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Abstract 

This paper presents a survey of connections that  are capable of transferring 
both da ta  and power wireless. One of the connections is worked out and 
applied t o  the experimental RRR-robot. This RRR-robot is built t o  experi- 
ence large Coriolis and centrifugal forces over a considerable period of time, 
which is only possible if there are no constraints on the joint angles. The 
large Coriolis and centrifugal forces are important t o  gain insight into con- 
trol systems. The capacitive, single brush and magnetic connection proved 
t o  be useful connection types. 

The geometry of the RRR-robot is described and the demands on the 
data-transport are derived from the given mechanical properties. In order 
t o  generate large Coriolis and centrifugal forces, a short description of these 
forces is included, and a method for calculating the resulting torques in more 
realistic systems is presented. 

Because both the power and all da ta  have t o  be transferred through the 
same connection some sort of combination has t o  take place. Two mod- 
ulation methods are described that  enable combination of power and da ta  
signals. The PRK modulation method has been found to be superior, despite 
the more complicated implementation. 

It is concluded that the combination of the magnetic connection with 
the PRK modulation method form a good solution to  the data- and power 
connection problem. The implementation is simple, the connection causes 
no torques and the system can easily be expanded. 
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Chapter a 

Introduction 

Accurate models play an important role in the design and development of 
control systems for non linear mechanical systems. An important aspect 
of the nonlinear behaviour of these models is the presence of Coriolis and 
centrifugal forces. 

In experiments it is difficult t o  make these forces large compared to  the 
‘normal’ inertial forces ( F  = M . a) .  However, this is necessary in order to 
gain insight into the quality of the proposed control systems. 

The problem is the result of constraints on the joint angles due to the 
cables along the joints. These cables are necessary to  transfer control- and 
measurement signals and power for the motors. These constraints prohibit 
high velocities over a considerable period of time necessary for large Coriolis 
and centrifugal forces. 

This paper proposes an experimental system (the RRR-robot) tha t  over- 
comes these problems elegantly by removing the constraints on the move- 
ment. This allows high velocities without high accelerations and causes the 
Coriolis and centrifugal forces t o  be comparably large. 

The removal of the constraints on the joint angles also has its drawbacks. 
It it not possible to  use cables for transporting information and energy along 
the joints. This limitation poses the main difficulty to  be solved in this paper: 

What is the best way to transport power and information across 
a rotary joint? 

Before this question can be answered it is necessary t o  derive proper spe- 
cifications for the information that must be transported. 

The second problem to be treated is how to calculate the Coriolis and 
centrifugal forces. 
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Chapter 2 

Information and power 
transfer through rotary 
joints 

If a manipulator is mounted on the tip of the third link all joints must be 
able to  transfer both power (for the motors) and data  (sensors). Because 
there are no constraints on the joint angles it is impossible t o  transfer the 
power or data  by cable. 

The connections that  perform the transfer of power and data  through 
the rotary joints should: 

o be light weighted and small 

o cause no torque 

o be simple and realistic 

The next paragraphs present a number of possible connections and discusses 
their relevant properties briefly. 

2.1 Wireless power transfer 

There are two practical methods t o  transfer power wireless: magnetic and 
capacitive connections. Both connections demand shielded constructions 
which forces them t o  be present in the joints. Of course it is possible t o  trans- 
port power without shielded constructions, for example with microwaves, 
but it is highly unlikely that  these construction will ever be permitted. Fur- 
thermore, the efficiency of these constructions is low. 
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2.1.1 Magnetic power connection 

A magnetic connection consists of two coils, placed opposite to each other. 
The efficiency (typically -90%) depends on both the size of the air-gap 
between, the resistance of the wires of the coils and the amplitude of the 
driving power source. 

The volume and weight of the magnetic connection is determined by 
the frequency of the feeding power source. The higher the frequency, the 
smaller the coils. High frequencies however lead to more power loss in both 
the switching electronics and the core of the coils (area of the BH-loop of 
the metal in the core, see Kamerbeek [ 5 ] ) .  

Only if the sending en receiving coils are mounted on the rotary axis 
of the joint no torque is introduced. Other configurations cause torques 
because the strength of the fields in the coils changes with changes of the 
joint angle. If it is no problem to mount the coils on the axis of rotation the 
construction is simple. 

One of the benefits of using a magnetic connection is that  voltage drops 
can be avoided. 

2.1.2 Capacitive power connection 

A capacitive connection consists of two well conducting rings (plates) placed 
opposite t o  each other and shielded by two isolated rings on each side. 

Vout 

Figure 2.1: Model of the capacitive coupling. Cr, is coupling 
capacitance, Cr is the capacitance of the isolated shielding 
ring and Cl is the leak capacitance between the shielding ring 
and the rest of the construction. 

The efficiency can be calculated manually with the aid of the model 
shown in figure 2.1. The voltage Vr equals: 

4 



Vout + K n  vr = 
g + 2  

with 2 = i/ (sC) = i/ ( j w C )  the impedance of the capacitors. The currents 
equal: 

And finally the efficiency equals: 

(2.2) 
- - -v:ut ( c r  + c k )  + KVoutCr + KnVoutCk 

Ki (cr + Ck) - vrxncr - VnVoutCk 

The value of the capacitances depends on the construction and can be es- 
timated using the simple formula: 

€ A  c=- 
d 

with E the permittivity, A the area and d the distance between the two 
conducting surfaces. It can be shown that the skin-effect (Davidson [ 3 ] )  is 
negligible if the frequency of the source is kept below 10 MHz. 

Equation 2.2 filled in: Suppose the capacitive connection consists 
of two parallel copper rings (inner diameter 3 cm, outer diameter 
4 cm) then the area A = 7r (rout - &) = 2.2 . 10-3m2. The 
gap between the rings is 0.5 mm wide and filled with air. The 
coupling capacitance equals C k  = 39 pF. The leak Cl and ring 
capacitance Cr are estimated t o  be 100 pF and 1 pF respectively. 
The voltages are chosen t o  be VOUt = $%n. 

The resulting efficiency is 7 = 0.125 or 12.5%. 

It is obvious that the construction is simple, light weighted and small. An- 
other advantage is that the connection can be mounted next t o  the rotation 
axis (using rings instead of circular plates). 

2.2 Wireless information transfer 

Electrical information can be transferred in many ways. There are two dif- 
ferent methods: Connections that transport the information through the 
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joint and connections that transport the information through the surround- 
ing space. It is obvious that the last type of connections must confine to  the 
EMC' norms and must be permitted. 

the joints are affected with higher bit error rates. This comes from the fact 
that  the power conveying the information is spread over the whole space 
instead of being directed. So if possible, information must be transpor- 
ted through the joints, or if that is impossible, over the smallest possible 
distance. 

Of course, bit error rates can be made arbitrarily small by increasing the 
transmitted power per bit. This is however not desirable. On one hand it 
takes power, that  must be transported t o  the link, and on the other hand it 
is normally not permitted to  transmit much power. 

In general the connections that do not transport their information through 

2.2.1 Optical data transfer 

In general optical da ta  transfer is simple, generates no torques and results 
in light-weighted constructions. 

The simplest connection capable of transferring optical data  through a 
rotary joint consists of a LED opposite t o  a foto transistor or diode. 

Of course it is possible to  place two fibers opposite t o  each other, but this 
solves no problems. It is still necessary t o  couple the da ta  into the fiber, and 
out of i t .  So the circuit of figure 2.2 remains necessary. Another problem 
is that  the efficiency is affected by the aligning of thin fibers with small 
numerical aperture. The poor efficiency reduces the transmitted power per 
bit and thereby increases the bit error rate (Senior [lo]). 

If there is shielding, simple base-band transmission is possible (figure 2.2). 
The bandwidth of this circuit is only limited by the area of the foto-diode 
and the speed of the transistors (easily N100MHz). In case the shielding is 
absent, it is necessary to suppress the (100 Hz) noise.This can be done by 
using band-pass coding techniques in stead of the simple baseband coding. 
To accomplish this modulation the circuit of figure 2.2 must be preceded by 
a modulator and be followed by a demodulator. 

2.2.2 Radio data transfer 

Radio da ta  transfer generates no torques in the joints. The simplicity and 
weight depend on both the wavelength and the modulation technique. 

The bit error rate depends on the ratio 

'Electromagnetic compatibility 
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RZ 20k 
R3 2k3 
Rq 20k 

out Rg 10k 
TTL in Ti BC 547 

Ti BC 549 
V d d  5 v 

Figure 2.2: Electrical circuit for base- 
band optical connection. 

with Eb the transmitted power per bit and No the power spectral density 
of the noise. In order to  get a reasonable bit error rate with low power 
transmissions (that are permitted) i t  is necessary t o  add redundancy t o  the 
signal. This can be done by ‘crude’ methods, like majority voting, or by 
complicated methods like Viterbi-coding (Viterbi [li]). 

If the noise has a small limited spectrum, the data  can be transferred 
more robustly by spreading it over a big spectral range. 

In general it is necessary to  use complicated modulation techniques t o  
get low bit error rates. These complicated modulation techniques need ex- 
pensive and complicated circuitry. 

2.3 Single brush 

A brush causes torque in the joint. However, the construction is simple, 
light weighted and small, and it is possible t o  combine signal- and power 
transmission at the same time. Figure 2.3 shows how signal- and power 
transmission can be combined. 

Use of a single brush per joint implies that  the amplifier for the mo- 
tor must be mounted on the links themselves. Another implication of this 
connection is that  the data  must be band-pass coded. 

2.4 Survey of the possible solutions 

The foregoing paragraphs presented the general features of some connection 
types. This paragraph describes combinations of these connections that  
solve the problem of the transfer of both da ta  and power. 

In order to  minimize the necessary connections it is assumed that  the 
motor amplifiers are mounted on the links. This reduces the necessary power 
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Figure 2.3: Combination of signal- and power transmission 
over a brush. The part left of the brush represents the world. 
The parts right represent link 1 and 2. S P  stands for 'signal 
port'. 

connections t o  one per joint, and makes one extra information connection 
necessary. Furthermore it is assumed that  the joint-angle is the only data  
measured. Figure 2.4 shows the resulting necessary connections (which are 
equal for all joints) and table 2.1 presents a summary of the possible solu- 
tions. 

...._.___._______... 
motor data 

~~~. Link motor power 

, joint-angle data 

i - _ _ _  .Jaint. -. . . i 

Figure 2.4: Necessary connections for all joints. 

As stated in the beginning of this chapter, it is our goal t o  design a 
connection that is light weighted, small, simple and introduces little torque. 
Thus, if it is possible t o  use one connection tha t  is capable of both power 
and da ta  transport, this is the connection we want t o  use. 
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I magnetic I capacitive I optical I radio I brush 

type of connection 
inductive 
capacitive 
single brush 

magnetic 
capacitive 
optical 
radio 
brush 

simplicity torque size / weight efficiency 
O O 

+ + + + + + 
- - 

- 

- 

- ++ 
+t 

X + 1 ++ 
Table 2.1: Evaluation of the combinations of two connection 
types. ‘x’: this combination cannot solve the problem, ‘-7: 

this combination will do, but is unwise, ‘ f 7 :  this combina- 
tion will do and ‘++’: this combination will do well. The 
diagonal elements indicate if the connection type is capable 
of transferring both power and data. 
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Chapter 3 

Geometry of the RRR-robot 

The mechanical system is an RRR-robot. This means that  it consists of 
three links that  are connected to each other and the world with three rotary 
joints. A model of the construction is sketched in figure 3.1 in which the 
joints are omitted (rotation axes on the ends of the links). With these three 

Figure 3.1: Model of the RRR-robot. The joint angles are 
denoted by p i ,  p2 and 03 (the robot is stretched upright if 
pi = /32 = ,û3 = O ) .  The joints are numbered 1, 2 and 3. The 
origins of the reference frames coincide with the centers of 
mass of the links. 

degrees of freedom it is possible t o  position the tip of the third link in any 
point within reach, or t o  move this tip along any path whose points are all 
within reach. 

It is however not possible to  choose the orientation of the tip of the third 
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link in all points. Therefore the t ip of this link is left open for mounting of 
a manipulator. 
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Chapter 4 

Coriolis and centrifugal 
forces 

Centrifugal en Coriolis forces are the the forces that seem to be present 
next to  the 'normal' inertial forces when the movement of a point mass is 
described with respect to a rotating coordinate system. 

This chapter describes the derivation of an equation for the Coriolis and 
centrifugal forces for a single point mass. This rather crude simplification 
has been made in order to gain insight into the way these forces work. The 
paragraph ends with the application of the equation on the RRR-robot and 
describes how t o  calculate the Coriolis and centrifugal forces in a still simple, 
but more realistic model. 

Suppose we have a point mass whose motion is described with respect to 
two coordinate systems. The two systems have coinciding origins, but one 
of the systems is inertial, and the other rotates. The rotating coordinate 
system is referred to as *, so the velocity of the point mass with respect 
t o  the rotating coordinate system is denoted by g. It is not difficult to 
see that  the speed of the point mass with respect to the inertial coordinate 
system can be written as: 

dr d*r 
- = - + w x r  
d t  d t  

where r represents the distance between the origins of the coordinate systems 
a,nd the point mass and w represents the angular velocity of the rotating 
coordinate system. Differentiating of this equation results in: 

From this equation which describes the acceleration of the point mass an 
equation for the forces on the point mass can be derived by multiplying both 
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sides with m, the mass of the point mass: 

d*r dw 
d t2  at d t  

F = m- + 2mw x - + m w  x (u x r )  +m- x r (4-2) 

where I represents the resulting force on the point ma,ss. 
Equation 4.2 is called the CorioZis theorem (Fu [4]). The second term 

is called the Coriolis force and the third term is called centripetal force. 
Equation 4.2 presents the forces that act on a point mass when one looks 
at it from a rotating coordinate system. Besides the ‘normal’ inertial forces 
( m s )  three extra forces emerge: The Coriolis force, the centripetal force 
and a force which is proportional to the angular acceleration of the rotating 
coordinate system. 

As explained in the introduction it is our intention t o  make the Coriolis 
and centrifugal forces big. If the term m$$ x r in equation 4.2 is omitted 
the centrifugal force can be made big by: 

e increasing the angular velocity w of the coordinate system 

o increasing the distance r 

e increasing the mass m 

The Coriolis force can be made big by: 

e increasing the angular velocity w of the coordinate system 

o increasing the speed of the point mass with respect to the rotating 
coordinate system 

e increasing the mass m 

It is obvious that the Coriolis force is zero if the speed of the mass with 
respect to the rotating coordinate system is zero. 

The torques that are created by the Coriolis and centrifugal forces can 
be calculated by solving (numerically) the equations of motion, for example 
with the DADS’ programs, and separating the ‘normal’ inertial forces and 
the gravitational forces like: 

where T represent the torques in the rotary joints, A4 represents the mass 
matrix of the system, ,O represents the angles between the links, rchc re- 
presents the torques due to  the Coriolis en centrifugal forces and rz re- 
presents the gravitational torque. 

In order t o  calculate the torque that results from the Coriolis and cen- 
trifugal forces both the mass matrix and the gravitational forces have to be 

’Dynamic Analysis and Design Systems software 

13 



known. In appendix A the symbolical representation of the mass matrix M 
of a simplified system is presented. The torque due to  gravity in joint 3 
ea uals : 

where r;,, represents the distance between the center of mass of link 3 
and joint 3 in the xy-plane, g represents the gravitational acceleration (g  = 
9.8m/s2), s; = sin 0; and m3 represents the mass of link 3 .  In this equation 
it is assumed that  the center of mass is situated in the middle of the link. 

The torque due t o  gravity in joint 2 equals: 

with ûa = ~ 2 . ~ 3  + ~ 2 ~ 3  (see appendix A). 
The Coriolis and centrifugal forces only matter if they create torques 

in the joints (because thats what controlIers control). In order t o  elimin- 
ate the gravitational forces one can reduce the RRR-robot t o  a RR-robot 
with vertical rotational axes. The resulting robot equals the familiar double 
pendulum mounted horizontally. This robot still experiences Coriolis and 
centrifugal forces but is simpler. 

5. 5. ; ? 

Link 2 

/ I  

Figure 4.1: Alternative for the RRR-robot. 
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Chapter 5 

Specifications for the data 
transport 

The demands on the data  transport through the rotary joints depend on the 
desired position accuracy for the top of the third link. The following given 
quantities influence these demands: 

o the position error of the tip of the third link must be smaller than 
O.lmm in all Cartesian coordinate directions for low speeds(< 107r 
rad/s) and smaller than lmm for high speeds 

o the maximum speed must be 27r rad/s, 1 O r r  rad/s and 50n rad/s for 
link 1,2 and 3 respectively 

o the lengths are 0.5m 0.2m and 0.2m for link 1, 2 and 3 respectively 

Note tha t  the position error is defined as a cube in space (AZ < a, Ay 1. b 
and AZ 5 e) instead of a sphere (JAG + Ayz + Az2 5 r ) .  

5.1 Accuracy of the joint angle measurement 

It is assumed tha t  the accuracy on the position of the tip of the third link 
only depends on the accuracy with which the angles between the links are 
measured. Other sources of position error, like flexibility of the links or 
expansion of the links due t o  heating are neglected. 

This assumption has been made because the desired position accuracy 
of the t ip of the third link is so high, that  with the most accurate angle 
sensors it is just possible achieve it. If some inaccuracy is reserved for other 
sources of error, the magnitude of these influences should be estimated very 
well. 

The sensitivy of the position of the tip of the third link depends on the 
position of the robot and is maximal if the distance from every joint axis to  
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the tip is maximal. Suppose for example we had a one-link robot with a link 
that  can rotate in the xy-plane (figure 5.1). The position of its tip equals: 

Figure 5.1: One link robot which rotates 
around the origin in the xy-plane. 

y = ZsinB 

with 1 the length of the link and ,!? the angle with the positive x-axis. The 
sensitivity of the position of the tip due t o  variations in equals: 

which absolute value is maximal for ,B = ICT with IC E (. . ., -1, O ,  1,. . .) and 
for these B’s  Ay x 1 AB. 

Similar reasoning shows that the sensitivity of the RRR-robot is maximal 
if link 2 and 3 are aligned and link 1 and 2 are perpendicular (see figure 5.2). 
The relation between the position error of the tip of the third link and the 
error in the joint angle measurement is: 

(5-1) 

with AB; the inaccuracy in the measurement of the angle of joint i, Ax 
the position error in the z (or y) direction, AZ; the position error in the z 
direction caused by joint i (all with respect to  the inertial reference frame) 
and 1; the length of link i. 

Because errors in the measurement of the angle in joint 2 and 3 influence 
the position error in the same direction, it is wise t o  spread the tolerance 
in the angle measurement equally over these two angles (so AB, = AB,). 
This is both practical, because the same sensors can be used, and smart ,  
because this maximizes the allowable inaccuracy. With the position error 
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Figure 5.2: Position in which the RRR-robot is most sensitive 
t o  errors in the joint angle measurement. 

of the t ip of the third link in the z-direction (with respect to the inertial 
reference frame) equal to AZ, which consists of a contribution due t o  joint 2 
( A z ~ )  and joint 3 (AZ,): 

A Z  = A z ~  + A z ~  + AZ = Ap, (12 + 13) + Ap313 
AZ = Ap (Z2 + 2Z3) 

which equation gives the maximum tolerance on the measurement of angles 
in joint 2 and 3 (in rad). This approach results in different contributions of 
the joint angles t o  the position error: 

where AZ, represents the contribution of joint a t o  the position error and AZ 
represents the total allowed position error. Application of the equations 5.2 
and 5.1 t o  the RRR-robot result in: 

A,& = 0.25. rad = 14.3. deg 
AB, = AB, = 0.17 - lo-, rad = 9.5. lo-, deg 

with ZI =0.5m, 12 = 13 =0.2m and Ax = Ay = A Z  = 1. 10-4m. 
If a pulse generator (Kerrow [7]) is used then one needs a t  least 25133 

lines for joint 1 and at least 36960 lines for joints 2 and 3 (see appendix B). If 
the angles are represented in binary numbers, one needs 15 bits t o  represent 
joint angle 1 and 16 bits to represent joint angels 2 and 3 .  
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Of course talking about representing numbers in a decimal format implies 
tha t  every angle is represented by a number ([O, 27r)). Whole numbers are 
transferred instead of increments only. This assures robustness against errors 
tha t  result from the wireless data transfer tha t  is intended. 

5.2 Choke of the sampling frequency 

The sampling frequency (refresh rate) depends on the the speed of the links 
and the robustness of the controller. The choice of the sampling frequency 
is not trivial and influences the system behavior dramatically. 

One way of choosing the sample frequency is t o  link the highest possible 
angular speed that is possible in a joint t o  the position of the tip of the 
third link. Joint three may have the highest angular speed. Combination of 
equation 5.1 and 5.3 results in: 

AZ 
12 f 213 

Setting AZ equal t o  lmm gives: AB3 = 1.67. 

speed this results in the sampling rate of 

AB3 = ~ 

rad = 95.5 - lop3 deg. 
Sampling the angle every 95.5-10-3 deg if the link rotates at its maximum 

= 94.2 kHz 
360 - 2n 

f s  = urnax- AD - 2595.5. 10-3 

This is a high sample rate. Similar calculations for the other two links result 
in: fs = 18.8kHz (joint 2) and f s  = 2.5kHz (joint 1). 

Another way t o  calculate the sampling rate is t o  look at the spectrum 
of the angle signals. According to  Shannon’s theorem(see Papoulis [8] and 
Wittenmark [i]) it is sufficient to  sample at twice the largest frequency tha t  
is present in the signal. In practice often considerable higher sample rates 
are used t o  eliminate the time delay that  results from the reconstruction of 
the signal. 

Suppose the angles change obeying (Koster [6]): 

p (t> = P e n d  (t - T sin ( F t ) )  

with T the setup time and Bend the final angle. This signal contains little 
spectral spillover and the largest frequency is 7r/T [Hz]. If the time T is 
chosen t o  be 0.02s (that is half of the rotation time of the fastest link) a 
reasonable sampling time would be fs = 2 . fmas = 2n/0.02 = 314Hz. 

The two estimations differ considerably. The first approach is rather non- 
mathematical. It is based on the position accuracy and ensures that given 
the maximum speed the movement of the link is monitored before it is able 
to  exceed its tolerated position error. The second approach is solely based 
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on the expected spectrum from the signals. It is too conservative because 
it is assumed that no power is present a t  frequency’s that are higher than 
the tolerated acceleration. If the acceleration of the links is higher than 
expected, which is possible in case of external forces or dry friction in the 
joints, the low bandwidth that results from this approach simply prohibits 
detection. 

The sample frequency has been chosen t o  be 1kHz for all joints. 
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Chapter E 

Implementation of the data 
and power transfer 

This chapter presents a solution t o  the transfer of power and data. The 
solution is described in block diagrams. The starting point is: 

o Every joint has one connection for the transfer of both data  and power 
(that is a capacitive, inductive or brush connection). 

o All da ta  is digital, the sample frequency is 1kHz and the bit-width of 
the words is 16 bit (chapter 5.2). 

The only difference between the brush on one hand, and the inductive 
and capacitive connection on the other hand is that  the last connections 
require the power t o  be modulated. No DC signals can pass through these 
connections. This is of little importance, and the connections will not be 
treated separately. 

Instead of making use of available parts the solution is presented at a 
lower level (block diagrams). There are three reasons for this. No available 
parts can solve the complete transfer problem. The combination of several 
parts, like modems combined with up and down mixers, results in bulky 
inflexible solutions. The communication problem is too simple to  justify the 
bulky circuitry. The second reason is that  the loss of flexibility limits its 
applicability. It is an experimental setup, and i t  is likely that in the future 
some extensions will be made (like the addition of extra sensors). Ready 
parts may prevent such extension. The third reason is that  cheap common 
ready parts introduce timing problems. Most of these circuits can not easily 
be synchronized. This lack of synchronization causes problems when the 
data  is collected to  be fed into the controlling computer. 

6.1 Timing 

In the sample interval three actions must take place: 

20 



o The sensor data must be transferred t o  the controlling computer 

o The computer must calculate the controller response 

o The control data  must be transferred t o  the motors on the links 

Every action is assigned the same time, so the necessary bit rate equals: 

T b  1 3 N f s  = 48 k bit/s 

with N the bit-width and f s  the sample frequency. The time reserved for 
calculation equals 1/(3fs) = 0.33ms. The computing time can be increased 
at the cost of an increased bit rate. 

The bit rate can be reduced if the least significant bits are sended at the 
beginning of the interval, and the most significant bits while the controller 
is computing its response. 

This is possible because the links have got a maximum speed. The max- 
imum angular speed in a joint is 5 0 ~  rad/s and because the sample frequency 
equals IkHz, the new angle will be transferred every millisecond. In one mil- 
lisecond the joint-angle can turn maximal 0.157 rad. The accuracy of the 
measurement must be 0.17 mrad and 0.157/0.17e-3 e 924 -+ N = 10 bits. 
To make sure the most significant bits don't change in two sample times the 
N = 11 least significant bits must be transferred. 

So the bit rate can be reduced to 33 kbit/s because it is known tha t  
the most significant bits don't change. This bit rate reduction has not been 
applied in the following circuits, because of the extra resetting overhead, 
and because the bit rate causes no real problems. 

6.2 FSK modulation 

One well-known method of bandpass coding of digital signals is Sunde's 
frequency shift keying (Carlson [LI). The bandpass spectrum of Sunde's 
FSK equals: 

with f c  the modulation or carrier frequency, rb the bit rate and S the impulse 
function. In order t o  limit the bandwidth used, all power above f c  + 3rb/2 
and below f c  - 3rb/2 will be filtered (8% power loss). So if the bit rate 
equals 48 k bit/s every connection takes at least 3rb = 144 kHz, and because 
every link needs two data-connections the total bandwidth of the connections 
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should be over 864 kHz. The necessary bandwidth can be halved if the sensor 
data  transfer and the motor data transfer make use of the same frequencies. 

What carrier frequencies must be chosen? In order t o  prevent overlap 
of the spectra (which results in high bit error rates) the carrier frequencies 
should be separated at  least 3rb = 144 kHz. On the other hand the total 
spectrum should be minimized. Figure 6.1 shows a possible arrangement. 

data of Link 3 data of Link 2 

O 48 kHz 120 kHz 264 kHz 

Figure 6.1: Possible arrangement of signals in frequency do- 
main (FSK modulation, fd = 24 kHz, rb = 48 k bit/s). 
The represents the impulse functions and the impulse at 
48 kHz is the synchronization or modulated power signal. 
The figure is scaled. 

6.2.1 Implementation of the FSK modulation method 

This section discusses the block diagram of figure 6.2 in which the resetting 
circuitry is omitted because deteriorates the understanding. The resetting 
circuitry is however neither complicated nor large. The circuit consists of 

AD 
MUX 
BPF 
HPF 
I&D 
REC 
clk 
M 
DE 
AT 

analog digital converter 
multiplexer 
bandpass filter 
high pass filter 
integratekdump 
rectifier 
clock 
motor 
differential encoder 
time delay 

DA 
DEMUX 
LPF 
PLL 
Regen 
CONV 
CLK:16 
SW 
QCG 
2 - A T  

digital analog converter 
demultiplexer 
low pass filter 
phase lock loop 
regenerator 
power converter 
clock divided by 16 
switch 
quadrature generator 
time delay with amplification 

Table 6.1: List of symbols for both figure 6.2 and 6.4. 

four main parts and a few connecting blocks. 

converter (motor) and the circuit itself. 
The power part generates a constant DC voltage which feeds both the 



powe =......... ~ ................................................ ~~ ...... 

DA cik 

t ,  

HPF 

input 

Figure 6.2: Circuit that  must be mounted on the links (FSK). A list of 
symbols can be found in table 6.1. 

The bit synchronization block recovers the clock signal with the aid of a 
narrow bandpass filter and a PLL which acts as an adaptive narrow bandpass 
filter which tunes on the mean frequency. 

The FSK demodulator part extracts the motor data  with an ordinary non 
coherent detector. Its performance is improved through the use of the integ- 
ratekdump filters, instead of ordinary low pass filters. The integratekdump 
filters act as matched filters, and minimize the inter symbol interference. 

The FSK moduZator block just modulates the digital sensor data. The 
main part consists of two free running oscillators (at f c  - f d  and fc + f a )  
and a switch. The spectral spill-over is limited by the bandpass filter. 

The remaining blocks perform two necessary actions. The first action 
is the translation of the binary pulse train into analog voltages, and vice 
versa. The second action is to  make sure that the transmitter and receiver 
part are switched on and off properly. The switching signal can be generated 
by dividing the clock signal by 16 and accumulating it in a full-adder. 

Because there are three digital circuits with memory (the multiplexers 
and the switching circuit) some sort of resetting must take place. This can 
simply be implemented by making sure that  when the system is switched on 
the motor keeps immobile and the receiver is switched on. After a suitable 
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time, a special activating signal can be sent which starts the receiving and 
sending cycle. This activating signal consists of a reserved word and is 
recognized by a word comparator. 

If separate frequencies are used for the receiving and transmitting part 
the resetting circuit becomes much simpler and only the multiplexers must 
be reseted. 

6.3 PRK modulation 

Another well-known band-pass coding technique is phase reverse keying 
(PRK) (Carlson [LI). The spectrum of the signal equals: 

which can be cut-off above f c  + ' r b  and below f c  - rb. If the bit rate equals 
48 k bit/s every connection takes at least 2rb = 96 kHz, which is less than 
for FSK (paragraph 6.2. The main drawback is that the carrier frequency 
cannot be chosen arbitrarily. It must be a multiple of the bit rate. 

data of Link 3 data of Link 2 

O 48kHz 96kHz 192 kHz 

Figure 6.3: Possible arrangement of signals in frequency 
domain (PRK modulation, deviation & = 7r rad, rb = 
48 k bit/s). The t represents the impulse function due t o  
the synchronization or modulated power signal. The figure 
is scaled. 

In general PRK modulation achieves better performance (higher spectral 
efficiency and lower bit error rates) than FSK modulation. 

6.3.1 

This section discusses the block diagram of figure 6.4. The circuit is similar 
to  that for FSK (figure 6.2). This circuit consists also of four main parts (as 
in paragraph 6.2.1). Two parts differ. They will be described below. 

The PRK demodulation block extracts the motor data  with an ordin- 
ary differentially coherent PSK receiver. As with the FSK demodulator its 
performance is improved through the use of the integratekdump filters. 

Implementation of the PRK modulation method 
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.......................................................................... ~1 t -- 
~~ì.~..SYn.c ............................. 

j BPF PLL i clk 

................... ~...~...~~ .... ~ . . . ~ ~ ~ .  

Figure 6.4: Circuit that must be mounted on the links (PRK). A list of 
symbols can be found in table 6.1. 

DA +& 
~ 

t 
3 E M U X r  c k  

The PRK modulation part contains two complicated blocks. The DE- 
block transforms the words of the AD-converter into two binary pulse trains 
(speed rb/2) and is build of a multiplexer followed by a differential encoder. 

The QCG-block (quadrature carrier generator) generates the carrier fre- 
quency which is a multiple of the bit rate. This carrier frequency can be 
generated out of the bit synchronization signal (the clock), but this takes 
a lot of electronic circuitry (Dulk [9]). Another possible solution is t o  add 
an extra synchronization signal which is a multiple of all carrier frequencies 
used (240 kHz for example). 

PRK.a.e.m ....... ~~~ .......... ~ .................................. ~.. 

HPF 

4 

6.4 Conclusion 

Both modulation methods allow multiple da ta  transport without interfer- 
ence from the power transport and can be implemented with practical and 
simple circuits. They are also both capable of transferring more data  per 
second at  the cost of extra bandwidth. 

Because of the better spectral efficiency and inherent lower bit error rates 
the PRK modulation method is preferred. The more complex modulator is 
taken for granted. 
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Chapter a 

Conclusions 

It has been shown that  it is possible to transport both da ta  and power 
wireless to  the links. Several types of connection have been proposed, bu t  
no choice has been made between them. However, if the size and position on 
the axis of rotation poses no problems, the inductive connection is preferred. 
The combination of power and data  signals can be implemented using the 
PRK modulation method. 

The combination of the inductive connection together with the PRK 
modulation method constitutes a connection that is capable of transferring 
both multiple data  in both directions and power at  the same time. 

So I recommend that  an inductive connection is built, and its transfer 
function be recorded. The power conveying signal should have a frequency 
equal t o  the maximum of this transfer function. The circuit of figure 6.3 
should be implemented, leaving the carrier frequency adjustable. Maybe 
there should be mounted several modulation/demodulation units on every 
link in order t o  facilitate the addition of extra sensors (for measuring the 
bending of the links). 

Simulations in DADS with more realistic models of the RRR-robot should 
reveal what construction is capable of handling the forces in both the joints 
and the links. 

If mechanical angle sensors (pulse generators) prove t o  be too heavy and 
too big, it is wise t o  see into angle measurement with optical aids. Such angle 
measurement devices would also be able t o  transfer data  at high speeds, 
thereby reducing the demands on the bandwidth of the power connection. 
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Appendix A 

The mass-matrix and 
kinematics of the RRR-robot 

This chapter presents the kinematics of the RRR-robot and roughly de- 
scribes the deduction of the mass-matrix. Figure A.l shows the simple mo- 
del of the RRR-robot. Further more, there is supposed t o  be a point-mass 

Figure A.l: Model of the RRR-robot. The joint angles are 
denoted by pi ,  ,& and ,& (the robot is stretched upright if 
pi = ,O2 = ,l33 = O ) .  The joints are numbered 1, 2 and 3. The 
origins of the reference crosses coincide with the centers of 
mass of the links. 

on the tip of every link (denoted by mt; and i = 1,. . . , 3 ) .  
The positions of the center of mass and the angular velocities of the links 

can be found easily (maybe with the aid of homogeneous coordinates (see 
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McKerrow 171) : 

O i13s1 (cas3 + s 2 c 3 )  f 1 2 S l s 2  

-$l3c1 ( c 2 s 3  f s 2 c 3 )  - l 2 C l s 2  

'13  2 ( c 2 c 3  - s 2 s 3 )  f e 2 1 2  f 11 
ry = ( ) 1.2 = ( - + l 2 s 2  ) r! = ( 

where s; = sin (p i ) ,  e; = cos (B i ) ,  ,O; the angle between the links i and i - 1, 
I ;  the length of link i and rf the position vector with respect t o  the inertial 
coordinates of the robot. Differentiating of these position vectors gives the 
velocity vectors: 

SC212 + $1 

( A 4  

$ / 3 a C 1  (cas3 f s 2 c 3 )  + il3s1 ( b 2  + b3) (c2c3 - s 2 s 3 )  f 12 ( f i l C l s 2  f 1 2 S l c 2 )  

sl361s1 (c2s3 f s 2 c 3 )  - sl3c1 ( 6 2  f d3) ( c 2 c 3  - s 2 s 3 )  - 12 ( - a l s l s 2  f b 2 C l c 2 )  

-;i3 ( b 2  + b3) (sac3 f c2s3) - B 2 s 2 1 2  

(A.2) 
where 
coordinates and ,& represents the angular velocity in joint i. 

represents the velocity of link i with respect to the inertial reference 

The angular velocities of the links equals: 

w: = 

with wg the angular velocity of link i with respect t o  the inertial reference 
coordinates. 

The central moments of inertia equal: 

i m -  2 m  
Jii E J l 1 ~  - (12 + b ) i;! 

i m -  2 m  
J22 E J 2 2 7 5  - (12 + a ) 

i m -  2 m  J33 E J 3 3 ~  - (a2 + b ) 
(A-4) 

with m the mass of the link and where it is assumed that  the links are 
rectangular (see figure A.2). The symbol J a b  presents one of the elements of 
the inertial tensor (all other elements are zero) and m presents the mass of 
the link. The kinetica1 energy of the links can be found using the following 
equation: 

T I T  T=-mu  u + - w  J w  
2 2 
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t Y  

1 

Figure A.2: Orientation of the link with re- 
spect t o  a ,  b and l .  

with T the kinetical energy of the link. With this equation the kinetical 
energy of link 1 equals: 

in which deduction the equations A.2 and A.3 have been used. The kinetical 
energy for link 2 can also easily found t o  be: 

Calculation of the kinetic energy of the third link is however much more 
calculus intensive. Especially the calculation of the product V:V~ (equa- 
tion A.2) causes problems. In order to make the resulting equations man- 
ageable the following abbreviations are introduced: 

@a E c 2 s 3  + s2c3 

8b = C 2 C 3  - S 2 S 3  

and 8, = ( a 2  + p 3 )  O b .  This new variables present a handy choice because 
of the special relationships between them. For example: 

3 Y l  = aBi -74 

apz - 7 2  
3Y4 - 

... 
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In stead of presenting an explicit formula for the kinetic energy of the third 
link, the resulting mass-matrix for link 3 is presented: 

with a = ieSJ43 + issJ;2 and Jkx = J x x E  (see equation A.4). 

mass-matrices of the composing links: 
The mass-matrix of the complete robot equals the sum of the partial 

~ 1 1  = s ~ i 3 3  + Jmotor + Jmtl + ?i;.; + 2 ~ 4 3 3  + (7: + 7: + ~ ~ 4 3 3 )  y 
++2S2 mt2 2 2 + + (?Y2 + Ti2) 

M12 = 

M22 = y ($1; + iJJ11c? + iJ422s:) + y (7: + 75 + 772 + a> 

y (7172  + 7 4 7 5 )  + y (?;y; + Yir;) 

+y12 + 9 (7á2 + 
y (73" + YG" + 7; + a)  + "2 (Ti2 + 7h2 + 7k2j 

M13 = (7173 f 7 4 7 6 )  + "2 (7;Yi f 747;) 

+ 
M23 = '2 (7273 + 7 5 7 6  + 777s + a)  + (Y;?; + $jYh + 7$78) 
M33 = 

( A 4  
with 71,. . . ) 7 8  defined in equation A.7, J:xx the moment of inertia of link i 
and the 52 position in the tensor (equation A.4) and 7:). . . ,y& defined by: 
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Appendix €5 

Pulse generators 

The following pulse generators are suitable (more than 36000 lines per re- 
volution) : 

HGS 170 
Stemann (Max Stegmann GmbH) Antriebstechnik-Elektronik, 
Postfach 1560, 
Dürrheimer StraBe 36, 
D7710 Donaueschingen (Germany) 

TSB elektronica, 
postbus 80, 
het Ambacht 18, 
6930 AB Westervoort (Holland) 

ROD 700C and ROD 800 
Heidenhain, 
Postbus 107, 
Landjuweel 20, 
3900 AC Veenendaal (Holland) 

cs 90 
Hohner, 
P. Callandweg 56, 
6827 BK Arnhem (Holland) 

It must be noted that  these generators are big (diameter typically -15 cm) 
and heavy (typically -1 kg) and the most accurate available. Normal ac- 
curacy for pulse generators is -4000 lines per revolution. 
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