

H3 H, H2 
demagnetizing __ 

field strength (H ) 



-96-

(This page is intentionally blank) . 



-97-

2.4.2 The improvement in new parmanent magnet materials 

The development of Samaricum cobalt (smcoS) in recent years ha 

increased the possibilities in electric motor design. samaricum is on 

element of the rare earth group in the periodic table which, when 

combined with cobalt, produces a hard magnetic material with 

significant improvements in magnet properties. Research has revealed 

other rare earth cobalt compounds and alloys as Precsiodimium cobalt 

with further enhanced magnetic properties and Cerium or Cerium

Mischmetal Cobalt alloys which offer reduced base material costs. 

S is expensive, mainly due to refining costs, which raises the prices 

of permanent magnet using this element. 
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Magnetic characteristics 

Fig. 9 shows the demagnetization curves of groups of materials which 

embrace a ranye vf iIlaterial;:; with similar properties. 

At a selected operating point, the energy product (BxH) will determine 

the volume of material required, but the dimensioning of the magnet 

into magnetic length and corss section will be dictated by related B 

and H values. 

The operating point of smcoS and ceramic materials may be on the same 

demagnetizing curve while that of AlnicojAlcomax materials is, in 

dynamic applications such as electric motors, on a recoil line. In 

general, the selcted position an the curves will result in a BH 

product corresponding to a maximum energy per unit volume where as on 

the recoil line, the position will be determined by the demagnetizing 

field. 
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Ceramic/Ferrite magnets are essentially used for low cost, large 

production quantity motor. They have a high temperature coefficient of 

magnetisation aBr, which is the change of remanence or coercivity with 

temperature (in \/K) 

aBr = __ 1 ~ x 100 \/K 
Br dT 

The shape of demagnetization curve is the same as SmCOS but at a lower 

energy level. Therefore, to have an equivalent motor as a SmCOS' we 
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need a ferrite magnet of twice the length and twice the area of a 

smcOS magnet. 

If 1 pu corresponds to the smCOS motor, the approximate comparison 

fi~uIes ~rc the following Torque = 0,7 pu 

peak power = 0,5 pu 

mechanical time constant = 2 pu 

electrical time constant = 1,4 pu 

Alnico/Alcomax magnets are high remanence, low coercivity grades 

magnets. Operation is on a recoil line and the energy product is very 

sensitive to the field strength Hm. 

A typical Alnico/Alcomax material would have an energy product at the 

selected operating point of the order of one half the quoted maximum 

value resulting in magnet dimensions I in relation to smCoS' of 3 to 4 

times the volume, half the area and 6 to 8 times the lenght to give an 

equivalent performance. 

Fig. 10 shows the relative size of Alcomax, Ceramic and smCoS magnets, 

for same airgap energy (operation at SH max. point is assumed). 

o I Alcomax 3 

o Ds_.'-
o D~'-" 

k· fO 

Therefore, this graph shows the enormous advantages of samariumcobalt 

magnets compared to the others, when a compact motor is required. 

However, all rare earth cobalt magnets have expensive raw material and 

production costs. Fig. 11 shows a comparison of permanent magnet raw 

material, alloy and finished magnet costs, between most available 

magnets. This study was made in May 1981 and published by H.F. Mildrum 
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2.5 The brushless D.C. motors 
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For a D.C. motor, a longer life without maintenance is pos~ible if , 

electronic switching elements are used instead of mechanicdl 

commutates. This motor can be applied when long life, high 

reliability, low radio noise and low power consumption are required. 

These motors require a position feedback so that the input voltage 

waveforms are kept in the proper timing.with the rotor position. 

Therefore, brushless D.C. motors are generally more expensive than the 

equivalent conventional D.C. motor. The weight of the motor with its 

control system is not appreciably greater than an conventional D.C. 

motor with brushes. 

In a brushless D.C. machine, the stator becomes the armature and 

rsembles a typical induction motor stator. The rotor provides the 

magnetic field, which is generally of the permanent magnet type. 

We won't get into the complete theory of these motors, as a wide range 

of designs are available nowadays, but we will just consider this type 

of motor as the user point of view. 

The advantages of 'chese motors are 

.The efficiency of small brushless motors are much higher than 

that of small conventional D.C. motors 

.Almost no maintenance, high reliability, long life, fast 

response 

.Lower electrical and mechanical noise 
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.Wide speed range; high speeds possible 

.No need of a tachogenerator and simple speed control 

However t!1ese l!H~tC!:S h,!v~ the following disadvantages 

.They are expansive 

.The overload capacity is lower than for a conventional D.C. 

2.6 Comparison of some D.C. motors. from the manufacturers information 

This type of quantitative comparison ~s quite difficult, as moot 

manufacturers give different types of figures. However, it was 

possible to compute the figures in order to be able to compare the 

motor on the following point . 

. Nominal torque Tn 

.Peak torque Tp 

Mechanical time constant T 

.Thermal time constant 

.Nominal and maximum speed 

.Moment of inertia of the rotor Jm 

.Size: length L, diameter ~, volume V 

.Weight M 

.Motor constant km 

.Power ratio P.R . 

=-I 
Ip 

. Mass to peak power ratio 

We carried out two comparisons. 

= kt kt: torque constant 
Ir r: resistance 

2.6.1 The first one between motors, for a required peak torque between of 
13 Nm. 

The motors chosen were. 
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I. A D.C. ceramic permanent magnet of a usual type (laminated 

rotor) 

A.S.R. servomotor SO 2240 

II. A D.C. printed circuit permanent magnet motor 

C.E.M. Parvex F12M4H 

III. A brushless D.C. motor with rare earth magnets 

Inland 2202 

Results are shown on table 1. 

Table 1. 

I II 

continuous torque T (Nm) 3.0 1.1 

Peak torque Tp (Nm) 15.0 13 

Max. speed (Rpm) 4000 5000 

Norminal speed (Rpm) 2900 3000 

Moment of inertia J (kg m2) m 0.0016 0.00016 

Mechanical time constant T (mn) 13 4.7 

Thermal time constant (mn) 40 28 

Motor constant km (Nm/IW) 0.35 0.18 

Mass M (kg) 7.0 5.0 

P.R. (N2/kg) 1.41105 10.6105 

f3 = M/Tp (kg/Nm) 0.47 0.38 

Length L (m) 0.23 0.074 
Diameter '/J (m) 0.102 '0.14 

Volume V (m3) 1.810-3 1.1510-3 

III 

4.5 

15 

5000 

4500 

0.00047 

2 

30 

0.48 

7.5 

4.79105 

0.5 

0.251 

0.15 

4.510-3 

The moment of inertia of the conventionak type motor is much higher 

than that of the others, perticularly the printed circuit motor, that 

has the lowest inertia of the three. That gives a quite bad time 

constant for the conventional type motor. The brushless D.C. motor has 
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a particularly low time constant due to its very low internal 

resistance. 

The power ratio, which is a good indication of the motor's peak 

c~pability is much highpT for the printed circuit type motol. The 

worst on this point is the conventional type motor. 

The mass to peak torque ratio is lower for the printed circuit motor, 

which proves its ability to be placed on moving places. It is almost 

equivalent for the other two typs. 

An important draw back of the brushless type is the volume it needs, 

compared to the others. 

The low motor constant of the printed disc type motor shows its low 

ability to convert it input to output torque. 

2.6.2 The second comparison we made were between these 5 motors. 

Four of them deliver a peak torque around 25 Nm. 

The other one delivers a much higher peak torque, and is shown to 

prove the advantage of the rare earth magnets for a motor of a certain 

weight. 

I. A conventional type Ceramic permanent magnet motor 

A.S.R. servomotor SD3240 

II. A conventional type rare earth permanent magnet motor 

A.S.R. servomotor s x 1240 

III. A conventional type rare earth magnet motor 

A.S.R. servomotor s x 2240 

This motor was chosen because of its weight comperable to that of the 

other types. 

IV. A printed circuit type motor. 

Par vex C.E.M. MC 19B 

V. A brushless D.C. motor 

INLAND 2203 
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All the figures are shown on table 2. 

Table 2 

I II III IV V 

Continuous torque T (Nm) 4.6 0.9 1.9 3.2 6.8 

Peak torque Tp (Nm) 23 24.4 50 24.4 25 

Max. speed (Rpm) 4000 4000 4000 5500 5000 

Norminal speed (Rpm) 2800 2900 2700 3000 4000 

Moment of inertia J m (kg m2) 0.0024 0.0004 0.0009 0.001 0.00069 

Mechanical time constant T (ms) 11 7.5 4.8 11 1.7 

Thermal time constant (mn) 50 25 30 51 34 

Motor constant km (Nm/IW) 0.46 0.22 0.43 0.3 0.64 

Mass M (kg) 8.5 6.2 8 9.7 10.2 

P.R. (N2{kg) 2.2105 14.9105 27.8105 5.95105 9.06105 

j3 = M/Tp (kg/Nm) 0.37 0.25 0.16 0.40 0.41 

Length L (m) 0.27 0.19 0.23 0.135 0.282 

Diameter (!J em) 0.102 0.102 0.102 0.211 0.150 

Volume V (m3) 2.210-3 1.510-3 1.910-3 4.7510-3 510- 3 

Motors I, II, IV and V have the same peak torque. 

Motor III has got a peak torque twice higher as the others. 

The ceramic permanent magnet type has a high moment inertia, which 

gives a load mechanical constant. 

The mechanical time constant is greatly improved in the rare earth 

motor, compared to the ceramic magnet type or the printed circuit 

type. However, due to its very low resistence, the brushless motor is 

much better on this point of view. 

The motor constant of the motor II is low, which is explained by the 

fact it is a little motor compared to the others. The brushless motor 

has a high motor constant. 

The power ratio shows the much greater ability to deliver peak torque 

of the rare earth conventional motor. 

The mass to peak torque ratio shows also the great superiority of rare 

earth magnets on this point of view, compared to the other types. 
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The volume needed for the conventional type motors is lower than for 

the others. The thermal time constant is much lower for the rare earth· 

motors than for the ceramic magnet one, which could be in some 

2.6.3 Conclusion 

As the application for these motors can be various', we won't try to 

say which is the best. However, if we exept the lower thermal time 

constant, the rare earth conventional type is greatly improved 

compared to the ceramic conventional type. Brushless motors have a 

very low mechanical time constant. Their prices are high, but we must 

take into account that no tachogenerator is necessary to control their 

speed. They will be used anyway when a very high reliability is 

required. Another interesting property of these motors is their 

ability to deliver a high torque even at high speed, due to the 

absence of brushes. 

For a robot drive, the rare earth magnet motors could give a great 

imp.rovement. 

2.7 Field control rare-earth permanent magnet motor 

The use of rare earth cobalt materials is the design of D.C. permanent 

magnet motors provides increased performance, lighter weight higher 

acceleration, faster response characteristic due to the greater peak 

torque rating. 

However, with its fixed field, the speeo of a p.m. motor is limited by 

the maximum armature voltage allowable. On the other hand, in the 

shunt type woud field D.C. machines, the capability of being able to 

reduce the airgap flux permits a much wider speed range for the same 

voltage. It also allows the use of a reduced volt-amp rating for the 

power supply as for the P.M. motors, the power source must be able to 

deliver high current for the peak torque and high voltage for high 
speed. 

Therefore, an experimentel rare earth permanent magnet D.C. motor with 
a winding for controlling the airqap flux has been developped by S 
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N00dl~~ of the Inland motor division (Kollmorgen corporation Radford 

Virginia. 24141 USA). This machine was compared with a conventional 

rare earth P.M. motor and with a shunt field machine. As the name 

armature, brush construction, bearing and bells were used for the test 

of all three machines, the armature inertia, armature resistance, 

inductance vollage, motor friction, weight and dimensions are about 

the name for all of the motors. 

The speed torque and torque current characteristics are shown for the 

three times of motor on fig. 12, 13, 14 and 14. 

The conclusions from this comparison, stated by S. Noodleman are the 

followings. 

1. The speed range of a rare earth permanent magnet machine can be 

doubled if the motor is designed with field coils. 

2. The wound field p.m. motor can operate with the field open, which 

required no operial device to protect again run away or excessive 

speed, as in the shunt field machines. 
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3. The electronic power supply for the wound field P.M. motor can have 

a lower volt.amp. rating then a supply for a permanent magnet motor 

operating over the same speed range. 

4. Shunt, series or compound wound fields are possible. The field 

windings may be used as the in ductance for the electronic driver 

resulting in an overall lower cost system. 

S. Rare earth magnets give great improvements in the airgap flux. Yet 

the power required for the field excitation for the wound field 

P.M. machine is less than that required by the field of the shunt 

motor of the same rating. 

6. The wound field P.M. machine also demonstrated improved 

communitation in relation to the shunt field motor. 
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E) Development of direct and semi direct drive robot arms. 

1. Introduction 

We saw in precedent chapters some types of servomotors that were 

greatly improved compared to usual servomotors. Most characteristics 

were considerably better with the use of rare earth permanent magnet 

or brushless motors. However, it is no use improving to muck the 

characteristics of these motors, for a robot, if the mechanical 

transmission cannot transmit all these improvements. As a matter of 

fact most robot nowadays are driven through complicated mechanism as 

gear trains, lead screens, steel belts, chains and linkages, to 

transmit power from the motor to the load and to increase the driving 

torque. This generally results in: 

.Poor dynamic response because of the weight and compliance of 

the transmission (see part 1) 

.difficalties in designing a fine control system because of 

large friction and backlash at the transmission 

Until recent times, high gear reduction ratios were necessary because 

of the rather small torque and high speed provided by the conventional 

servomotors. 

But, as we saw in the precedent chapter, we can use the high output 

torque relatively low speed, light weight and compact body of rare 

earth permanent magnet D.C. motors to design another kind of drive 

which can work with no transmission gear or mechanism: the direct 

drive arm. 

2. The direct drive arm 

The direct drive mechanical arms were studied and developped in the 

robotics Institute of the Carnegie - Mellon University first an then 

in the department of Mechanical engineering (laboratory for 

Manufacturing and Productivity) of the Massachusetts Institute of 

Technology by Mr. Haruhibo Asada. 

A direct drive manipulator is composed of a series of active joints 

whose construction is shown of fig. 16. 
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The motor is a D.C. rare earth permanent magnet type one. The stator 

and the brush ring are installed in the inner case. while the rotor is 

directly coupled to the outer case without any transmission mechanism. 

That makes it free from the usual problem of transmission mechanism. 

Therefore, backlash is essentially removed, compliance is almost zero 

axcept at the connecting links and the only coulomb friction which can 

exist comes from the bearings supporting the joint axis. The 

mechanical parts of which this system is composed also improves the 

reliability and makes it free from maintenance. 

Although all these improvements, some problems raises. As a matter of 

fact, the motors used to drive wrist joints are themselves loads for 

the motors at elbow joints which are also loads for the motors at 

shoulder joints (see fig. 17). This increasing load must be reduced to 

its minimum. First of all, the use of rare earth permanent magnet 

motors allow a low mass to peak torque ratio (~). 

Six joints were used for this arm as six degrees of freedom were 

required. Therefore, such an arm can have at most three rotational 

joints (R) and three pivotal joints (P). As there are 2 combinations 

in the arrangement of pivots and rotations, calculations have been 

made to find which combination was the lightest. From tip to the 

shoulder , most suitable structures appeared to be 

-P-R-P-R-P-R 

and R-P-R-P-P-R 

ateta .. 

b •• ,in, ........ ::::::::::~~::;;;;;; 

./ 
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The first solution was chosen and the arm was designed as shown on 

fig. 18 

The total arm mass is 112 kg, which is reasonable, in comparison with 

the light duty electrically powered robots Pume Unimate, which was a 

reference for comparison. Calculations stated that the feasability of 

such an arm required a mass to peak torque value of 0.18 kg/Nm at 

most. Almlco motors could be for joint 5 and 6. Motors 1 to 3 have 

rare earth magnets. As a very large motor is necessary for joint 5, 

which is a long load, a counter weight was made by locating the motor 

4 on the other side of the fore arm, the required torque for motor 5. 

This system could appear as ideal at first but the two following 

drawbacks made its design impractical. 
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.It tends to be heaver than a conventional arm and each joint is 

a load for other joints 

.The total absence of gears leads to insufficient drive torques. 

Therefore, M.Haruhibo Asada has developped a semi direct drive robot 

arm, using his deep knowledge in the field of direct drive arms. 

3. The semi direct drive arm 

M. Asada designed a light weight arm mechanism for the direct drive 

robot. The main differents between this arm and the former direct 

drive mechanism are: 

1. The serial link mechanism is replaced by a four-bar link mechanism 

in order to avoid the mounting of heavy motors at the serial links. 

2. High performance brushless, D.C. motors have been developped in 

order to get high torque with low power dissipation. 

Fig. 19 shows the parallel arrangement replacing the former serial 

configurations. The four bar mechanism is composed of links numbered 

to 4; links 1 and 2 are input links and the tip of link 4 is the 
output. 

The arm tip performans a reach motion when motor 2 rotates link 1 and 

a lift motion when motor 3 rotats link 2. It is not pure direct drive, 

but the features of direct drive are still maintained, namely, no 

backlash, small friction and high stiffness with no flexible part 

involved. 
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motor 3 

2 

mot-o .... 1 F@1 
~ 

As this system has no means to amplify the torque, the primary goal is 

to test the feasability of the direct drive approach for coping with 

heavy loads. 

The motor constant km (see B) which is the ratio of output torque to 

the square root of power under stall condition, measures how 

effectively the motor converts its input power to output torque. To 

handle a heavy load effectively, a motor with a large motor constant 

is absolutely necessary for the direct drive arm. We shown (see 

D}2.6.1 and 0)2.6.2) that the rare earth permanent magnet brushless 

D.C. motor has a much higher motor constant than the other types of 

servomotors. Therefore a rare earth permanent magnet brushless D.C. 

motor was designed (see fig. 20). 



115-

The motor is housed in a case where the rotor consisting of the 

magnets is directly coupled to the joint axis. A magnetic brake and a 

tachometer generator with hallow shafts are also mounted in the case 

which is aligned with the joint axis. 

4. Conclusion 

This study describes usual and improved types of motors. It shows how 

the new permanent magnet material could made them reach very high 

level characteristics. It could be linked with part I in which we 

found that an improved motor should have been mounted on the first 

axis of the ASEA robot IRB6/2. 

On the other hand, research work on new types of improved drives 

(direct and semi direct) is described. This is a possible solution to 

the problems dynamic characteristics of the fifth axis of the ASEA 

robot IRB6/2 raised in part I. 

However, this is only a review of what exist and its aim is to give 

some guidelines for improved design in robots. 
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