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A p p e n d i x A 

A c t u a t o r S a t u r a t i o n i n S e r v o 
C o n t r o l 

Industrial robotics is mostly based on servo dynamics with kinematic control [16]. 
Awareness of the actuator saturation characteristics is essential in order to set the 
torque/acceleration saturation constraint of these control models. It is therefore 
necessary to be considered in trajectory planning as well. All practical trajectory 
planners should have this limit and it is a must-have constraint. A simple test to 
experimentally determine this limit has been developed for Performer MK3s manip
ulator. The method can be customized to other manipulators also. It determines 
the actual acceleration limit of a single servo joint. The test set-up is illustrated in 
Fig. A.l Performer MK3s manipulator has a built-in torque monitor that monitors 

-{ADJ* 

C o m p u t e r 
( C o n t r o l l e r ) 

T o r q u e 
M o n i t o r 

o - Kv 1 / s Kv 1 / s 

S e r v o C o n t r o l l e r a n d 
M a n i p u l a t o r j o i n t 

Figure A . l : Test set-up to determine joint acceleration limit 

motor torque. This signal can be used to observe torque saturation characteristics. 
Pulse counter output reads the joint velocity which can be differentiated to observe 
joint acceleration saturation. In a test, the three joints of the Performer MK3s ma
nipulator were individually exited with step inputs VOLTin =0.4[Volt] to 2.6[Volt] in 
0.2[Volt] steps. The torque monitor signals for these inputs are recorded as illustrated 
in Fig. A.2. Actuator saturation phenomena can be clearly observed from the above 
results. Corresponding joint velocity signals were obtained as shown in Fig. A.3. 
Differentiation of joint velocity results reveal joint acceleration information and they 
can be plotted with torque monitor results as shown in Fig. A.4 Torque monitor sig
nal shows saturation limit approximately equal to 1.6[V/s], The unit is [V/s] as it was 
differentiated from joint velocity signal. And, joint accelerations show corresponding 
saturation limits approximately equal to 90[V]. These limits are common to all three 
joints. Joint acceleration limit can be used to represent joint torque saturation so that 
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enough accuracy can be obtained with the servo controller as shown in Fig. 2.2. The 
physical quantities of these voltage limits can be determined using servo parameters 
given in Fig. 2.3. 
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Figure A.2: Torque monitor signal for s t ep voltage inputs 0.2[V] to 2.6[V] in 0.2[V] steps. 
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Torque signal for different velocity inputs 

Time [s] Time [s] Time [s] 

Figure A.4: Saturation characteristics of torque and joint acceleration. 



A p p e n d i x B 

P l a n n i n g S t e p s o f a C i r c u l a r A r c 
a t a S h a r p C o r n e r 

Figure B.l , illustrates a circular arc that replaces a sharp trajectory corner. 

F i g u r e B . l : Planning of a Cartesian corner. 

The steps of planning the circular arc can be itemized as follows: 
1. Calculate AB, BC, and AC. 
2.B = cos-1 {[{AB)2 + (BC)2 - (AC)2]/(2AB x BC)} 
3. r = e s in (B/2 ) / ( l - sin(B/2)) 
4.C = cos" 1 {[(BC)2 + (AC)2 - (AB)2)/(2BC x AC)} 
5. CF = BC t a n ( £ / 2 ) sec C / ( t an C + tan B/2) 
6. Calculate co-ordinates of F using A — rule on AC. 
7. Calculate BF 
8. Calculate co-ordinates of G using A — rule on BF. 
9. A = cos-1 {[(AB)2 + (AC)2 - (BC)2)/(2AB x AC)} 

10. SB = EB = (r + e) cos B/2 
11. Calculate co-ordinates of S and E using A — rule on AB and BC. 

Planning of circular arc SHE involves determination of co-ordinates of M, Vr5 G 
[0,7r — B}. Considering ASBG, half arc from S to H can be planned according to 
following steps. 
For a given 5. 

1. SM' = rtan<5 
2. Calculate co-ordinates of M' using A — rule on S B 
3. GM' = r sec 5 
4. Calculate co-ordinates of M using A — rule on G M ' 

The above procedure can be applied on AEBG to plan the half arc from H to E. 
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M a n i p u l a t o r K i n e m a t i c s 

C l P o s i t i o n 

Position kinematics relates end-effector position (in Cartesian co-ordinates) to arm 
configuration (in joint co-ordinates). Referring to Fig. 4.3(a), which illustrates manip
ulator arm configuration with respect to a specified Cartesian co-ordinate system, let's 
define the end-effector position tensor in Cartesian co-ordinates as x = [x1 x2 x3]T, 
and the tensor for arm configuration as 0 — [9l 92 93]T, z = 1,2,3. Trigonometrically, 
the relationship between x and 0 can be written as 

x = f(0), 

in that the vector f{0) = [f1(9)fi(e)f3(0)]T,i = 1,2,3 can be written as 

(B.l) 

" (L1 + L2S' + L3S23)Cl 

f(9) = (L1 + L2Sl + L3S23)S' 
l?C2 + L3C23 

in that 0 = cos(f?), Si = sin(0'), C13 = cos{9i + 93), and Sij = sin(0*' + &). 
Symbol U stands for the length of zth link. 

C . 2 V e l o c i t y 

Velocity kinematics relates end-effector velocity x = [x1 x2 x3]T to joint velocities 0 — 
[91 9 93}T and arm configuration 0. To find out velocity kinematics, we differentiate 
(B.l) that results 

* = fe(0)0, (B.2) 

where the matrix fg(0) 4 {dfi{0)/d93} = 1,2,3. Matrix fe(0) is also called 
the Jacobian J , which can be written as 

-S\Ll +L2S2 + L3S23) C\L2C2 + L3C23) L3C'C23 

-C\Ll + L2S2 + L3S23) S^tfC2 + L3C23) L3SlC23 

0 -L2S2 - L3S23 -L3S23 
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C.3 Acceleration 
Acceleration kinematics relates end-effector acceleration x = [x1 x2 x3]T to joint 
accelerations 9 = [9l 92 93]T, joint velocities 9 and arm configuration 9. To get 
acceleration kinematics, we differentiate (B.2) that results 

X = fe(9)'9 + Y,VeTfiee{9)9, (B.3) 
t = l 

where the matrix fge(9) = {d2f/d9jd9k},i,j,k = 1,2,3. Matrix is also 
called Hessian H%(9),i = 1,2,3, which can be derived as follows: 

H 1 ^ ) = 
-Cl{Ll + L2S2 + L3S23) 

-Sl{L2C2 + L3C23) 
L3C23Sl 

H 2 ( 0 ) = 
-S1(Ll + L2S2 + L3S23) 

C\L2C2 + L3S23) 
L3ClC23 

-L2C2Sl +L3SlC23 

-L2ClS2 - L3ClS23 

-L3ClS23 

-L2CXC2 + L3ClC23 

-L2SlS2-L3SlS23 

-L3SlS23 

-L3SlC23 

-L3ClS23 

~L3ClS23 

L3CXC23 

~L3SlS23 

-L3SlS23 

H 3 ( 0 ) = 
0 0 
0 -L2C2-L3C23 

0 -L2C23 

The symbol ip1 represents joint selection column vector where ip1 = [1 0 0 ] T , ip2 = 
[0 1 0 ] T , and V 3 = [0 0 1]. 

0 
-L3C23 

-L3C23 


