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A bst fact 

Accurate measurement of the angular position and angular velocity of the joints is essential in the control of 

a robot manipulator. This report analyses in detail the design and implementation of a mcasurcmcnt system 

for the CMU Direct Drive Arm using High Resolution Optical Shaft Encoders. Two methods of angular 

velocity measurement--veIuciry bj. charige ofposiliori and vekvily byfiequency-arc analysed and compared. 
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Introduction 

This rcport dcscribcs thc principlcs involvcd in using optical shaft cncodcrs to mcasurc angular position 
and vclocity. ‘I’hc dcsign.implcmcntation and pcrformancc analysis of a mcasurcmcnt systcm built for the 
CMU Ilircct Ilrivc Ann arc prcscntcd in detail. 

‘I’hc control of a Robot Manipulator involvcs reading the currcnt statc of thc manipulator, computing the 
dcsircd statc and implcmcnting a control algorithm to achicvc thc desired statc. Thc currcnt statc includcs 
joint anglcs, joint angular vclocitics. joint angular accclcrations, forccs and momcnts, proximity to a 
workpiccc ctc. ‘I’hc quantitative mcasurcmcnt of thcse paramctcrs is donc using transducers. 

Wc arc conccrncd hcrc with the mcasurcmcnt of joint anglcs and joint angular vclocitics. In robot 
manipulators whcrc joint links arc conncctcd to drivc motors through gcars and othcr transmission 
mcchanisms, the angular displaccmcnt of the motor shaft is many timcs that of the joint link. l h i s  makes 
possiblc high rcsolution joint paramctcr mcasurcmcnt using low rcsolution shaft cncodcrs. In thc CMU DD 
A R h /  thc joint axcs arc dircctly couplcd to the rotors and stators of thc drivc motors without any gcaring or 
othcr mcans of transmission [l]. ‘I’hc maximum angular displaccmcnt of a motor, thcrcfore, is less than 360 
dcgrccs. Thc maximum angular vclocity is of the order of 2 lo 3 rud./sec.. High rcsolution Optical Shaff 
Encodcrs arc rcquircd for accurate mcasurcmcnts undcr these conditions. Thc mcasurcmcnt systcm has been 
dcsigncd so that the shaft encoder outputs can bc processcd and position and vclocity valucs madc available 
to thc control systcm directly or through the computer. FZG.l.shows the functional position of such a 
mcasurcmcnt subsystcm in the overall system [2]. 

Thc dcsign takes into account the present configuration of the CMU DD Arm and hardware limitations 
and attcmpts to maximise the rcsolution and accuracy under these conditions. Two different mcthods of 
vclocity mcasuremcnt -- velocily by change ofposition and velocily by frequency -- are analysed and compared. 
Pcrformance of the measurement system for Joinr 6 of the CMU Direct Drive Arm is prcscntcd. In the 
appendix is given a brief summary of the different transducers used for measurement of angular displacement 
and angular velocity. 
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1. The Measurement System 

‘1’1iis scction dcscribcs thc position and vclocity mcasurcmcnt systcm implcmcntcd for tlic CM U 1111 Arm. 
’l’hc mca~urcincnt systcm as shown in FIG4 has onc subsystem for cach joint consisting of thc optical cncodcr 
and proccssing Iiardwarc. ‘lhc individual units output analog voltagcs proportional to tllc angular position 
and angular vclocity of thc corrcsponding joint and arc intcrfaccd to thc proccssor through thc Sampling 
Control and Intcrfacc hardware. 

1.1 Optical Shaft Encoders 

‘I‘hc mcasurcmcnt systcm for thc CMU JID Arm uses two typcs of Optical Shaft Encodcrs: Itzcretnen/al 
cncodcrs and Absolure or Shafr Posifiutz cncodcrs [6]. Joints 1,3,5 and 6 havc incremental cncodcrs and joints 
2 and 4 havc absolutc cncodcrs. In thc homc position, thc axcs arc vcrtical for joints 1,3 and 5 ;  and are 
horizontal for joints 2,4 and 6 [l]. 

1.1.1 Incremental Shaft Encoders 

This type of cncodcr consists of a circular glass disc imprinted with a circular row of slots all the same size 
and distance apart.(FlG.2.) An additional slot may scrvc as a refcrcncc slot. Two scnsors are focusscd on the 
slots and arc onc-half slot-width apart. Light shining through thc slots activate the scnsors and the output of 
thc cncodcr is as shown in the figure. The outputs A and B are 90 dcg. out of phasc with cach other. A lcads R 
for onc dircction of rotation and B lcads A for the other. These quadrature waveforms can be resolved into 
UP  and DOWN count pulses as shown. 

Thc number of cycles of either A or B is proportional to the angle of rotation and the frcqucncy of the 
wavcform is proportional to the rate of change of angle. Resolution of these encoders depends upon the 
numbcr of slots per revolution. Larger discs enable higher resolution. 

1.1.2 Absolute Shaft Encoders 

In this type of encoder the circular disc has a numbcr of rows of slots and corresponding number of 
scnsors.(FIG.3.) The pattern of light on the sensors and therefore the pattern of activated sensors directly 
givcs a uniquc encoding of the angle of the shaft (to within a given angular resolution). l h e  slots may be 
arranged so that the output code is binary or Gray Code. The Absolute Shaft Encoder outputs the data in 
parallel. The number of bits in the data word depends on the angular resolution of the encoder. 

Reading the angle of the shaft from the encoder involves a simple strobe and a handshaking routine as 
shown in FIG.3. 

The Absolute Encoders used here have two parts: The Optical Unit and the Elcctronics Unit [3]. The 
signals from the optical unit is processed by the electronics unit to provide the parallel data as mentioned 
before. 
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1.2 Position Measurement 

‘l’hc quadraturc outputs from thc incrcmcntal Encodcrs arc dccodcd to dcrivc UP and DOWN count 
pulscs. ‘l’hcsc pulscs arc counted by a sct of countcrs. l‘hc output of thc countcrs arc storcd in latch buffers 
aftcr cadi countcr transition as shown in fIG.5. ’J’hcsc latch buffers arc incliidcd to protect thc counting 
prtxcss while data is bcing rcad by thc computer or thc data is transfcrrcd to thc Digital to Analog Convcrtcrs 
for fccdback. Clocking of the latch buffers is disabled during HOI.11 modc whcn data is bcing rcad. 

Data from thc Absolutc Encodcrs is storcd in similar latch buffers. Parallcl binary data is available 
whcncvcr rcqucstcd by the S1’1<013E, aftcr a dclay of 100 pS. 

Ihc  six cncodcrs (4 Incrcmcntal and 2 Absolutc) in this systcm arc scqucntially addrcsscd by thc control 
hardwarc through thc Encoder Sclcct Address. 

Digital to Analog Convcrtcrs arc directly conncctcd to thc countcr outputs in thc casc of lncrcmental 
Encodcrs and thc analog voltagc output is continuously variable. For joints with Absolutc Encodcrs thc D to 
A convcrtcrs arc connected to thc data bus and hcnce the analog voltagc output changes oncc cvcry sampling 
in terval. 

1.3 Velocity Measurement 

Joint vclocity may be measured in two ways: 

0 Mcasurc changc of position between samples. This valuc is proportional to the velocity. 

0 Measure thc Pcriod of either A or B output. This value is inversely proportional to the velocity. 
The instantancous frequency of the quadrature output which is proportional to the instantaneous 
velocity is the inverse of the period. 

Incrcmcntal encoders provide the necessary output for both modes of velocity measurement. Change of 
position in Absolute Encoders can be obtained by subtracting previous position from current position. The 
absolute encoders used here in joint 2 and joint 4 also have quadrature sinusoidal outputs. Thcse sinusoidal 
outputs are converted into squarewave outputs by detecting zero crossing, and subsequently used as before in 
velocity measurement. 

The first mode of vclocity measurement is done by counters similar to those in position measurement but 
are clcarcd at cach sampling after transfcrring the count to latch buffers. The value of the countcr output also 
depends on the sampling interval. 

The sccond mode requires a separate clock of adequate frequency to provide high enough rcsolution. The 
cyclc pcriod of the encoder output is measured as an integer multiple of the clock pcriod. Counters are used 
to count the number of clock cycles for one encoder cycle. A ’ D  flip-flop synchronises the encoder output to 
the clock edge.’Ihe count is transferred to. latch buffers and counters cleared(FZG.6.). Thus the count is 
available at the cnd of every encoder cycle and is independent of sampling interval. The joint velocity is 
inverscly proportional to this value and inversion is done by a lookup table in a Read Only Memory. 
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2. Design 

In this scction thc factors affecting the design of the systcm is prcscntcd and a mathcmatical analysis is 
carried out. 

2.1 Configuration of joint motors and shaft encoders 

‘I‘hc construction of thc manipulator imposes many constraints on thc rangc of anglcs of rotation as well as 
thc velocity of cach joint. Otic factor is the ratio of thc gcar driving thc shaft cncodcr. ‘Hiis ratio affects the 
rcsolution available in anglc mcasurcmcnt and also thc frequency of thc cncodcr outputs. ‘I’hc optical 
cncodcrs uscd in the C M U  1)1> A R M  arc thc ITEK R I  /3/lSAfQ incrcmcntal cncodcr and the ITEK 
hlICROSI:RIl~S pS 15/16(&S) shaft position cncodcr [4] [3]. Table 1 gives the prcscnt configuration of the 
CMU 1)D ARM. 

J O I N  
NO.  

1. 
2. 
3. 
4 .  
5. 
6 .  

ENCODER 
R E S O L .  

PER R E V .  
& TYPE 

8 K ( i n c )  
32 K ( a b s )  
8 K ( i n c )  

32 K ( a b s )  
8 K ( i n c )  
8 K ( i n c )  

GEAR 
R A T I O  

8: 1 
2 :  1 
8:  1 
2: 1 
4 :  1 
4 :  1 

TABLE 1 

( K  = 1024) 

RANGE OF N L 
ROTAT I O N  RESOL.  
DEGREES 
(APPROX)  

-160  t o  +160 6 4  K / r e v .  
- 90 t o  + 90 6 4  K / r e v .  
- 90 t o  + 90 6 4  K / r e v .  
- 90 t o  + 90 6 4  K / r e v .  
- 1 6 0  t o  +160 32 K / r e v .  
- 90 to + 90 32 K / r e v .  

NO. S NO.  F ENC. 
OF ANGLE CYCLES FOR 

OUTPUT V E L .  MEAS. 

16  16 K / r e v .  
15 8 K / r e v .  
15 16 K / r e v .  
15 8 K / r e v .  
15 8 K / r e v .  
14 8 K / r e v .  

2.2 Hardware Limitations 

The position counters are 16 bits wide and therefore do not pose any limits for the above configuration. 
Counter widths for velocity differ for the two modes of measurement. In the first case, where the change in 
position is counted, thewidth is 8 bits, with an additional bit being the sign bit. In thc sccond mode a 12 bit 
counter and an additional sign bit is used. 

The Read Only Memory lookup table has a 12 bit address (4096 addressable locations). As the sign bit is the 
MSB of the address input, the LSB of the counter is unused. This has the effect of reducing the clock 
frequency by a factor of two. 

The Digital to Analog Convcrtcrs for position measurement has a resolution of 12 bits and an output range 
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from -10 volts to + 10 volts. ‘Ihis limits thc voltagc rcsolution of position fccdback to 9.77 niV. ‘I‘hc ])/A 
convcrtcr for vclocity acccpts 8 bit data and has a rangc from -5 volts to + 5  volts limiting thc rcsolution of 
vclocity fccdback to 39.1 mV. 

‘I’hc I W A  convcrtcrs accept offsct binary codc as input. Thc countcrs as wcll as thc absolutc encoders 
gcncratc 2’s complcmcntary binary codc. Thc diffcrcncc is thc MSII which is complcincntcd in thc offsct 
binary code. 

2.3 Angle(Position) Measurement 

’I‘hc computation of the anglc of thc joint from the value rcad by thc processor is simplc and 
straightforward. 

where, 

P = Angular position of the joint in degrees 
X = Value rcad by the processor 
A = Magnitude of the range of the joint divided by two 

(Thc rangc of the joint in dcgrecs is from -A to +A) 
N = Maximum width of the counter output 

2.4 Velocity by Change of Position 

The equation for the velocity of the joint is: 

where, 

V = Angular velocity in revs./sec. 
n = change of position in onc sampling interval 

N = Number of U P  or DOWN count pulses per 
given by the counter (counting UP and DOWN) 

revolution of the joint: same as the Angle Resolution 
given in.Table 1 

T = Sampling Interval in Seconds 

The rangc of velocities that can be measured by this mode depends on the value of T if we assume that the 
counter width is fixed. The smallest measurable velocity is obtained by substituting n = 1 . 
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1 v .  E- 
N .T min 

'I'hc largest mcasurablc vclocity is: 

where, 

= Maximum count possible = 2@Ounter wid*) - 1 ?nax 

Accuracy at smaller velocitics is poor in this mode of measurement. 

This mcthod has the advantage that the counter output is directly proportional to the vclocity and it is 
easily implcmcnted. 

2.5 Velocity by frequency measurement 

'I'hc sccond method of velocity measurement makes use of the property of thc quadrature outputs that their 
frcqucncy is proportional to the joint vclocity. Though the ouLputs A and B in FlG.2. can be rcsolved into UP 
and DOWN count pulses with a repctition rate four times that of either A or B, while mcasuring periods a 
complete cycle is used. This is because of the uncertainty of the duty cyclc of these outputs at a constant 
vclocity [4]. FlG.2. illustrates this uncertainty. 

The velocity of the joint may be computed as follows: 

Time period for one encoder cycle = n . t 
Time period for one joint rcvolution = N . n . t 

where, 

V = joint velocity in revs./sec. 
n = counter'output = cycle period as an integer 

multiple of clock period 
t = clock period in scconds 
f = clock frequency = 1 / t Hz. 
N = Number of Encoder Cycles per joint revolution 
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From thc abovc thc maximum and minimum vclocitics mcasurablc can bc computed: 

f 
N 

Vmm = - rcvs./scc. ( n  = I )  

rcvs./scc. 
f v .  = min 
nmax 

Thc frcqucncy of the clock is chosen so that Vmm is within reason for the particular manipulator. A second 
important factor in selecting f is thc accuracy of mcasurcmcnt at or around maximum vclocity. I f f  is chosen 
equal to Vnlax . N, wc see that, 

for n = 1, V = Vmax 

V 
for n = 2, V = LEU 

2 

I t  is seen that making f large entails having to use a wider counter to measure the same minimum velocity. 
This also involves the rcquiremcnt of a larger Read Only Mcmory sincc thc counter output forms the address 
to the ROM. 

Having sclcctcd a clock frequency, nmax is computed from the minimum velocity required to be 
mcasurable. This may depend on the characteristics of the control system. Overflow of thc counter sets the 
counter to its maximum count and this is converted as zcro vclocity by the lookup table. Setting of the counter 
due to overflow is asynchronous to the encoder cycle and as a result the immcdiatcly ncxt velocity sample will 
be of zcro value. A change in direction of rotation also asynchronously sets the counters and the velocity 
samples are of zero value till the sample after the cnd of the next completed encoder cycle. 

Updating of velocity samples need not occur for cvery sample due to thc fact that thc encoder cycle period 
may bc larger than the sampling period. Updating occurs at the sample immcdiatcly aftcr the complction of 
an encoder cycle. FZG.7 illustrates this. For an accelerating joint, the succcssivc updating will occur after a 
decreasing number of samples and for a dccclcrating joint, aftcr an increasing number of samples. The value 
of the velocity sample Vi obtained will be, 

Vi = 0 if n >= nmm in the last sampling interval 
if no encoder cycles completed in the last 
sampling interval 
if encoder cycle completcd in the last 
sampling interval 

= 

= Vi 

Inversion of the counter output can be done either by the processor or by hardware such as the ROM. 
Having a lookup table in hardware makes for high specd inversion and proccssor indcpcndcnt control of the 
manipulator. The sizc of thc ROM is dctcrmined by both nmax and the number of bits of the D/A input. The 
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numbcr of addrcsscs is 2.(nmax + 1) allowing for ncgativc vclocitics. 'I'his is gcncrally cqual to 2k+1 wlicrc k is 
thc width of thc countcr. 'I'hc width of thc ItOM output is dctcrmincd by thc input rcquircmcnts of thc I Y A  
convcrtcr as wcll as thc data format of thc proccssor. 'I'hc ROM uscd in thc abovc systcm is 4 K X 16, with 
tlic highcr ordcr bytc as thc input to thc I>/A converters. 

l'hc ROM can bc prograrnmcd to provide thc rcquircd gain in thc analog output of the IWA convcrter. 
'I'hc voltagc output should saturatc at thc limits of thc rangc of thc D / A  convcrtcr as shown in HG.7. 'Ihis can 
bc achicvcd by programming the ROM appropriately. 
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3. Implementation and Performance 

In this scction thc implcmcntation of somc of the salient fcaturcs dcscribcd abovc is discusscd. Dcsign 
modifications duc to poor pcrformancc arc also described. 

3.1 Position Measurement 

‘I’hc l)/A convcrtcrs for position fccdback wcrc conncctcd to thc data bus and strobcd at cvcry sampling 
pulsc. It was found that thc control system could not function at its bcst and thcrcforc thc inputs of thc D/A 
convcrtcrs wcrc conncctcd dircctly to thc output of thc countcrs. In the casc of thc absolute encoders, the 
poorcr pcrformancc was ovcrcomc by increasing the ovcrall sampling frcqucncy to 1 kHz. 

3.2 Velocity Measurement 

With a sampling frcqucncy of 1 kHz. thc first modc of vclocity mcasurcmcnt was infcasiblc because the 
minimum mcasurablc velocity was, 

rev./sec. 1 v .  = 
32768 x min 

= 10.986 deg./scc for joints $6 and 
5.493 deg./scc for joints 1,3 and 

43.944 dcg./scc for joints 2,4 

‘The HOM output which is the input to the D/A converter is computed by the relationship, 

3200 x 256 
n 

Output Number = Integer part of 

where, 

n = number obtained by making the MSB of the address word ’0’ 
( The MSB is the sign bit,) 

The magnitudes of Vmax and Vmin are as follows. 

3200 
128 

for V = V-, n = - = 25. ( & 128 is the range of the D/A input in bipolar mode 

of operation ) 

rev./sec. 
- 100000 

8192 x 25 - 



10 

= 175.78 dcg./scc. for joints 2,4,5,6 and 
87.89 dcg./scc. for joints 1,3 

Notc: l’hc [)/A output saturatcs to & 5 volts for 
vclocitics cxcccding thc above values. 

rcv./scc. 
100000 

8 192 x 2047 
v .  = min 

= 2.147 dcg./scc. for joints 2,4,5,6 and 
1.073 dcg./scc. forjoints 1,3 

Note: ‘l’hc W A  output is 0 volts for velocities 
lcss than thc above valucs. 

A convcrsion rclationship 

400 x 256 

n 
KOM output value = 

was tricd initially but was found to have poor control performance because the maximum and minimum 
mcasurable velocities werc eight timcs thc above computed valucs. Thcre was no velocity fccdback at very 
small vclocities. 

‘ f ie  vclocity fccdback signal is in discrcte steps. Filtering may be incorporated to smooth out the signal if 
required. Thc relatively high sampling frequency overcomes the absence of filtering to a certain extent. 

3.3 Hardware Features 

The measurement systcm shown in FlG.4. incorporates the following features: 

0 The mode of vclocity mcasuremcnt is indcpcndcntly jumper selcctablc for each joint. It has to be 
notcd that the velocity fccdback gain is diffcrent for the two modcs and neccssary correction has 
to be made in thc scrvo controller. 

0 Thc sampling pcriod may be set to any value between IO pS. and 99.99 mS. 

0 Different modcs of sampling control: 

1. Hardware(Ana1og) control : This uses the programmable clock to do sampling so that the 
Manipulator may be controlled without a processor. The proccssor may read the joint angles 
and vclocitics for display or to be stored in a file. The file may be read back to the 
manipulator control systcm so that the manipulator can execute a predcfincd motion. The 
D/A convcrters are strobcd at every sample. 
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2. Proccssor(lXgita1) Control : ‘I‘hc Control Hardware allows the processor to do the sampling 
by reading the joint angles and vclocitics. ‘I’hc I W A  converters arc strobcd as before. Under 
digital control, the servo controllcr is rcplaccd by a control algorithm in the proccssor and 
the actuating signal inputs to tlic servo amplifiers are directly from the processor. 

The system has been designed in a modular fashion. The position and velocity mcasurcmcnt circuits for 
cach joint is housed in a separate printcd circuit board. The NOM lookup table is shared between all the 
encoders. ‘Thc bus structure of the backplane permits addition of more joints limited only by the Encoder 
Select Address Lines. 

In the CMU I)I) ARM measurement system. Encoder Select Address is 3 bits wide. A fourth bit selects 
between Position and Velocity Latch Ihffcrs for cach joint. ’I’hc absolute addrcss of each joint is individually 
selectable by jumpers on cach circuit. The joints can bc addressed at random and this facility allows the 
incremental encoders to be read while the processor is waiting for the absolutc encoders to reply to the 
S’1‘RO13E, thus rcducing the total sampling duration to about 100 pS. 

Another feature provided in the absolute encoder circuits is that the Dafa Ready signals generate an 
interrupt request to the processor which the processor can use. 

3.4 Noise Reduction in Encoder Signals 

Though it does not have any direct effect on the mcasurcmcnt .methods or analysis, achieving reliable 
performance requires that the signals from the shaft encoders be protected adequately from electrical noise. 
The design here tries to minimisc the susceptibility to noise by using Line Drivers shown in FIG.4 at 
appropriate locations and ensuring that the lengths of wires carrying low level signals are minimum possible 
for the physical configuration of the manipulator. 

The Incremental Encoders have the necessary electronic circuitry to provide TTL compatible outputs in 
the same package as the optical unit. The line drivers for these are mounted on the base frame close to the first 
joint. The measurement hardware is in ‘the - m e  rack as the processor and is electrically about 4 meters away 
from the line drivers. 

The Absolute Encoders have their electronics in a separate package and the optical unit which is driven by 
the joint motor generates very low level signals. The manufacturer of the Encoder recommends that the signal 
lines from the optical unit to the electronic package be no more than I 8  inches. lhcrefore the Encoder 
electronic package along with line drivers are placcd within the prescribed distance of the optical unit. 

3.5 Performance Analysis 

Figures 8 and 9 show plotted values of the position and velocity D/A converter outputs for joint 6 using an 
oscillograph. The performance of the position measurement system has not been evaluated because a 
reference system of higher accuracy and resofucion has not been available and also because installing such a 
system would be difficult. However the accuracy of position measurement is well demonstrated by the results 
obtained in the positional repeatability tests on joints 1,4 and 6 .  The standard deviation measured for joint 6 is 
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0.003 dcgrcc [I]. Thus in  the computations shown in FYG.9, thc position mcasurcmcnt is assumcd to be 
accurate. Angular vclocitics arc computcd graphically as shown. 

F/G.8. shows sinusoidal variations in anglc and corrcsponding sinusoidal variations in angular vclocity. ‘Ihc 
vclocity curvc is 90 dcg. out of phasc with the position curvc. l’hrcc rangcs of Vma.y arc prcscntcd. ‘Ihc dcad 
zonc at m o  vclocity is obscrvablc in HG.8-c. Thc smallest incrcmcnt in thc output is thc rcsolution of the 
I W A  convcrtcr and is cqual to 39.1 mV. 

F/G.9. shows 1 Y A  output curvcs for approximatcly constant ratc of  changc of position. Computcd valuc of 
thc Vclocity IWA output is shown alongsidc. In cach of thc graphs thc zcro vclocity linc has bccn drawn. ‘I‘his 
is diffcrcnt from thc m o  volt linc bccausc of a d-c offsct at the Digital to Analog convcrtcr. ‘I’hc vclocity 
output is not a flat line corrcsponding to thc apparcntly straight portion of thc position output bccausc the 
motion of thc joint is a little jcrky duc to’thc cffcct of friction at thesc vclocitics. Howcvcr, thc mcan value of 
the output allowing for the d-c offsct is cqual to the computcd value. 

FlG.10 is a plot of valucs rcad by thc proccssor. l’hc position input, thc mcasurcd position and the 
mcasurcd vclocity arc all shown for a squarcwavc typc of joint motion. It is sccn from the flat parts of the 
vclocity curvc that thc joint vclocity has cxcccdcd thc mcasurablc valuc. ‘I‘hc diagram dcmonstratcs that the 
mcasurcmcnt of vclocity is instantaneous. 
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4. Conclusion 

Optical cncodcrs provide a rcliable and practical incans of measuring angular position and angular vclocity 
with accuracics rcquircd in robot manipulator applications. It is sccn that thc principlcs involved in 
mcnsurcmcnt using thcsc transducers arc simple and thc various matliematical rclationsliips are easily 
implcmcntcd in hardware. 

'I'hc mcasurcmcnt systcm dcscribcd in the abovc sections has bccn built and installed. It has shown very 
good rclinbility and consistency i n  operation. Howcvcr, thc pcrfonnancc of tlic systcm may be improved in a 
numbcr of ways. Thc rcsolution of tlic D/A convcrtcrs can bc increased to 16 bits for position and to 12 or 16 
bits for vclocity. I f  it is desired that thc r a n g  of mcasurablc vclocitics for each joint be diffcrcnt for control 
reasons, onc way to achieve this would be to have diffcrcnt clock ratcs; onc per joint bcing thc most flexible. 
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1 .  A Brief Review of Transducers 

This appendix vcry briefly dcscribcs the principlcs of operation of diffcrcnt transduccrs uscd for 
mcasurcmcnt of angular displaccmcnt and angular vclocity [5] [7]. 

1.1 Angular Displacement Transducers 

'I'hc following arc Analog Displacement Tmnsducers. 

Rotary Rcsistancc Yotcntionictcr:. Changc in Anglc causes a proportional changc in rcsistancc which in 
turn gcncratcs a proportional voltagc. Multiturn potcntiomctcrs gcncrally have a lincar rcsistancc clcment 
with thc wipcr sliding along a helical scrcw. Wipcr tracks arc susccptiblc to wcar and lincarity is of thc ordcr 
of 0.1%. 

Strain-Gagc Angular-Displacement Transduccr:. Most of thcsc incorporate a bending bcam. Angular 
displaccmcnt convcrtcd to dcflcction of a beam results in strain that is transduced into rcsistancc change by 
strain gagcs. Either two or four strain gages may bc conncctcd in a Whealstone llridge circuit. 

Capacitive Displaccnicnt Transduccr:. In this not vcry common type of transducer, angular displaccmcnt is 
convcrtcd into changc of capacitance. This is done essentially by changing thc intcractivc arca bctwcen two 
plates. Additional signal conditioning circuitry provides d-c output proportional to thc angular displaccment. 

Diffcrcntial Transformer:. A primary coil is inductively coupled to two sccondary coils by a movablc core. 
'The differential output from the two secondary coils is proportional to the angular displaccmcnt of the core. 

Inductance Bridge:.Two coils and a movable corc are so arranged that the inductance of onc coil increases 
while thc inductance of the other decreases with the movement of the core. The matched set of two coils 
forms two arms of an a-c bridge. These are normally designed for a range of 45 degrees. 

Synchro Transformers:. This is a family of transducers which are essentially transformcrs where one 
winding is rotated to vary the coupling between them. Three forms of synchro are described. Thc first two are 
transformers in thc conventional sense and the third one is solid state using Hall Effect. 

1. One comrncrcially available synchro transformer that provides a voltagc proportional to the shaft 
angle is thc linear variometer. There is one secondary winding and the voltage output is linear for a 
range of 85 degrees. 

2.  Three Phase Synchro Transformer has three secondary windings which are 120 degrees apart 
physically. Solid State converters are available that convert the three phase outputs to a d-c 
voltagc proportional to the angle of the rotating winding. 

3 .  HaN Effect Synchros make use of the phenomenon of Hall Effect by rotating the semiconductor 
plate about the axis of current flow in the perpendicular magnetic ficld. The induced voltage 
across the plate is proportional to the cosine of the angle by which the axis of the rnagnctic field 
deviates from a vertical to the plate. 
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I<csolw:. Rcsolvcrs arc similar to synchros in design. 'I'hcy diffcr mainly in  thc numbcr and spacing of 
thcir windings. A two-phasc stator(two stator windings 90 dcgrccs apart) with two rotor windings also 90 dcg. 
apart is onc design. Whcn uscd as a transduccr onc of thc rotor windings is shorted. 

Digital Transducers also callcd Digifal S'hafr Erzcoders havc outputs that rcprcscnt angular displaccmcnt by 
a numbcr of  discrctc incrcmcnts. 'I'hcy cxist in two forms. 

Itzcretnet~lnl encoders mcasurc angular displaccmcnt with rcspcct to a starting point. In  the basic form thcsc 
h a w  thc shaft attached to a disc o r  othcr form of rotor which is divided ncar its circumfcrcncc into a number 
of cqual scctors. 'l'hc disc rotates past a reading dcvicc fixcd in position which gcncratcs an clcctrical output 
for cach scctor passing it. 'I'hcsc clcctrical pulscs may bc counted and accumulatcd to obtain a number 
rcprcscnting thc angular displaccmcnt. 

Absolute Ihcoders measurc angular displaccmcnt with respcct to an internal rcfcrcncc point. 'Ihc output is 
a codcd rcprcscntation of thc angular position of thc shaft. l'hcsc arc similar in operation to incrcmcntal 
cncodcrs cxccpt that thc disc has a numbcr of tracks with each track divided into scctors. 'I'hc division into 
scctors is gcncrally dcsigncd to generate a binary or a Gray code at the reading devices. 

Gcncrating an clcctrical output for cach passing sector may bc accomplishcd by: i. a contacting brush 
sliding ovcr mctal plates; ii .  a flux scnsitive coil or head activated by fcrromagnctic material; and i i i .  a 
photodctcctor placcd bchind altcrnatcly opaquc and transparent scctors and activated by light incident upon 
it through thc transparcnt scctors. The third type, commonly rcfcrrcd to as Optical Shaft Encodcrs has very 
high rcsolution in a relatively small size. Another advantage is that they are comparatively frcc from noise. 

Another type of optical encoder with a very high dcgree of rcsolution is a measuring system using 
inferfering pafferns. The "N + 1" pattern is uscd mainly with coded disc elements. One of two conccntric discs 
having N scctors is attached to the sensing shaft. The other stationary one has N - t  I scctors. Light intensity 
transmitted through the discs will be maximum at one point on the disc circumfcrence and minimum at a 
point 180 degrees away. The output of an Optical Sensor due to this light intensity is modulated in a 
quasi-sinusoidal fashion. 

The Moire pattern or Moirefiinge has been used to improve resolution in displaccmcnt measurement. The 
essential clement of a Moirc fringe system is a lcngth of transparent material engraved with a prcciscly known 
numbcr of lines pcr unit angle of rotation. When two similarly engraved sections are supcrimposcd at a slight 
angle, a beam of light projcctcd through the twin laycrs produces a dark area or a fringe. Travcl of one of the 
sections at right angles to the cngravcd lines produces a fringe movement along the lines. Reversal of travel 
also reverses thc fringc movcment. One complcte movement of the fringe across the field reprcscnts travel of 
one linc division. Linear rcsolutions of 1.2 pM in 250 mm travel are attainable. 

1.2 Angular Velocity Transducers (Tachometers) 

Analog tachometers are esscntially generators of either d-c or a-c voltages. 

The D-C Tachogenerator has a permanent magnet stator and a wound rotor. The output voltage varies 
linearly with rotary spccd. In the A-C Induction Tachometer, The primary (input) winding is excited by an a-c 
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