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Abstract

The technical report reveals the possibilities of kinematic control of the first part of a new
snake-like robot architecture ROBIN (ROBotic INspection). The first part of the proposed
robot consists of circumferential travel around the pipe and three 2 DoF cells with two
perpendicular rotation axes. The proposed control algorithm makes possible to control the
position and (reduced) orientation of the end-effector (3 translation and 1 rotation DoFs
which are sufficient for positioning/orientating of a testing probe with an expected surface
contact) as well as the distances of robot elbows from pipe surface (robot body shape control
for obstacle avoidance or minimizing of occupied space).
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1 Introduction

ROBIN (ROBotic INspection) is new robotic conceptual design of hybrid robotic architecture for
Non Destructive Testing (NDT') of the pipe weld joints of complex geometries. The report deals
with the preliminary kinematic architecture design and design of intuitive control algorithms for
the first part (conventional part) of the ROBIN robot. The ROBIN is supposed to be snake-
like robot where the first part of the robot consists of three 2 DoF ”snake cells” witch revolute
actuators and circumeferential travel around the pipe forming the base of the manipulator. Note
that the system of circumferential travel was inspired by previous TACR projects Research,
development and evaluation of a new technology for modern weld diagnostics in nuclear power
plants No. TA01020457, [9, 10, 4] and Centre for Advanced Nuclear Technologies (CANUT) No.
TE01020455, [6]. The second part of the robot is supposed to be designed as special architecture
cells based on Nitinol Wire (Muscle Wire) actuators. The second part of the robot is beyond
the scope of this report and the relevant information and basic kinematic/dynamic modelling of
the nitinol wire actuators cane be found in [5].

The CAD concept of the conventional part of the ROBIN is shown in Figure [Il The standard
Denavit-Hartenberg (D-H) notation [I] of the manipulator with assigned coordinate systems
(CSs) is depicted in Figureand Denavit-Hartenberg kinematic parameters are listed in Table

Z1

pipe longitudinal axis

Figure 1: CAD layout of the first (conventional part) of the ROBIN robot (without circumfer-
ential travel)



Figure 2: Denavit-Hartenberg notation for ROBIN robot.

ifdi] 6 Jaif o]
1| 0 | thetar | O 5
2| Ly 0 0| -5
3| Lo 03 0| -3
410 04 0| 3
5| L3 05 0| -3
6| 0 O 0| 3
7| Ly 07 0| O

Table 1: Denavit-Hartenberg parameters

The position and orientation of the end-effector are formulated via generalized coordinateq}
X = [09 Rg], RY = () 39 29
. 0 |5 ()
or (alternatively) X = |07 |[B| |, «, 5,y are XYZ Euler angles.
Y

where OY are position coordinates and RY is rotation matrix of the end-effector with respect
to CS Fy. The representation of the end-effector orientation can be reformulated as XYZ Euler
angles «, (3, v (rotation around x axis by the angle a, rotation around a new y axis by the angle
B and rotation around a new z axis by the angle ). The direct and inverse transformation
between Euler Angles and rotation matrix (including representation singularities for inverse
problem, RY = [a, 8,7]) can be found in [8] 2].

Joint coordinates are represented by the position of the circumferential travel 0; [rad] and position
of the revolute actuators 6y .. .67 [rad]:

Q=[n a2 ... ] =[6 6 ...0;

1 X7 denotes the point/vector/matrix X; with respect to CS Fj.

(2)

]T




2 Standard coordinate control of ROBIN robot

Standard kinematic computations are direct kinematic and inverse kinematic model. Direct
geometric model (DGM) (Q = X) arises from kinematic description using homogeneous
transformation matrices (dependent on D-H parameters and joint coordinates) and it can be
formulated as follows:

7 Co; —50;Ca;  S0;5a;  QiCh;
0 _ i=1(d. 0. a: o i—1_ [86;  C9;Ca;  —CO;Sa; GiSp;
T - Hl Tz (dl) 927 ag, a’b)) T’L - O Sai Cai d’L
" 0 0 0 1
09 =TY1:3,4, RI=TY1:3,1:3 = [a B 4] (3)

where D-H parameters are summarized in Table [I| and joint coordinates are represented as 6;
D-H parameters (position of the actuators Q = [¢;] = [0i], i = 1,...,7).

Inverse geometric model (IGM) (X = Q) is given by a non-trivial solution which can
be formulated as Algorithm [1| Because there are more independent joint coordinates (7) than
independent generalized coordinates (3 translation and 3 rotation) the robot under consideration
is redundant and therefore one joint coordinate can be understood as parameter which makes
possible to parametrized all (infinity) solution of the IGM.

¢ Algorithm 1 (Standard IGM for ROBIN robot)
Algorithm input:
Generalized coordinates (position and orientation of the end-effector):

(6%
X=|0? |8
)

Redundant joint coordinate (position of circumferential travel):

Qred =q1

Solution of IGM (8 isolated solutions):

sol=1[i j k|, 4 j,k={1,2}

Algorithm outputs:
Joint coordinates (only positions are considered):
Q=1[n ¢ @ @ & @« ¢
Algorithm parameters:
Length of the links:

£=[L1 Ly L3 L4]T

Layout of the algorithm (without implementation details):



1. Euler angles to rotation matrix computation (for details see [8, [7]):
e
Bl - RY = [0 y? 29 (4)
Y

2. The center of the spherical wrist O3 is given asﬂ

0? = 09 — L,29 (with respect to CS Fp)

$109[2] + C109[1] (5)
O = 03] (with respect to CS F)
S108[1] - 1032

3. Computation of g4 coordinate:

_ 105[1]> + O5[2) + O5[3]* + L{ — L3 — L§ — 2L, 053]

S 2 L3Ly
+y/1—-C} for sol=1|i 1 k (6)
—/1=C% for sol=1|i 2 k

q4 = 04 = atan2(Sy, Cy)

Cy

Sy =

4. Computation of g3 coordinate:

ST LsSy
+y/1—-5% for sol=1|1 j k (7)
3:

—/1-=83 for sol=12 j k

qs = 93 = atan2(53, 03)

5. Computation of go coordinate:

S, = —L30%[1]C4 + CgS40% [Q]Lg - 0%[1][12
L3C% +2L3LyCy + L3 + L3C2S7

Oy — Lgoé [2]04 + 03540%[1]1/3 + Oé[2]L2 (8)
L%C% + 2L3LyCy + L3 + L3C3S3

g2 = 62 = atan2(Sy, Cs)

6. Computation of g5, g, g7 coordinates (spherical wrist):

The homogeneous transformation matrix T9 (position and orientation) of CS F are given
by known joint coordinates qi,...,qs. Therefore the relative transformation between CS
Fy and CS F; dependent on unknown joint coordinates g¢s, qg, g7 is:

* * (5S¢ ' .
R%(g5,96,q7) = * * S5 | = (R} RY 9)
—8C7 SeS7 Cs | T

known part

28; resp. C; denote sin(6;) resp. cos(;). X[i,j] denotes element of vector/matrix X, X[i : k, k : {] denote
subvector /submatrix of X (see Matlab notation).



It results in:
+y/1—-C3 for sol=1|i j 1

—/1-C¢ for sol=|i j 2 (10)

Cs = R3[3,3], Se=

g6 = 0 = atan2(Sg, C)

R2,3 Ri1,3
Ss = 7;6 ], Cs = 7;(3], g5 = 05 = atan2(Ss, Cs) (11)
Ri[3,2) Ri[3,1]
S7 = 5 , C; = —T, q7 = 0; = atan2(S7, C7) (12)
6 6

3 Advanced algorithm for coordinate control of ROBIN robot

The standard control algorithm, see Algorithm [ is convenient for standard applications where
the full position and orientation control are required. Moreover, in that cases the circumferential
travel brings some ambiguities and the next demand has to be specified for uniquely IGM solution
computation. But for NDT applications of pipe welds only the zyz position (translation) of the
end-effector has to be controlled because the NDT probe tilting movement (2 rotation DoFs)
and head orientation (1 translation DoF') can be resolved as 2 DoF passive element (given by the
pipe surface contact) with 1 rotation DoF simple servo for probe head orientating, see Figure

L7

=7

1 DoF active head orientating (auxiliary servo)

G EE -

2 DoF tilting movement (given by the surface contact)

Figure 3: Orientating of NDT probe (only idea without technical details)

Therefore it is necessary to find modified control algorithm for IGM solution. Considering the
previous experiences with robotic NDT applications a new idea for IGM was introduced. The
generalized coordinates were modified in order to intuitive control of ROBIN robot with following
demands on control generalized coordinates:

e 3 DoF: OY = [ T Yy z ]T = (Translation) control of the end-effector - positioning of the
NDT probe (orientation is given by the passive element and auxiliary servo - not addressed
in this technical report)

e 2 DoF: r3, r5 = Distance control of elbows (origin O3, Os of CSs F3, F5) from pipe
longitudinal axis (equivalently from pipe surface) - measure of distances of ”snake-like”
robot body from pipe surface (to ensure encircling the pipe)



e 1 DoF: a = The last robot link orientation given by the angle around normal to pipe
surface (an angle between the last link projection into tangent plane of pipe surface at
09 and perpendicular to the longitudinal pipe axis) - robot body shaping for obstacle
avoidance

e 1 DoF (remaining): The last joint coordinate is neglected (set to #7 = 0) and it is not used
for control (it will be used for control of the second part (nitinol actuators) of robot)

New generalized coordinates meaning is depicted in Figure [

{\

'_-"Normal to pipe

last link
““+.projection

L

Figure 4: New generalized coordinates meaning

New generalized coordinates:
X:[:Uyzrg 5 a]T, ng[azyz]T (13)

Direct geometric model for new defined generalized coordinates can be computed as follows:

¢ Algorithm 2 (DGM for ROBIN robot - new generalized coordinates)

Algorithm input:
Joint coordinates: .
Q=[n @ @ @ @ w6 , =0
Algorithm outputs:
Generalized coordinates:
T
X:[az Yy zZ T3 T3 a]
Algorithm parameters:

Length of the links:

£=[L1 Ly L3 L4]T

Layout of the algorithm (without implementation details):



1. Position OY of the end-effector - the same as in :

09 = [:U Y z}T
2 =((((C1C2C3 — 8153)Cy + C15254)Cs + (—C1C2S3 — §1C5)85)Ss — (—(C1C2C3 — S1.53) 84+
+ C152C4)C6) Ly + ((C1CoC3 — 8193)Sy — C159C4) Ly — C1.S5 Ly + S1 Ly
y =((((51C2C3 4 C183)Cy + 515254)Cs + (—51C83 + C1C3)S5)S6 — (—(S1C2C3 + C153) 54+
+ 5185C4)C6) Ly + ((S1C2C3 + C153)Ss — 5182C4) Ly — S1S9Ly — C1 Ly
2 =(((S203Cs — C354)Cs — 525355)S6 — (—S52C35; — C2C4)Ce) Ly+

+ (5203854 + C3C4) Lg + CaLo)
(14)

2. 1st elbow distance r3 (dependent only on g2):

7"32\/(0%[1:2])20g[1:2]:\/L%+L3_L%CQ2 (15)

3. 2nd elbow distance r5:
15 = (—2L384C52C3S5 Ly — 2L384C2C355Cy + L + L3 + L7 — L3C3 — L3C5—

—L3C3C30F — 2L3C4LyC3 + L3CIC3 — L3C30% + L3C50% + 2L3Cy Lo — 2L35455L1)
(16)

D=

4. The last robot link orientation «:

Tangent plane to pipe surface at point OY is given by the axis x;, y, of the CS F}, see
Figure 4] where rotation matrix RY is:

—5¢ Co
R? = [m? yg Z?] ; kde: x? =1Cs | z? =15, y? = Z? X w?
6 = atan2(0%[2], OY]1])
From known vector of 29 = RI[1 : 3, 3], see ,
T
27 =[2201] 29[2] =29[3]]
29[1] =(((C5C3Cy — S385)C% + C55254)Ss — Cg(S2Cy — C3C254))C1—
— ((5503 + 050453)56 + 065453)51 (18)
27[2] =(((C5C5Cy — S355)Ca + C55254)S6 — C6(S2Cs — C3C254)) S1+
+ C1((S5C3 + C5C453)S6 + C654.53)
2(7)[2] :((050304 — 5355)56 + 060354)52 + 02(0604 — 540556))
the orientation of the last link (projection to plane x;, y,) is given as:
2t = (R?)T 29 (with respect to CS F})
o = atan2 (24[2], 25[1]) (19)
¢
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Unfortunately Inverse gemetric model for new defined generalized coordinates brings funda-
mental difficulties and the problem cannot be decomposed into two independent sub-problems
as in the Algorithm (1| (translation part including ¢, g3, ¢4 computation, see points 3., 4., 5. and
rotation part including g¢s, g6, g7 computation, see point 6.).

For this reason the algorithm for IGM was based on standard numerical computation [3, [11]
resulting in iterative algorithm for finding the DGM inverse problem. The algorithm can be
summarized as follows:

¢ Algorithm 3 (IGM for ROBIN robot - new generalized coordinates)

Algorithm input:
Generalized coordinates:
T
X:[:): Yy 2 T3 T3 a]
Robot initial state (joints position):

Qinit — [qzl'nit qénit qénit qzilnit qgnit qénit}T

Algorithm outputs:
Joint coordinates: .
Q=|a © © @ & @] , =0

Algorithm parameters:

Length of the links:

§=[L1 Ly L3 L4]T

Layout of the algorithm (without implementation details):

1. Direct (analytical) computation of g2 joint coordinate:

—r24 L2432 .
+y/ 2 for  cos(g8) > 0

(¢
—4/ 7_T§+LL5+L§ for  cos(¢d") < 0 (20)
S, = +y/1—-C3 for sin(qémjt) >0
—/1-C% for sin(¢d") <0

2. Numeric computation of remaining joint coordinates (the inverse of following nonlinear
vector equation - modified DGM without g2 - r3):

Co =

X 12356 = F(Q13456) € R’ (21)
OF
gradient: G (Q13456) = O (Qa450) e R (22)
9Q13456
T T
Quuss =01 & @ ¢ @) , Xwsse=[r y 2 15 a]

Partial step of the iterative algorithm (Newton-Rhapson algorithm) is defined as (k =0,1,...):

11



Initial step: Qg%)456 = Q™M[1,3: 6]
Iterate: 512,1516) = Qﬁ@im + AQ@BG
AQ%@%G =k -G ( 513)456> ’ <X12356 —F ( 512156)) (23)
Stopping cond.: e < emaq
e= <X12356 —F ( §]§1156>>T ' (X12356 -F ( (1@*56))
Note:

e The initial robot state Q™" can be computed from actual measurement of the actuator
position after turning on of the robot or after switching mode of operation (e.g. standard
and advanced IGM, see Algorithm .

e A scalar constant k represents gain of the algorithm (line search gain), e,,q, represents
max. algorithm error (stop condition).

e The solution of the IGM is given naturally from initial robot state (position) Q™.

e The gradient (jacobian matrix) G(Q3456) can be derived analytically from F (Q1345¢), but
only one-step estimation is sufficient and much more robust than evaluation of analytic
expression.

4 Simulation results for advanced control algorithm

Robot virtual simulation model and advanced control algorithm, see Algorithm [3] was imple-
mented in Matlab/Simulink /SimMechanics for the following kinematic parameters (links length):

¢=104 03 03 03] [m]

Constant position of the end-effector was chosen as:

X[1:3]=09=[036 0 05612 " [m]

Initial robot state:

Q" = [0.6732 —0.2162 0.4760 14627 2.8493 1.7390 1.9692]" [rad]

The following Figures show (for constant position of the end-effector):

e Figure [5f Three configurations of the 1st elbow distance
(generalized coordinates X [4] = r3)

e Figure [0} Three configurations of the 2st elbow distance
(generalized coordinates X [5] = r5)

e Figure[7} Three configurations of the last link orientation
(generalized coordinates X [6] = «)

12



X =[0.3600 -0.0000 05612 0.4051 04224 15708 X =[0.3600 -0.0000 05612 0.4337 04224 15708

X=[0.3600 -0.0000 0.5612 0.4051 0.4224 1.5708]

X =[0.3600 -0.0000 05612 0.4920 0.4224 1.5708]

/\

RN

S~

O3

Yo
|/ s =0.5678

Os

S~

Figure 6: 2st elbow distance configuration: r5 = {0.4224, 0.4758, 0.5678} [m)]

13



X =[0.3600 -0.0000 0.5612 0.4051 0.4224 1.5708] X =[0.3600 -0.0000 0.5612 0.4051 0.4224 0.7854] X =[0.3600 -0.0000 0.5612 0.4051 0.4224 2.356]

5 = 0.4224 1
b i) 05 ) . \
4051 }{\ il
i : 05
— 7/
: 3
Figure 7: The last link orientation configuration: o = {3, T, 37} [rad]

5 conclusion

The paper was devoted to preliminary analysis of kinematic design and control algorithm of the
first (conventional) part of the snake-like robot ROBIN. The advanced control algorithm was
introduced for robot control in tasks concerning Non-destructive testing of pipe welds in order
to control (minimize) the surrounding space occupied by the robot. The main advantage of the
proposed algorithm is possibility to control the shape of robot body (especially distances of its
elbows) while maintaining the position (translation) and orientation of the last link. The control
algorithm for inverse kinematics computation was based on numeric iterative algorithm. The
above examples show that on average 4 iterations per iterative step is sufficient for satisfactory
accuracy (stopping condition e,,q, = 1 X 10*4).
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