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Abstract 
The FAMMDD is a further development of the FAMM, 

only now the main axes are direct driven, because 
of disadvantages with the gear-wheel transmission 

in the FAMM. Only the direct drive introduces 
several limitations to the performance of the 

FAMMDD. Analysing the dynamic behaviour of the 
FAMMDD, by modal analysis, has shown that these 

limitations are position dependent resonances in, 
and a position dependent gain sf the transfer 
function of the mechanics of the axes of the 

FAMMDD. For the FAMMDD to have the same 
performance as the FAMM, the MCV61 controlllea is 

not sufficient, so other controller strategies have 
been implemented, using the MCV61 controller. 
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1 Introduction 

In the beginning of 1985 a development project was started within Philips CFT that aimed 
at taking the design of fast and accurate eiectrornechanica! seïvosystems a step forward. 
The project was distinguished by its multidisciplinary nature, including statical and 
dynamical mechanics, control engineering, electrical hardware and software engineering. 
The name chosen for the project was: Fast and Accurate Manipulator Modules (FAMM). 
The concept chosen was a double scara robot with the main axes placed concentrically. 
The main axes were driven by two servo-motors using a gear-wheel transmission. This 
gear-wheel transmission was later to be distinguished as one of the main disadvantages of 
an otherwise successful project. One of the disadvantages of the gear-wheel transmission 
was, because the gear-wheels were pretensioned, to eliminate play, that it produced a 
considerable amount of noise. Another disadvantage was the relatively low stiffness of the 
gear-wheel transmission. This leads to a relatively low resonance frequency in the control 
loop, and as a consequence of that, the bandwidth was limited. 

To overcome these problems, it was decided to develop a second robot, using the same 
concept, but with the gear-wheel connection discarded, so the main axes were directly 
driven by two servo motors. This concept produces far less noise. And because the axis is 
directly driven, the low stiffness of the gear-wheel transmission is eliminated, and 
therefore the overall stiffness of the drive train is higher. The idea was that, this way, the 
resonance as a result of this higher stiffness, no longer limits the bandwidth of the control 
loop. The name for this robot is Fast and Accurate Manipulator Modules Direct Drive 
(FAMMDD). 

The double scara concept has resulted in an electromechanical servosystem that is 
geometrically non-linear and shows position dependent dynamic behaviour. The major 
disadvantage of the direct drive concept is that unlike with the FAMM (with gear-wheel 
transmission), it minimizes the mass of the motor in the mass ratio (relation between mass 
of motor and mass of load). So with the FAMMDD the position dependent dynamic 
behaviour is not reduced by a gear-wheel transmission and is felt at the motor axes. For 
the FAMM i! simple P D  controller was sufficient io guarantee a uniform performance in 
the complete operating area, because the position dependencies were reduced by the gear 
wheel transmission. For the FAMMDD this is not the case and because the FAMMDD is 
controlIed at the motor axis a PID controller is not sufficient to guarantee a uniform 
performance in the complete operating area. 

This document deals with a controller design for the FAMMDD, that guarantees a uniform 
performance in the complete operating area. In order to obtain some insight in the 
dynamic behaviour, which limits the performance of the FAMMDD, a modal analysis of 
the robot was carried out. This was done to emphasize the effect the direct drive concept 
has on the overall dynamic behaviour. After taking into account the results of the modal 
analysis this project resulted in a controller concept for the FAMMDD. 

Philips CFT Mechatronics CTñ 595-95-3094 1995-10-18 1 
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2 TheFAMMDD 

In order to fully understand the problems that had to be dealt with, a good insight of the 
FAMMDD is needed. To gain insight, the backgromd of the FAMM and further 
development to the FAMMDD will be discussed. One of the reasons for this project was 
to improve the performance of the FAMMDD compared to the FAMM, so the 
development specifications need to be discussed, in order to put the performance aspects 
in the right perspective. The double scara concept of both the FAMM and the FAMMDD 
will be discussed, including the direct drive principle. Finally the control environment of 
the FAMMDD will be described. 

2.1 BACKGROUND 

In the beginning of 1985 a multidisciplinary development was started with the name 
FAMM. The advancing mechanisation of the productionproces and the increasing demand 
of flexibility was the main reason for taking the knowledge and the skills, necessary for 
developing fast and affordable electromechanical servosystems, one step further. 

The FAMM project has to be regarded as a means to achieve the objective as described 
above. It was decided to realize the development on the basis of a 'carrier': a fast and 
accurate manipulator with the trademark, from an economic point of view, that it had to 
be competitive with a handassemblingstation. Starting point was a short cycle time: less 
than 2 seconds. 

During the preparatory study the achievable specifications and the manipulator concept 
satisfying these specifications were investigated. The manipulator has to cover a certain 
standard traject within a certain amount of time. This amount of time is of the same order 
of magnitude as the time required to do the action by hand. The required accuracy is f 
0,05 millimetre. After thoroughly balancing the pros and the contras of the different 
manipulator concepts it was decided that a 'double scara' concept offered the best 
perspective. 

The FAMM project has resulted in the development of a FAMM robot. It has achieved all 
of the specifications, formulated in the preparatory study. Its two concentric axes are 
driven by servo motors using a gear-wheel transmission. Because of the disadvantages of 
the gear-wheel transmission, it was decided to develop a new FAMM without the gear- 
wheel transmission. This development is called the FAMM Direct Drive (FAMMDD). In 
this robot the concentric axes and the servomotors are integrated. The rotor of this 
servomotor consist of the axis with permanent magnets glued to the surface of the axis. 
The base of the robot contains the stator coils. 

2.2 DOUBLE SCARA CONCEPT 

A scara robot is a robot consisting of two arms which come together in a joint. One arm 
is connected to the outside world, the other one is free. 

As the name indicates a double scara robot consists of two scaras. Both the fixed arms 

Phihps CFT Mechaironrcs CTB 595-95-3096 1995-10-18 2 
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and the free arms of the scaras are joint together, this is shown in figure 1. 

Position of wristmotors 
for gripper motion 

Outer axis, with permanent magnets 

Inner axis, with permanent magnets 

Non-rotating base of the robot 
with stator coils for inner and outer axes 
on top of eachother 

Fig. 1 double scara concept of the FAMMDD 

When the fixed arms are driven by motors, the position of the wrist can be manipulated. 
The upper arms are connected to the two main concentric axes. Equal rotation of the axes 
in opposite direction results in radial (r) displacement of the wrist and equal rotation in 
the same direction results in tangential (+) displacement of the wrist. 

To be able to perform assembling tasks the robot needs a gripper in the wrist. The up and 
down motion of the gripper is realized by a screw in the wrist. Both under arms are fitted 
with a motor in the wrist, this is shown in figure 2. Each motor drives a screw nut which 
is fitted around the screw. Because one side of the screw has left handed thread and the 
other side right handed thread, equal rotation of the screw nuts in opposite direction 
results in an up or down motion of the gripper which is fitted at the end of the screw. 
Equal rotation of the screw nuts in the same direction results in rotation of the gripper. 
The gripper is operated by means of pneumatics. 

The resulting robot has four degrees of freedom, r and + in the plane of the arms and z 
and 8 perpendicular to the plane of the arms. 

screw nut driven 
by a motor 

screw,with lefi and 
right handed thread 

position of gripper 

j 

i 

Fig. 2 principle OÎdouble 
screw meciinnism 

Figure P and 2 are Just sketches to illustrate the concept. The construction of the 
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FAMMDD has of course the same concept but the design of the arms is different. These 
arms are designed for maximum stiffness and a minimum of weight. 

As discussed before in the direct drive version of the FAMM the axes act as the rotors of 
the servomotors, with permanent magnets. The base of the robot i.e. the outside world act 
as a stator and is fitted with a pair of stator coils one for each axis. The inner axis is 
longer, at the bottom, than the outer axis, otherwise direct drive is not possible. So the 
stator coils for the outer axis  re p!xcd top the s tmï  coils fûï the inner axis (see 
figure 1). 

2.3 SPECIFICATIONS 

The only specifications that are relevant in the scope of my graduation project are the 
speed of the gripper and the accuracy with which the gripper can pick and place objects. 
The required speed is related to the time needed to cover a standard traject, which is a 
traject that is representative of common pick and place movements that are found in 
production processes within Philips. See figure 3 for this standard traject. The 
specification is that it may only take 1.7 seconds to cover the traject. 

pick up put down 
Fig. 3 the standard traject 

The required accuracy is related to the accuracy needed to perform most of the assembly 
tasks found in production processes within Philips. The specification is that for motion of 
the gripper in the plane of the arms (r and $ directions) the accuracy needed, is f 0.05 
mm and for the up and down motion of the gripper (z direction) the accuracy needed is, 2 
0.1 mm. The accuracy as mentioned above is the accuracy needed at the endpoints of a 
certain traject and not the accuracy during motion. The FAMMDD is designed for simple 
assembly tasks so the only important thing is, how quick can the gripper be at a certain 
point with the required accuracy. What the gripper does during motion is of lesser 
importance. 

2.4 THE CONTROL ENVIRONMENT 

As described above the FAMMDD is a four degree of freedom robot. The four 
servomotors get their control signals from the control rack. This rack contains the 
necessary power supplies, a computer, four controller cards, one for each motor, and four 
amplifiers. The computer operates under an OS-9 operating system. The OMC (Open 
Motion Control) software provides the necessary setpoints for the controller cards. The 
computer and the controller cards communicate via a VME bus. The controller card is the 
M@V6% card. This card Is equipped with a P D  controller, Lowpass filter, Notch filter and 
feedforward capabilities. See the Appe3dix A for a detailed explanation of the MCV61 
card. 

i 
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Limitations to the performance 

Because of the direct drive of the FAMMDD, the dynamics of the robot have become 
highly position deper,dent. The direct drive minimizes the mass of the mntm in the II?BSS 

ratio (relation between mass of motor and mass of load). The motor mass can be seen as 
the mass of one axis and the upper arm connected to that particular axis. The mass of the 
load, seen from one axis, consists of the mass of one lower arm and half the mass of the 
wrist (the mass of the wrist is the mass of the two wrist motors, gripper and whatever 
object is being held by the gripper). These positisn'dependent dynamics of the FAMMDD 
can be seen when frequency response measurements, of the mechanics of the FAMMDD, 
are made in different positions. 

3.1 FREQUENCY RESPONSE MEASUREMENTS 

Frequency response functions of the FAMMDD are measured by injecting noise at a 
certain point in the control loop and, measuring the signal at two points in the control 
loop. These signals are then fourier transformed and the division of the fourier 
transformed signal at point 2 by the fourier transformed signal at point 1 is then the 
frequency response or transfer function from point 1 to point 2. 

The MCV61 controller card has the possibility to inject digitai noise in the control loop 
and at the same time send two signals from two different points in the control loop to a 
spectrum analyzer, that can compute the transfer function. The noise injected in the 
control loop has a flat frequency spectrum from OHz. to half the sample frequency of the 
controller card, which is 4Khz. So when this noise is injected at the proper point in the 
control loop, the overall system will be exited over the frequency band from O to 2Khz. 
Because the relevant dynamics probab9 have frequencies below lKhz, this noise suffices 
to compute transfer functions of the mechanics of the robot. 

MCV61 controller card 
noise I 

T I-----1T I 
I 

I ! 
... ... . ..... . . .~ . . ...... . ........ . ...~ .... .~ 

Fig. 4 I )  position error, 2) control signal, 3) control signal with noise 

When noise is injected in the control signal, as is depicted in figure 4, three relevant 
transfer functions can be measured: 

-open loop transfer function 
-controller transfer function 
-transfer function of the FAMMDD including the amplifier 

1 

5 Philips CFT Mechatronics CTB 595-95-3096 1995-:Qi-:8 



Evaluation and improvement of the FAMMDD Limitations to the performance 

A description, according to the block diagram, of the open loop transfer function is, 

When noise is injected and the signals 3 and 2 are added to the spectrum analyzer, the 
next transfer function is the result, 

Because the control loop has only one input and one output, transfer function (2) is 
exactly the same as transfer function (I), except for the minus sign. This minus sign was 
introduced by the substraction point (see figure 4). The effect of the minus sign is a phase 
shift of 180" and can easily be taken into account. 

It can easily be seen that when the signals 1 and 2 are added to the spectrum analyzer the 
resulting transfer function is the transfer function of the controller, with a 180" phase 
shift. When the signals 3 and 1 are added to the spectrum analyzer, it results in the next 
transfer function, 

This is the transfer €unction of the mechanics of the FAMMDD including the amplifier. 
This is the only way of measuring the transfer function of the mechanics of the 
FAMMDD because only signals on the MCV61 controller card can be monitored. And for 
measuring the transfer functions of the mechanics of the FAMMDD only, one needs the 
control signal just before the servomotor. The frequency response function of the amplifier 
was measured, sometime in the past, and it showed that the gain was constant until 1Khz. 
and that there was a phase loss of 62" at 1Khz. So when measuring the transfer function 
of the FAMMDD and the amplifier, the relevant dynamics, below lKhz, are almost not 
changed by the amplifier. 

3.2 THE MASS RATIO 

The direct drive minimizes the mass of the motor in the mass ratio. Because the lower 
arms are designed to be stiff and very light (+ 2 kg) the main hctor in the m2ss of the 
load is the wrist mass (2 20 kg). So in the equivalent mass of the robot, the wrist mass is 
the dominant factor. And as the position of the wrist mass vanes when the robot is 
moving, the equivalent mass will also vary. The equivalent mass can be expressed in the 
radial mass inertia and the tangential mass inertia. Looking at the geometry of the 
FAMMDD in figure 5 ,  the following expressions for the transmission ratios in radial and 
tangential directions can be derived, 

6 Phzips CFT Mecharronrcs CTB 595-95-3096 J995-IO-18 
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- .  

Fig. 5 11=0.325m, 12=0.41m, 
Mw=2Okg, 0.2m < r < 0.7m, 
Jimer=0.35kgm2, Jouter=0.44kgm2 

with (4) the resulting expressions for the equivalent mass, for one axis, of the robot are, 

So as the robot moves from the inside position (r=0.2m, ~ 1 . 7 r a d )  to the outside position 
( ~ 0 . 7 m ,  ~ 0 . 3 r a d ) ,  the equivalent mass, for one axis, will vary accordingly, 

inner axis: 0.85kgm2 < Jeq,rad < 5.85kgm2 0.55kgmz < Jeq,tan < 2.15kgm2 

outer axis: 0.94kgm2 < Jeq,rnd < 5.94kgm2 0.64kgm2 < J e , ,  < 2.24kgmz 

As the gain of the transfer function of the mechanics of the robot, for low frequencies, is 
inversely proportional to the equivalent mass of the robot, one can see that as the 
equivalent mass varies, with a factor 6, the gain of the transfer function will decline with 
a factor 6, when moving from the inside to the outside position. 

The goal of this project was to assure a constant performance for the complete operating 
area, but as shown above, when using a position independent controller, the open loop 
gain will vary with a factor 6 and accordingly the bandwidth will vary with a factor 2.5. 
With bandwidth meaning that frequency where the open loop gain crosses the O bd line. 
In other words when the controller is tuned with the robot in the inside position, then the 
performance in the outside position is worse, becawe now the controller has to ïmve a 
considerably larger load. 

To illustrate this phenomenon, transfer functions of the mechanics of the FAMMDD, were 
measured in 10 different positions (see figure 6). 

10 positions h *  

Fig. 6 measurements 

In figure 7 are the transfer functions of the mechanics of the inner axis, in 6 positions, 
depicted. In figure 8 the same transfer functions are depicted, only in this case for the 
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outer axis. 

Note that the gain is declining when &e robot is moved to the outside position. The same 
results can be seen in the transfer functions of the mechanics of the outer axis. All the 
transfer functions of the mechanics for both axes can be seen in Appendix B. In figure 8, 
one can see that the gain declines for frequencies below 20Hz, this is a result from the 
friction in the system. This can also be seen in the coherency plot of these measurements, 
because f ~ r  fcrpquenci~~  PIO OW 2!lWz, the c~hersncy dec!iiìes tu values near zero. 

3.3 POSITION DEPENDENT RESONANCES 

Another limiting factor for the performance is the resonance which frequency is position 
dependent. The resonance that is referred to, is the resonance which frequency lies 
between (see figure 7) 4 150Hz in position O, 2 190Hz in position 7 and has a frequency 
of -+ 145Hz in position 9. 

In order to obtain the performance fokulated in chapter 2, a bandwidth of 2 30332 is 
needed. A bandwidth of 30Hz is what the old FAMM had, and it satisfied the 
performance specifications, so demanding for the FAMMDD of having a bandwidth of 2 
30Hz is a sound goal. 

The bandwidth of a control loop is that frequency at which the open loop gain crosses the 
OdB line. If for example the controller is tuned so it has a bandwidth of 30Hz in the 
inside position (pos. O), then the resonance at 150Hz probably will cause instability. A 
way to investigate if the system is stable, is by checking if the open loop transfer function 
satisfies the Bode stability criteria: 

OdB crossing: at least 35" phase margin (which implies a phase min. of -145") 
-180" crossing: at least 6dB gain margin (which implies a gain max. of -6dB) 

Because the MCV61 controller card is equipped with a notch filter, the resonance can be 
suppressed by this notch filter and so guarantee stability. One setback is the fact that the 
frequency of this resonance shifts when the robot moves to another position and with the 
notch filter only suppressing a resonance in one particular frequency band, this implies 
that when the robot moves this may cause instability even when using the notch filter. 

By using the lowpass filter of the MCVOI this problem "ay be solved, by placing the 
lowpass filter so that it suppresses the shifting resonance enough to guarantee stability. 
Although this seems a good solution, it doesn't work because for the lowpass filter to 
suppress the shifting resonance enough, its break frequency should be below 70Hz. This 
causes to much phase loss for low frequencies and causes instability altogether. 

This phenomenon of the shifting resonance only poses a problem in the control loop of 
the inner axis. The problem is not so prominent in the control loop of the outer axis (see 
figure 8). In the control loop of the outer axis it suffices to suppress this resonance in one 
particular frequency band, to guarantee stability in the complete operating area. 

So the declining gain of the open loop transfer function, when moving to the outside 
position, and the shifting resonance are the limiting factors for guaranteeing the same 
performance in the complete operating area. The MCV61 can be tuned so that stability is 
guaranteed, in the complete work area, but than the performance leaves much to be 
desired and the performance specifications are never met. 

Phdips CFT Mechatronics CTB 595-Q;-3096 1995-10-i8 8 
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Fig. 7 transfer functions of mechanics of the inner axis 
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example: pos20, means position O (see figure 6), direction 2 (see figure 13) 

transfer functions of mechanics of the outer axis 
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o 

4 Modal analysis 

A part of this project was to determine what the effects of a direct drive are, from a 
dynaniic point of view. An appropria:a’tc,oi to visi’a!ize these effects is the EX!$ zn,uIyuis, 
in order to determine the mode shapes of some of the more apparent resonances; found in 
the transfer functions of the mechanics of the FAMMDD. Modal analysis in short, is 
exciting a system, by means of an excitator. And measuring the accelerations in different 
points of the construction and then determining the displacements of these points due to 
the exciting of the system, so a mode shape can be made visible. Every natural frequency 
of the system has its one mode shape. 

4.1 MODAL ANALYSIS TECHNIQUE 

Before the actual modal analysis can be carried out, three facts have to be established: 

-excitation method, fixed excitation or fixed response, excitatiodmeasure points 

In this case the system was excited by injecting noise in the control loop (see chapter 3). 
Another way of excitation is the hammer excitation. Noise excitation was used because it 
excited the system better then hammer excitation. Noise injection means, exciting the 
system by servomotor, so this is a fixed excitation modal analysis. This means that the 
system is always excited at the same place, the servomotor, and that the measurements are 
done in different places. These measure points need to be chosen carefully, because it is 
information from these points, that determine the resulting mode shape. 

After the preparatory work, the actual measurements can be done. In order to determine 
the shape of a mode, in every point accelerations need to be measured in 3 directions. It 
depends on the co-ordinate system, that is used to pinpoint the measure points in 3D 
space, in what 3 directions measurements have to be made (Cartesian (x,y,z), cylindrical 
(r,t,z)). Both the control signal with noise, and the acceleration signal from an 
accelerometer, glued to a particular point in one of the three directions, are added to a 
spectrum analyzer. The analyzer computes a transfer function from the control signal to 
the acceleration. The resonances in this transfer function conesponcl with p t i d ~  =ode 
shapes. After transfer functions in three directions in all points are measured, these 
transfer functions are loaded in a modal analysis software program, the software used for 
the modal analysis of the FAMMDD is the STAR software. This program computes the 
gain and the phase of a particular resonance in all the transfer functions. Because the 
position of all the points are also loaded in this program, it can, with the use of the 
computed gains and phases, determine how the points move with respect to the other 
points. With this information the program can then display the movements of the points in 
3D, thus visualizing a particular mode shape. 

4.2 THE MEASUREMENTS 

The mode shapes of two resonances, tbai are most likely the effect of the direct drive, 
because they are not present in the transfer functions of the old FAMM (see chapter 
results), will be determined. The resonances referred to, are the ones at f 27Hz and & 
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70Hz. The mode shape of the shifting resonance (150 - 190Hz) will also be determined, 

Because of the low frequency nature of the first two resonances, the assumption is made 
that the mode shapes of those resonances are rigid body modes, in other words the 
complete robot is vibrating. Because of these assumptions, points for measurements are 
chosen all over the robot. 

1 1  %%HI the vmrdiaates af these poi~ts âïe loaded iii the STAR sûfiwaïe, a wire moaei of 
the FAMMDD can be made (see figure 9). the more points that are used, the more 
accurate the wire model becomes. 

Fig. 9 wire model of the FAMMDD 

Modal analysis has shown that the shifting resonance is not a rigid body mode, but that it 
is a mode where the arms vibrate. So for determining this mode shape, points are used on 
the upper arm connected to the imer axis, because in the trzasfe: fir~ctions of t h i s  axis the 
shifting resonance is present, and points on both the lower arms. 

4.3 SHAPES & EXPLANATIONS 

As can be seen in figure 10 the mode shape of the 27Hz resonance, is a rigid body mode. 
The robot is rocking from the left to the right, on its groundplate (large triangle at the 
bottom of the picture), in relation to the floor. The reason why this mode is seen in the 
transfer function of the mechanics of both axes is directly related to the direct drive of the 
robot. Because when the robot rocks from left to right its wrist mass will not move, due 
to its large mass, and as the direct drive minimized the motor mass in the mass ratio, the 
motor axis has to follow the wrist mass. So when the robot rocks to the left and the wrist 
mass stays behind, the motor axis has to compensate this by rotating. This rotating of the 
motor axis can be seen in the transfer functions as a resonance. 
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Fig. 10 mode shape of resonance at 27Hz 

This mode can be illustrated by a simple model. This model, see figure 11, consists of a 
mass that can translate in one direction. This mass will act as the column of the robot. 
This mass is connected to earth, by a spring. This mass and spring together, have a natural 
frequency, the resonance motion of this natural frequency, acts as the motion of the 
column (rocking from left to right) of the 27Hz mode shape. Furthermore there is a wrist 
mass, connected by a rod to an axis on the column mass. This is the model of the arms 
and wrist mass of the FAMMDD at a certain radius. 

Fig. 11 model of 27Hz mode 

A state space description of this model can be derived, for a detailed explanation, see 
Appendix Ce 

m e n  the state space description of the model is linearized at a certain position, than the 
transfer function, in that particular position, from input u(t) to output @(t) can be computed 
(see figure 12). 
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Fig. 12 transfer functions of model 

From figure 12 one can see that there is great similarity between the model and the 
transfer functions of the axes of the FAMMDD, first a anti-resonance followed by a 
resonance. In the transfer functions of the old FAMM, this resonance is not present. The 
reason is simple, because with the old FAMM the motor mass is dominant, instead of the 
load mass. So when the column of the old FAMM rocks from left to right, the wrist mass 
has to follow, so no extra rotation of the axis occurs. This can be illustrated by the same 
model, but instead of using a wrist mass of 20kg, a mass is used that is considerable 
smaller. Because the wrist mass is reduced by the gear-wheel transmission. The results can 
be seen in figure 12. The smaller the wrist mass, the less visible the anti resonance- 
resonance couple is. 

Not only are transfer functions measured in the 10 positions as explained in the last 
chapter but also in different directions. This means that the wrist mass is rotated 45" in 
the $ direction and again 10 transfer functions are measured and so on, until 180" of the 
operating area is covered. In figure 13 all positions in which transfer functions are 
measured are depicted. All these transfer functions are depicted in Appendix B. 

direction 1 direction 3 

direction 2 

Fig. 13 measure positions 

These measurements in different directions, were conducted to show that the amplitude of 
the 27Hz resonance, In the transfer function, changes with direction. In figure 14 the 
transfer functions of the inner and outer axis, in 5 different directions, and all in position 
5, are depicted. 

From figure 14 one can see, that the change in amplitude of the resonance is more or less 
symmetrical around direction 2, meaning a maximum amplitude in direction 2, and a 
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Fig. 14 transfer functions of mechanics of inner and outer axis 

declining amplitude in directions 1 and O, and directions 3 and 4, with a minimum 
amplitude in directions O and 4. This shows that the when the wrist mass is positioned in 
the direction of the vibration of the resonance (dir. O, 4), the wrist mass follows the 
vibration. And when the wrist mass is positioned peryendicular to the vibrational direction 
the wrist mass doesn’t react to the vibration, this is seen as the resonance in the transfer 
function. 

The mode shape of the 70Hz resonance, is a bending mode of the column (see figure 15). 
The lower half of the column is moving in opposite direction to the upper half. This 
resonance is seen in both the transfer functions of the inner and the outer axis. But the 
effect is only minimal in the outer axis, this is probably, just as with the 27Hz resonance, 
an out of phase movement of the wrist mass. Looking at the great difference in amp!itude 
of the resonance between the inner and outer axis, one can conclude that there is 
something going on, other than the out of phase movement of the wrist mass. 

One striking difference between the inner and the outer axis is the position of the 
encoders. The outer axis encoder is placed close to a ball bearing, and the inner axis 
encoder is placed at the bottom of the axis, away from the ball bearing, this can be seen 
in the cross-section drawing of the FAMMDD in figure 16. One explanation for the 
difference between the inner and outer axis lies in this difference of encoder positions. It 
depends on the position of the wrist mass in what direction the wrist mass moves during 
the 70Hz resonance, and so because mass is moved, this causes forces in the direction of 
this movement. These forces bend the column. The inner axis encoder is placed at the 
bottom of the axis, in the lower half of the column. The inner axis ball bearings are 
located in the upper haif of the column. So this bending mode results in the relative 
displacement between the axis and the encoder, this makes the encoder turn, and thus 
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Fig. 15 mode shape of resonance at 70Hz 

amplifying the effect of the resonance. This is not the case for the outer axis because the 
outer axis encoder is placed just below a ball bearing, both in the upper half of the 
column, thus there will be no effect of the bending in this axis. 

n 

Fig. I 6  cross-section of the F4MMDD 

I )  position of arms, 2) inner axis, 3) outer axis, 4) ball bearings, 5) incremental encoder 
for outer axis, 6) rotor (perm. magnets) for outer axis, 7) stator coils for outer axis moto< 
8) base of the robot, 9) rotor (perm. magnets) for inner axis, 10) stator coils for inner 
axis motor; 11) incremental encoder for inner axis, 12) leaf springs ( I  every 120°), 13) 
ground plate, 14) feet 

4 
5 
6 
7 
8 
9 
10 

13 
14 
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If one is, for a moment, assuming that this effect is actually happening, then the angle 
between the movement of the axis, due to the bending mode, and the encoder, can be 
calculated as a function of position ($ and 9. And as result, the effect, of the bending, 
on the resonance can be calculated. This resulted in the 3D plot as depicted in figure 17. 
The derivation is described in Appendix D. From this plot it is seen that the bending has 
the most effect for $=2.5rad, this coincides approximately with direction 3. And looking at 
figure 14, one can see that the amplitude of the resonaxe reaches its maximum iI; this 
direction. So this ïekitive dispkiceîìîent betweai the inner axis and tiie encoder is an 
explanation for the differences in amplitudes between the different directions, and the 
different axes. 

Dhi 
psi 0-0 

Fig. 17 effect of bending on encoder 
These changes in amplitude of the resonances, introduce, locally, more or less phase. This 
is another limiting factor. Because when the controller is tuned in one position, due to 
these effects, the gain or phase margins might be declining when moving to another 
position, thus maybe causing instability. 

For the modal analysis of the shifting resonance a different set of measure points was 
used. The results from this analysis can be seen in figure IS. 

m , e c r  _ u s  
.mac* r 9 1 IS$ 01 w - 
m 4 e  I 1 
/r*WMw IS5 03 IS 
mm,w i 9 9  * 

Fig. 18 shijling resonance 
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Because this resonance is only present in the inner axis, it is assumed that the outer axis 
does not rotate, and so the joint on the upper arm, of the outer axis, is seen as a fixed 
rotation point. That is why there were no measure points selected on this arm. 

Looking at figure 18, one can see that the upper arm is rotating, back and forth. This 
leads the conclusion that is a flexibility of some sort between the upper arm and the lower 
arm. This is just an assumption, because the mode shape is not very clezr. 

If this is the case, than the drive train of the inner axis car, be modeled as is depicted in 
figure 19. Transmission i,, is caused by the joint between the upper and lower arm, 
transmission i, is caused by the wrist joint (see Appendix E for derivation). Because of the 
geometry of the FAMMDD these transmissions are position dependent. The load of the 
mass and the flexibility can be reduced to the motor mass, as is shown in figure 19. This 
leads to a 4th order model with a position dependent load and position dependent 
flexibility. Because these parts of the model are position dependent, the resonance 
frequency of this model will also be position dependent. This position dependency of the 
resonance frequency is depicted in figure 20. 

reducing to motor mass 

motor mass motor mass load 

Jm 

C 

Fig. I 9  reducing to motor mass 

Fig. 20 shifting resonance frequency 

The assumption that the shifting resonance is caused by a flexibility between upper arm 
and the wrist mass, might be true. Because looking at the results from the 4th order model 
(figure 17, 18), there is a resemblance in the way the frequency changes. But at the same 
time, the mode shape of the resonance is far from clear. So probably is the shifting 
resonance caused by a flexibility in the drive train, but modal analysis has not been able 
to shed enough light on the problem, to pinpoint exactly where this flexibility might be. 
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5 Notch and Gain scheduling 

As a result of the direct drive, various resonances were introduced in the transfer function 

to guarantee a uniform performance. From the modal analysis came the believe that the 
resonance at 27Hz was a ridged body mode, and the resonance at 70Hz was a bending 
mode. What kind of mode shape precisely belongs to the shifting resonance is not 
completely clear, but analysis have shown that is a flexibility between the upper arm of 
the inner axis and the wrist mass. That it is a major disturbance for a uniform 
performance is apparent. This, together with the declining gain as a consequence of a 
change in the position, has given rise to the thought of a position dependent controller. As 
said before the MCV61 controller can be tuned so that is coped with these problems and 
the performance specifications (i.d. bandwidth) in a particular position are met. So it 
would be appropriate to somehow use the MCV61 controller card for this position 
dependent controller. 

of the mechanlrr if the FAMMDD, which xrde it impssiblv f9r the ? . K V V !  C m t r Û l k ï  

5.1 A POSITION DEPENDENT CONTROLLER 

The MCV61 controller card parameters can be adjusted by software (MIP, see Appendix 
A). So it should be possible to adjust the parameters of the controller as a function of the 
position of the robot. Then by adjusting the gain of the controller with the PD-filter 
(parameters I(p, determine the gain of the controller) the position dependent gain in the 
mechanics of the robot can be compensated for. The notch-filter (parameters NFAl, 
NFA2, NFBO, NFB1) can be made position dependent so it suppresses the shifting 
resonance. Such a position dependent controller could make, with some reservations, a 
uniform performance possible. This controller concept shall be called Notch and Gain 
scheduling. And it has been this controller concept that has been implemented during this 
graduation project. 

So what is needed for this Notch and Gain (NoGa) scheduling controller ? What is 
needed, is a software program that writes new controller parameters to the MCV61 as the 
position of the robot changes. Actually it needs to update the parameters on a regular time 
basis and very fast. So when the robot; ~ O W S  vsry fast 2nd ths resosi?p,ce changes 
accordingly, there must be no chance of an instability problem, in other words the 
software needs to update the parameters so fast that the shifting resonance is always 
completely or partially suppressed, so it won’t cause instabilities. 

Secondly, this program, called NoGa from now on, must know in what manner it should 
adjust the controller parameters as a function of the position. So before hand it should be 
known what is the best controller setting, in each and every position. This information 
should be made available to NoGa. 

And last, NoGa can only write the proper parameters, if and only if, the position of the 
robot is known at all times. So NoGa has to able read the position of both the axes from 
the encoders, on a regular time basis. 

So the following actions should be taken sequentially by NoGa if it is to control the 
FAMMDD. 
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i) read the positions of the axes from the encoders. 
2) calculate the position of the robot. 
3) determine what values of the controller parameters should be used in this position. 
4) write these parameters to a buffer on the MCV61 controller card. 
5 )  when every parameter is written make these new parameters the active parameters of 
the controller. 
6) return to 1. 

5.2 1 M PLEM ENTATION ASPECTS 

NoGa has to run on the computer in the control rack. This computer operates under the 
OS-9 operating system. On this computer various programs run, which are necessary for 
the FAMMDD to operate. OS-9 runs with an internal clock, which ticks every 10 mili 
seconds. This implies that every 10ms another program can perform its task. Some 
software needs to perform their task regularly, like the software supplying the setpoints for 
the controller cards. NoGa is also a program which must perform its task regularly. It 
would be best if NoGa could be active every IOms. This however is impossible, because 
then the other vital programs don’t get to perform their tasks. So it was decided to 
activate NoGa every 20ms. 

When the FAMMDD is turned on, first the axes need to be homed. Because during this 
homing procedure the position is not known, NoGa can’t be used as a controller. Because 
NoGa needs the position of the robot, to write the proper parameters to the MCV61. So 
before the home procedure starts, parameters of a default, position independent, controller 
have to be written to the MCV61 to guarantee stability. After the axes have been homed, 
NoGa starts scheduling and the FAMMDD can perform its tasks. 

The gain only declines when the wrist mass is moved radial (r direction), the gain doesn’t 
change when the wrist mass is moved tangentially ($ direction), the same holds for the 
shifting resonance. So only the angle ty between the upper arms has to be known to 
perform the scheduling. When the positions of both axes are known, tycan be computed, 

If the optimal controllers for the 10 positions in which the transfer functions were 
measured, are aetermineu, these parameters can be stored in NoGa. As the parameters are 
only determined before hand in 10 discrete positions of the work area, NoGa needs to 
determine the right parameters on the basis of a linear interpolation between the two 
discrete points at which the robot is at that particular time. 

5.3 TUNING 

In order to be able to do the actual notch and gain scheduling, the MCV61 needs to be 
tuned in 10 different positions. This needs to be done for both axes. Although for the 
outer axis only gain scheduling is necessary (see chapter 3). So the focus lies on the inner 
axis, because here the shifting resonance poses a problem. 

From the modal analysis and the measurements in different directions ($), it became 
apparent that especially for the inner axis the 70Hz mode changes as the wrist mass is 
moved in tangential direction. The frequency is constant but the amplitude of the 
resonance changes. This implies that there is depending on the direction, locally more or 
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less phase at 70Hz. As the scheduling is only done on the basis of the radial position of 
the wrist and not on the tangential position of the wrist, it needs to be verified that these 
differences in phase, around 70Hz, don't cause the phase margin to be less then 35" or 
even cause instability. 

Tuning is done, by first choosing the notch filter parameters, so the resonance is 
suppressed. Then with the gain scheduling parameters the bandwidth can be enlarged, so 
the bandwidth is the same Îor each position. ïhis is not aiways possibie, due to extra 
dynamic effects in the transfer functions, that limit the bandwidth. But the overail effect 
of NoGa is, that the bandwidth can be enlarged in every position compared to a position 
independent controller. 

NoGa gives the designer of the controller, a considerable amount of freedom in choosing 
the parameters. Because with 6 notch 'and gain scheduling parameters, there is no unique, 
bets configuration of parameters. But with the used parameters, it was shown that NoGa 
indeed works. 
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6 Results 

In order to determine if NoGa has the effect it was designed for, namely to guarantee 
d f o m  per€a-mawe, so the specificatiofis (motion time and accuracy) are met, time 
domain measurements for each axis were carried out. After the MVC61 controller was 
tuned in 10 positions, so the corresponding controller parameters could be implemented in 
the software of NoGa. 

6.1 FREQUENCY BQMAIM 

Before the FAMMDD, with NoGa, can be tested, the right controller parameters have to 
be determined, so NoGa can use them, for guaranteeing a uniform performance. 

NoGa only updates parameters, when the robot moves in radial direction, because it is in 
the radial direction that the dynamics change the most. But as was shown in section 4.3, 
there are even differences in the dynamics between the different directions (0,1,2,4), see 
figure 14 and Appendix B. The amplitude and phase of the 27Hz and 70Hz resonances, 
change with direction. So when the FAMMDD is tuned in one direction (10 positions), 
satisfying the gain and phase margins of respectively 6dB and 35", it is possible that these 
margins are smaller in other directions. So the FAMMDD was tuned in direction 3, 
because in this direction, the 70Hz resonance limits the performance the most. So when 
the FAMMDD is tuned in this direction, satisfying the gain and phase margins, these 
margins will only increase in other directions. 

The controller parameters were found by first choosing the notch filter parameters, so the 
anti-resonance sufficiently suppresses the shifting resonance, and the resonance frequency 
was chosen to be 130Hz. By choosing the parameters this way, the notch filter suppresses 
the shifting resonance, and it provides attenuation of the open loop gain for frequencies 
higher than the notch frequency, 

Fana-resonance 

'resonance 

attenuation = 

This attenuation of the open loop gain for higher frequencies is needed to suppress 
resonances with frequencies higher than 200Hz (see Appendix B). 

Actually this attenuation by the notch filter is not enough, so the lowpass filter is needed 
too. But when the robot moves to the outside position, the frequency of the shifting 
resonance increases, before it decreases in the outside position, so with (6) it can be seen 
that the notch filter attenuates the open loop gain more, when the shifting resonance 
increases. This means that the lowpass filter has to attenuate less, thus its break frequency 
can be higher. This is favourable, because the lowpass filter causes phase loss, and that 
phase is needed, when the robot moves to the outside position, because then the amplitude 
of the 70Hz resonance increases, and the extra phase, as a result of a higher lowpass 
break frequency, makes it possible to maintain the stability margins of 6dB and 35". So to 
be able to change the break frequency ~f the lowpass filter, NoGa has been expanded with 
the capability to change this frequency. 
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The FAMMDD is tuned in the 10 positions of direction 3.  First the notch filter parameters 
are found as said above. Than the gain parameters (PD filter parameters) are tuned so the 
bandwidth is maximized, with respect to the gain and phase margins. This maximizing of 
the bandwidth is a trade off between the PD - and the lowpass filter parameters, because 
in certain directions the break frequency of the lowpass filter needs to be increased to 
guarantee the stability margins. 

In ftmire --a---- 3 i  - - 9  the ~ p e ~  Inop trmsfer fmct i~ns of 5 posl:ims in &rectkm 2 are &jjcte& in 
every position the gain and phase margins are at least respectively 6dB and 35". One can 
see that the bandwidth is almost the same in every position (230Hz). One setback 
however, is that the 27Hz mode lies within the bandwidth, thus resulting in a gain smaller 
than OdB around 20Hz. 

open loop transfer functions, -pos30, --pos32, -.pos3bpen loop transfer functions, -pos36, --pos39 
20 : : : : : : : : :  . :  : : ; : : : :  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  
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Fig. 21 open loop transfer functions of inner axis, pos. 30, 32, 34, 36, 39 

6.2 TIME DOMAIN 

One axis is moved, so the wrist moves the distance of the standard traject (600rnm), while 
the other axis doesn't move. This is a worst case scenario, because now one axis has to 
move the complete mass of the wrist. 

The axis is rnoved with a 3d order setpoint profile. The motion time of this profile can be 
calculated. The settling behaviour of the wrist is measured by a position sensing device 
(PSD). So it can be calculated how much time is needed for the wrist to have an accuracy 
of & 0.05rnm, once the wrist has reached the end of the setpoint profile. The motion time 
plus the settling time is the time the robot needs to cover the standard traject (600mm) 
one way and be at the endpoint with an accuracy of f 0.05mm. 
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displacement 
(inc) 

First the velocities and accelerations were chosen to be small. Then they were increased. 
This was done to see if there were limitations to NoGa, with respect to the scheduling 
velocity of 20 ms. One can see that if the FAMMDD moves faster and faster, there is a 
point when NoGa sends parameters, to the MCV61, that belong to a certain position, but 
the FAMMDD moved so fast in the 20 ms, that these parameters don’t guarantee stability 
anymore. As a matter of fact NoGa is always to late, because the FAMMDD moves 
contimoudy, but NoGa updates the parameters discretely. But whzt was found out was 

having problems of stability. These measurements were carried out for both axes. The 
setpoint profiles, shown in the table, are chosen in such a way that the control signal just 
reaches the saturation level. 

L ~ - L  ~ ~ n n n m n n  - - - - I J  -- L - ~  &I-- ---&--i -:.---i L _--I- __-- L - ~  i_i:L~iiiL 
L I I d l  LUG r A l V l l V l U U  LUUIU IIIUVC bU l d b t  L I I Q L  LIIC LUIIILUI bigildl UCLdlllG bdCUldLGU, W I L I I U U L  

max. velocity max. accelerat. Adot (deriv. 
(inc/Ts) (inc2/Ts2) of accelerat.) 

Setpoint 
profiles 

outer axis 

inner axis 

outer axis 

motion time settling time total time 

417ms 107ms 524ms 

434ms 40ms 474ms 

~~~ 

250000 inc I 300 incïïs I 0.55 inc2/Ts2 I 2e-3 inc3/Ts3 

250000 inc I 300 inc/Ts I 0.5 inc2/Ts2 I 1.7e-3 inc3/Ts3 

So with NoGa, The time needed for one leg of the standard traject, is approximately 
500ms. And than the wrist mass is positioned with required accuracy. 

The same measurements were conducted, in the past, for the old FAMM. The old FAMM 
needed 500 ms to, for the standard traject. The results are depicted in the Appendix E In 
figure 22 and 23, the settlingbehaviour, setpointprofiles and control signals, of both axes 
are depicted. 
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3d order setpoint profile 
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Fig. 22 settling behaviour of the inner axis control loop 
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Fig. 23 settling behaviour of the o u i c  m i s  control loog 
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7 Concluding remarks 

This project resulted in a position dependent controller concept, that is based on the 
MCV61 controller structure. If the only limiting factors to the performance, were the 
declining gain and the shifting resonance. then with NoGa on has a powerful tool to 
guarantee a constant performance in all positions. But as it turned out, those were not the 
only limiting factors. But taken this into account, one can still conclude, that NoGa 
resulted in a performance of the FAMMDD, that was otherwise never accomplished. Now 
with Noga the FAMMDD can move with such great accelerations, resulting in velocities 
needed for the robot to complete the standard traject in time, the control signal reaches the 
saturation level. 

As it turned out, the 20 milliseconds, schedulingtime posed no problem during the test 
phase. This is not completely fair, because the test movements were conducted via MIP, 
and then no other, sometimes interfering, software programs were needed. 

One goal of this project was to improve the performance of the FAMMDD, compared to 
the old FAMM. This has been accomplished as far as the speed is concerned. The 
bandwidth of the FAMMDD is almost in every position +30Hz, and the bandwidth of the 
old FAMM was 30Hz too. One difference still remains, and that is that with the 
FAMMDD the 27Hz resonance lies somewhere near the bandwidth, and this is influencing 
the bandwidth. But with the old FAMM this is not the case. As was shown with the 
simple model of the 27Hz mode, in section 4.3. The gear-wheel transmission made sure 
the wrist mass had to follow the axes, thus no effect of a rigid body rocking mode is seen 
in the transfer function of the old FAMM. Furthermore, with NoGa the FAMMDD moves 
as fast as the old FAMM, but it doesn’t make nearly as much noise as the old FAMM 
does. 

Another goal of the project was to determine the effects of the direct drive. And as it 
turned out, the 27Hz and the 70Hz resonances, were clear effects of the direct drive. 
Further resulted this analysis in the understanding that the position of the inner axis 
encoder amplifies the effect of the 70Hz resonance. This resulted in the 70Hz resonance 
changes that were a direct limitation to the performance of the inner axis. The shifting 
resonance (150 - 190Hz), that is only a limiting factor for the inner axis, is another effect 
of the direct drive. The old FAMM might have the same flexibility between the upper arm 
and the wrist mass, but its effect is minimized by the gear wheel transmission. Actually 
the only direct drive effect one thought to encounter with the direct drive, was the 
declining gain as the robot moved to the outside position, but this analysis has shown that 
there are more effects that seriously limit the performance of the FAMMDD, and a lot of 
effort has to be made to overcome thhese limitations. 

As the modal analysis has shown, the encoder of the inner axis is placed in a wrong 
position. This encoder position is the main reason for the 70Hz mode, and if the encoder 
was placed in a position, where the bending of the column had no effect on the encoder, 
the 70Hz mode, would only be marginally present in the transfer function of the inner 
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axis, as is the case with the outer axis. Than the bandwidth could be increased. 

As it turned out NoGa, performs well, and the performance specifications are met, but 
there is one setback. Looking at the transfer functions of the inner axis, in direction O, one 
notices that the phase at 70Hz goes through the -180", this is not the case in the other 
directions. The reason for this phenomenon is not clear. But normally with the 70Hz 
mode, the anti resonance results in phase lead and the resonance results in phase lag, thns 
the phase is the same before and after the 70Hz mode. Or.$ in direction S, thcïs is 
somehow only phase lag as a result of the resonance, there is no phase lead, because the 
anti resonance has disappeared. This phase lag severely limits the bandwidth. And it was 
decided to ignore this phenomenon. That can only be done by demanding that the 
FAMMDD is not moved in that direction, because with the current parameters used by 
NoGa this would lead to instability in this direction. So NoGa performs well except in 
direction O. 

As this project advanced, it became apparent, that the problems these problems were 
concentrated in the inner axis. The outer axis only needed gain scheduling, so the 
declining gain is accounted for. 

NoGa is a good tool to guarantee a constant performance, but for the FAMMDD the 
tuning of the MCV61, per position, in order to find the right parameters, takes a long 
time. 

7.2 RECOMMENDATIONS 

It still needs to be proven if the 20 milliseconds is sufficient when there are other 
software programs running. For example if the OMC software is generating the setpoints. 

For NoGa to perform optimal, NoGa should be programmed on the MCV61 controller 
card, in the firmware that is. The scheduling time can then be reduced, if necessary. And 
other software can't interfere anymore. 

If NoGa was to be implemented in the firmware, then the problem of instability in 
direction O can be solved by not only updating parameters when the robot moves in radial 
direction, but also when the robot changes its direction. By doing this the same 
parameters, being used by NoGa now, can be used and when the robot moves to direction 
O parameters have to be used that guarantee stability in this direction. The reason why this 
can only be done in the firmware is, because by implementing this in the software, the 
time needed to compute the scheduling parameters increases that much, the 20ms 
scheduling time can't be maintained, and instability might occur. 

If NoGa is used with other systems, than it is advised to use a model, if is a simple one, 
of the system to compute the scheduling parameters online. This can only be done, if 
other limiting factors don't occur. 

As the inner axis encoder position was the reason for the amplifying of the effect of the 
70Hz resonance, this may be overcome by placing a second encoder diametral from the 
first encoder. This way the information of the bending of the column can be separated 
Îrom tiie information of the rotation of the axis. 
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Appendix A, MCV61 controller card 

The structure of the controller card is depicted in figure A. 1. 

setpoint-acc feedforward 

Kk- KV setpoint-vel 
I 

pos-error r---&+l 

1 motor-pos 

-satlev 

satlev ................ 
.................. ..i/k. ................. : 
integrator : ............... , 
anti-windup -satlev 

j ig. A.1 controller structure 

This controller consists of a sequence of filters. First the controller will be described in 
the time-continuous (Laplace) domain, because the relation between filter parameters and 
characteristic frequencies is most obvious in the time-continuous (Laplace) domain. 
However the MCV61 is a digital controller and therefore the discrete version of the filters 
will be described including the used discretisation methods. Finally the relation between 
the discrete filter parameters and continuous filter parameters will be given. 

TIME CONTINUOUS DOMAIN 

The transfer functions of the different filters in Laplace domain: 

1. PD-filter 

HpD = K, + sKV 

The PD-filter has a DC gain Kp and a break frequency at f,=K/(27tKv) (in Hz). 

2. PI-filter 

HpI = 1 + - Ki 
S 

The PI-filter has a high frequency gain of 1 and a break frequency J=K, / ( 2 ~ )  (in 
HZ.). 

3.  Low pass filter 
The DC gain of the low pass filter equals 1. The break frequency is located at 
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fa=wa / (2.n) (in Hz.). J is the relative damping ratio of the filter. 
The low pass filter suppresses high frequency disturbances, including (fer the digital 
version of the filter) quantization noise. EQWP'(IP_X, a phase loss uf üp iû 180 degrees 
has to be taken into account (90 degrees at the break frequency). 

4. The card has the possibility to add three feedforwards into the control loop, a 
velocity- an acceleration- and a coulomb friction feedforward. Feedfonvards are added 
after the low pass filter. These feedforwards are not led through the low pass filter, as 
they are intended to offend the system in the appropriate direction. The feedforward 
term is given by 

Uff = (K,-q)y@) + K,As(s) + K,O,(s) (A. 4) 

where 
V,(s) is the setpoint velocity 
A,(s) is the setpoint acceleration 
D,(s) is the direction of the setpoint movement 

Note that in figure A.l the differential action involves the position error, not the 
position. To maintain the parameter interface with respect to the velocity feedforward 
gain (K& the setpoint velocity is multiplied here by K,-K, instead of K,. 

5. Notch filter 

The DC gain of the notch filter equals 1. The high frequency gain equals w:/w:. 
Characteristic frequencies of the notch filter are located at f,=w, / (27~) (zero), 
fd=wd / (2.n) (pole). The ratios J, andJ, are assumed to be in the range from O to 1. 
Notch filters are usually applied to decrease high frequency gain, to locally introduce 
phase lead or to suppress a resonance in the system to be controlled. If the notch filter 
is considered as part of the system to be controlled, instead of as part of the 
controller, it may be considered as an attempt to make the system "more ideal". This 
is the reason why feedforwards are also led through this filter. 

8. Finally the controller output is limited between + and - SATLEV, the saturation level. 
If the output is saturated, the integrator anti-windup mechanism becomes active. 
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THE DISCRETISATION OF THE FILTERS 

1.  PD filter 

where Ts is the sample time. 
The last factor of the last term of this equation is an estimate of the velocity (in 
distance units per sample time), based on the second order Lagrange interpolation of 
the position. 

2. PI filter 

z HpI = 1 + KiTS- 
2 - 1  

3 .  The low pass filter is digitized according to the curve invariant method. This method 
approximates the continuous filter by calculating a second order polynomial (curve). 
This results in the transfer function 

where 

3 +a, -a2 1 +a, +a2 
bo = 1 - po - (1 -4p3- @ O T  CO,2T2 

1 -a2 1 +a, +a2 
b, = a, + 4p0- + 2(1-4P,2)- 

OOT 00,2T; 
1 -a, -3a2 1 +a, +a2 

CO$; 
b, = a2 - Po-- - <1-4P,2) 

COOTS 

with 

(A.10) 

4. The notch filter is digitized according to the matchec, pole zero metho This method 
approximates the continuous filter by substituting the continuous poles and zeros for 
discrete poles and zeros, according to 

z = eSTs (A. 11) 

This results in the transfer function 
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where 

1 + a, + a, 
K =  

1 + b, + b, 

with 

(A. 12) 

(A.13) 

(A.14) 

IMPLEMENTATION ASPECTS 

For the digital low pass filter, the implementation scheme is based on the equivalence of 
(AA) and 

(1 + a,z -' + a,z -z)Yd(z) = (bo + b,z -l + b,z -"ud(z) (A. 15) 

or 

As the filter's DC gain is 1, I+al+a,=bO+bl+b,. Taking this into account, after division of 
equation (A.16) by I-z-l, this results in 

1 (A. 
Yd(z) = (1 + a1 + a,) - (ud(z) - yd(z)) .i- a2z- 'Yd(z )  + - b$-')Ud(z) 17) 

z-1 

This equation is related to the following implementation in time domain: 

y(kTJ = i((k-1)TJ + a,y((k-l)Ts) + bou(kTs) - b,u((k-l)Ts) (A. 18) 
i(kTs) = i(@-1)T) + (1 + a, +a,)(u((k-1)T) - y((k-l)Ts) 

The time function i(t) is the integration of the difference between filter input and output, 
multiplied by a gain factor. 
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The parameters in the interface between the driver software and the MCV61 are 

d(l+a,+a,) LPFA1 in the software 

a2 LPFA2 in the software 

bo LPFEO i~ the snftware 

b2 LPFB1 in the software 

Equivalently to the low pass filter, a time domain implementation for the digital notch 
filter, equation (A.12), is given by 

Y(~TJ  = i((k-1)T) + ag((k-1)T) + K ( 4 k T )  - b,4(k-1)Ts)) (A.19) 
i(k2-J = i((k-1)T) + (1 + a, +a,)(u((k-l)TJ - y((k-1)TJ 

For the notch filter, the interfacing parameters between software and MCV61 are 

d(1 +a, +a2) 

b2 

dK 

a2 

SOFTWARE INTERFACE 

NFA1 in the software; square root is taken in order to 
obtain a higher resolution for small wd. 

NFA2 in the software 

NFBO in the software 

NFB1 in the software 

As the MCV61 is a digital controller, it is easy to adjust the parameters of the filter by 
means of software. New filter parameters can be down loaded and made active on the 
MCV61 controller card by software called Motion Installation Package (MIP). MIP 
operates on the OS-9 computer. Along with its ability to adjust the parameters on the 
controller card, MIP also controls which signals from the card are send to monitor 
outputs, for measuring. The MCV61 is capable of moving the axis it controls. In MIP the 
commands are given to move the axis, and with what kind of setpoint profile. By setpoint 
profile is meant, how much increments will the axis be moved, with what maximum 
velocity will it move, what is the maximum acceleration of the setpoint profile and what 
is the value of the derivative of the acceleration (i.d. how fast is the maximum 
acceleration reached). So the MCV61 card is capable, via MIP, to move its axis with a 3d 
order setpoint profile. 
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Appendix B, Transfer functions 

In this appendix all the measured transfer functions of the mechanics of the inner and 
^Iter XXiE, 2re depicted 

In each figure, the transfer functions in the 5 directions, and each in the same position are 
depicted. 

In the left half of the figure, the transfer functions in the directions O, 1 and 2, are 
depicted: - = direction O 

-- = direction 1 
-. = direction 2 

In the right half of the figure the transfer functions in the directions 3 and 4, are 
depicted: - = direction 3 

-- = direction 4 

Example: position 03, means position 3 in direction O. 

INNER AXIS 

-posoo, --pos1 o, -.pos20 
. . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . . .  

-20 .:. .. . .  :. . :. .:. j ; .:j. . . . .  .:. . .  .: . i .  ;. ; .: 

: : : : : : :  : : : : : :  
. . . . . . .  : : : :::I . . . . . . .  

h -40.. . . . .  _:. . . . . . .  

...... . .  

1 O' 1 o' 
frequency (Hz) 

-posoo, --pos1 o, -.pos20 

-pOS30, --pos40 
. . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . . .  

. . . . . . . . . . . . . . .  

................. , .. 

I O' 1 O' 
frequency (Hz) 
-pOS30, --POS40 

n, . . . . . . . . .  . . . . . . .  

1 o2 
frequency (Hz) 

1 O' 
frequency (Hz) 

~. 

Tig. B. 1 positions, 00, IO, 20, 30, 40 
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-pos01 ,--pos1 1 ,-.pos1 2 

1 o’ 1 o2 
frequency (Hz) 

-pos01 ,--pos1 1 ,-.POS12 

1 o’ 1 o‘ 
frequency (Hz) 

frequency (Hz) 
-POS31, --Pos41 

1 o’ 1 O2 
frequency (Hz) 

:. B.2 positions, 01, 11, 21, 31, 41 

Y 

S 
m 
UI 

.- 

1 o1 1 o2 
frequency (Hz) 

................ 

................ 

1 o2 
frequency (Hz) 

1 o’ 1 O’ 
frequency (Hz) 

y. 23.3 positions, 02, 12, 22, 32, 42 

1 o1 1 o2 
frequency (Hz) 
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1 I '  

1 O1 1 O' 
frequency (Hz) 

i . . . . . . . . .  . . . . . .  

1 O1 1 0' 
frequency (Hz) 

1 O' 1 O' 
frequency (Hz) 

1 O' 1 O' 
frequency (Hz) 

Fig. B.4 positions, 03, 13, 23, 33, 43 

. . . . . . . .  I . . . . . . . . .  . . . . . .  . . . . . .  -20 . . . . .  :...;..:..:..:.1-.:.: . . .  < . < :  . . . .  : . . ; . . : . ; . : I  : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . .  

1 o1 1 O' 
frequency (Hz) 

. . . . . .  . .  I : : : : : : : : i  . . : : : : I  

-201 

-80 1. . . . . . . . . .  . . .  . _ _ I  . . . . . . . . .  . . . . . .  

1 Q1 1 O' 
frequency (Hz) 

1 O' 1 O' 
frequency (Hz) 

1 o1 1 o' 
frequency (Hz) 

Fig. B.5 positions, 04, 14, 24, 34, 44 
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I . . . . . . . . .  I . . . . . . . . .  1 

1 o’ 1 o2 
frequency (Hz) 1 o’ 1 o2 

frequency (Hz) 

1 O’ 1 O‘ 
frequency (Hz) 

1 O’ 1 O‘ 
frequency (Hz) 

Fig. B.6 positions, 05, 15, 25, 35, 45 

1 o’ 1 o2 
frequency (Hz) 

1 o’ 1 o2 
frequency (Hz) 

1 o’ 1 o2 
frequency (Hz) 

O, 

IO’ 1 o‘ 
frequency (Hz) 

p. B. 7 positions, 06, 16, 26, 36, 46 
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- .  

1 o1 1 o2 1 o1 1 o' 
frequency (Hz) frequency (Hz) 

10' 10': 
frequency (Hz) 

1 o1 1 O' 
frequency (Hz) 

g. B.8 positions, 07, 17, 27, 37, 47 

I . . . . . . . . .  . . . . . . . . .  
. .  .. . : : : : : - I  k . . . . . . . . .  . . . . . .  -20 . . . . .  .:. ; :. :. .:. I ;.:.:. . . . .  .:. . .  _:. . ;. ;. .: 

1 o1 I O' 
frequency (Hz) 

I . . . . . . . . .  . . . . .  

1 o1 1 o2 
frequency (Hz) 

10' 1 
frequency (Hz) 

1 O' 5 O* 
frequency (Hz) 

ig. B.9 positions, 08, 18, 28, 38, 48 
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I . . . . . . . . .  I 

IO' lo'? 
frequency (Hz) 

1 O' 1 O' 
frequency (Hz) 

1 o' 1 O' .. : 1 O' 1 o' 
frequency (Hz) frequency (Hz) 

ig. B. 10 positions, 09, 19, 29, 39, 49 
OUTER AXIS 

-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . . .  
. . . . . .  . . . . . .  . . . . . . . . .  -201 : : : : : : : : :  

1 O' 1 o' 
frequency (Hz) 

1 o' 1 o' 
frequency (Hz) 

1 o1 1 O' 
frequency (Hz) L 

1 O' 1 o' 
frequency (Hz) 

Fig. B.11 positions, 00, IO, 20,30, 40 
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-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . .  
-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . .  . . . . . .  

1 O' 1 O' 
frequency (Hz) 

1 o1 1 o' 
frequency (Hz) 

1 o1 1 O' 1 O' 1 o' 
frequency (Hz) frequency (Hz) 

ig. B.12 positions, 01, 11, 21, 31, 41 

I 

-201 : : : : : : : : :  . . . . . .  

1 o1 1 o' 
frequency (Hz) 

. . . . .  -201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . .  . . . . . .  

1 o' 1 o' 
frequency (Hz) 

1 o1 I O' 
frequency (Hz) 

1 o1 1 o' 
frequency (Hz) 

g. B.13 positions, 02, 12, 22, 32, 42 

1 

i 
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-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  

frequency (HZ) 

1 o’ 1 O2 
frequency (Hz) 

frequency (Hz) 

10’ 1 o2 
frequency (Hz) 

:. B.14 positions, 03, 13, 23, 33, 43 

10‘ 1 o2 
frequency (Hz) 

1 o’ 1 o2 
frequency (Hz) 

-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  

.................. 

i O’ 1 o2 
frequency (Hz) 

10‘ 1 o2 
frequency (Hz) 

I 

Fig. B.15 positions, 04, 14, 24, 34, 44 
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................ 

1 o1 1 O' 
frequency (Hz) 

1 o' 1 O' 
frequency (Hz) 

1 o1 1 o' 1 O' 1 O' 
frequency (Hz) frequency (Hz) 

Fig. B.16 positions, 05, 15, 25, 35, 45 

-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . . .  
I . . . . . . . . .  . . . . . .  I 

1 o' lo" 
frequency (Hz) 

1 o? 
n 

1 OL 
frequency (Hz) 

.................. 

1 o1 1 O' 
frequency (Hz) 

1 o1 1 o' 
frequency (Hz) 

Fig. B.17 positions, 06, 16, 26, 36, 46 

41 Philips CFT Mechatronics CTB 595-95-3096 1995-10-18 



Evaluation and improvement of the FAMMDD Transfer functions 

. . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  . . . .  .;. . . . . . . . . .  . . . . . .  

................. 

1 o' 1 O' 
frequency (Hz) 

1 O' 1 O' 
frequency (Hz) 

10' 1 o' 
frequency (Hz) 

1 o' 1 O' 
frequency (Hz) 

Fig. B.18 positions, 07, 17, 27, 37, 47 

-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  . . . . . .  

1 o' 1 O' 
frequency (Hz) 

1 O' 1 O' 
frequency (Hz) 

1 o' 1 o' 
frequency (Hz) 

1 O' 1 o' 
frequency (Hz) 

Fàg. B.19 positions, 08, 18, 28, 38, 48 
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-201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . .  . . . . . . . . .  -201 : : : : : : : : :  . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . .  . . . .  

1 O’ 1 o2 
frequency (Hz) 

1 O’ 1 o2 
frequency (Hz) 

1 O’ 1 O2 
frequency (Hz) 

1 O’ 

g. B.20 positions, 09, 19, 29, 39, 49 

1 O2 
frequency (Hz) 

f 
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Appendix C, Model of 27”z mode 

Fig. C.1 model of 27Hz mode 
In order to compute the transfer functions, that are depicted in section 4.3, a set of model 
equations need to be derived. 

For this model, that is done by applying the method of Lagrange, for deriving model 
equations. This method is based on the description of the kinetic- and potential energy in 
terms of the degrees of freedom of the model. 

This model has two degrees of freedom, $(t) and xc(t), these two degrees of freedom form 
the vector g(t), 

The method of Lagrange than takes on the next form, 

Q *  

With, T and V expressions, in terms of g(t) and q(t), for the kinetic- and potential energy. 

Q* is a vector, consisting of the external loads on the model, that are not derivable from a 
potential. For this model the next expressions can be derived. 

The kinetic energy can be seen as kinetic energy, as a result 
kinetic energy, as a result of rotation of mass, 

of translation of mass, and as 

(C.3) 

with, 

1 
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1 
2 

Trot = -,&(t)2 

The potential energy can be written as, 

r/ = I C x  ( t ) 2  
2. 

And the vector Q* can be written as, 

(C. O) 

Then applying lagrange method, results in the next differential equations for the two 
degrees of freedom, 

(C. 8) 
(Jaxis+mwZ "i$(t) = u(t) -mwZcos(@(t))xc(t) 

(mc +mw)xc(t) = mwZsin(@(t))$(t)z - mwZcos(@(t))i$(t) - ~ x , < t )  

From these differential equations, a non-linear state space description of the model can be 
derived, 

with, 

& =  

With the next initial conditions, 

xo = [O o o 0lT 
u. = o 

This state space description can be linearized, 

with, 

X(t) = Ax(t) + Bu(t) 
i ( t )  = Ci<t) + Du(t) 

(C.10) 

(C.11) 

(C.12) 
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A =  

B =  

(C.13) 

(C.14) 

(C.15) 

(C.16) 

This linearized state space description can than be used to compute the transfer functions 
of section 4.3. 
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Appendix D, Effect on encoder 

Looking at the transfer functions of the outer axis (Appendix B), one notices that the 

70Hz mode, the outer axis does not rotate. So looking in the plane of the arms, it is only 
the inner axis that moves the wrist mass, and the joint between upper and lower arm of 
the outer axis, acts as a fixed rotating point for this movement. 

?GE7 mede is oIi!y maginu!!y present. TherefCKe it is sa7e t9 uusume that, durhg the 

Assuming, the forces generated by this movement of the wrist mass, dictate the direction 
of the bending of the column, on can see that the direction of movement of the wrist 
mass, a rotation around the fixed joint, is the same direction as the movement of the axis 
due to the bending of the column. 

Fig. D.1 Geometry of FAMMDD 

Looking at figure D.l, one can see that, for this position of wrist mass, the cosine of the 
angle@, is a measure for the magnitude of the relative movement of the axis, parallel to 
the encoder. And the sine of the angle@, is measure for the magnitude of the movement 
of the axis perpendicular to the encoder. 

As the encoder is connected to the axis by gear-wheels, and is pretensioned, in the 
direction of the axis, by a leaf spring, movement of the axis perpendicular to the encoder, 
does not rotate the encoder. But movement of the axis parallel to the encoder does rotate 
the encoder, because the gear-wheels move in opposite direction, forcing the encoder to 
rotate. It is this rotation of the encoder, that is seen in the transfer functions as the 70Hz 
mode. So cos@) is a measure for the magnitude of the effect, that bending of the column, 
has on the encoder, and, as a result of that, on the 70Hz mode in the transfer functions. 

By applying some goniometry rules, one can describe this effect as a function of Wand $. 
From figure D.l it shows that, 
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Evaluation and improvement of the FAMMDD Effect on encoder 

x = Z,sin(yr) 
x = Z,cos(a) 

this results in, 

Because of the assumed smallness of the movements, one can see that the wrist mass 
moves perpendicular to the lower arm, thus 

This results, for this position of wrist mass, in the next expression for the effect of 
bending of the column on the encoder, 

effect = co@) = cos - - arccos -sin(v) (i i::)) 
taken the tangential orientation (Q) of the wrist mass into account, the effect can be 
described as a function of Cp and w 

effect = cos[(: - $1 + 5 - arccos[:sin(vI)] 

This results, with 

o (rad) I Cp I n (rad) 
.n 0.34 (rad) I v I - (rad) 
2 

in the 3D plot on page 16. 
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Evaluation and improvement of the FAMMDD Reducing to motor mass 

Appendix E, reducing to motor mass 

Just as in Appendix E: it is assumed that the joint between the upper and lower arm of the 
outer mis is Ei fixe:! :=tati=r, @Et (see &!!re Ei). 

arm with stiffness C 

' in direction 

A L1 a 
fixed rotation joint column 

Fig. E.1 geometry of FAMMDD 

Transmission ratio i1 is the ratio from rotation of the upper arm of the inner axis to 
movement of the joint, between upper and lower arm of the inner axis, in direction of the 
stiffness. 

Because the movements and rotations are small, it is assumed that movement of the joint, 
due to the rotation of the upper arm, is axel to LI times the rotation. And as a result, the 
movement in the direction of the stiffness is then the cosine of angle O times this 
movement of the joint. for the angle O one can notate, using some goniometry rules and 
figure E. 1, 

with, 

This results in the next expression for il, 

65.3) . 
l1 = movement in dir. of stimess = llcos(B) 

w 

From figure 19 in section 4.3, one can see that the wrist mass is reduced by transmission 

Philips CFT Mechatronics CTñ 595-95-3096 1995-10-20 49 



Evaluation and improvement of the FAMMDD Reducing to motor mass 

ratios i1 and i2. The product of these transmission ratios, is the transmission ratio from 
rotation of upper arm to movement of wrist mass. So instead of determining an expression 
for i2, which difficult, one can determine an expression for transmission ratio il*i2, which 
is not so difficult. For the determination of the shifting resonance frequency this makes no 
difference, because in the computation of this frequency only the product i1 *i2 is used. 

From figure E.i the next expression for angle c$ fGl!ilws, 

Cp=r+P 

with, 

y = arccos -sin(-) [;i i ]  

This results in the next expression for the transmission ratio from rotation of the inner 
axis upper arm to angle Cp, 

Again dealing with small rotations and movements, this results in the next expression for 
the transmission ratio from rotation of the upper arm to movement of the wrist mass, 

movement of wrist 
w = 12i - 

L i s t  - 

Using (E.3) for i1 and (E.8) for i1 *i2, with ftie fourth order model of figure 19, results in 
the plot of the shifting resonance plot of figure 20. 
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Appendix F, Measurements on FAMM 

TIME DOMAIN 

For the FAMM the same time response measurements were conducted. Only because there 
were found to be no differences in dynamics between the inner and outer axis, only 
measurements were conducted for one axis. The used setpoint profile parameters were, 

displacement (inc): 250000 
max. velocity (inc/Ts): 300 
max. acceleration (inclTs"2): 0.625 
jerk (inclTs"3): 0.625 

These parameters are in the FAMMDD format, to see the difference between the FAMM 
setpoint profile and the FAMMDD profile. This a second order profile. See figure F.1 for 
the results. 

Motion time: 0.327 sec. 
settling time: 0.156 sec. 
total time: 0.483 sec. 

Fig. l? 1 settling behaviour of old FAMM (above), acceleration profile (below) 
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Measurements on FAMM Evaluation and improvement of the FAMMDD 

FREQUENCY DOMAIN 

-40.000 1 I J I I 
5.0000 16 HZ 

Y: 0.0 
TRANS Rd: 6 CA: . 20 

PHASE - 

100.00 

5.0000 LG HZ 100.00 

Fig. E2  Transferfinction of open loop of the old FAMM, in three positions 
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