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Hexapod leg control algorithm in fault conditions
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1. Introduction

A detailed analysis of a robot workspace space of
the robot is based on the locus of points in R? that could be
reachable by the tool tip. In using the tool tip as a reference
point, the effects of both the major axes used to position
the wrist and the minor axes used to orient the tool must be
included.

Fig. 1 Hexapod robot structure

When viewed as a subset of R, the shape or ge-
ometry of the work envelope varies from robot to robot.
However, the work envelope can also be viewed within the
framework of joint space R". In joint space, the work enve-
lope is typically characterised by bounds on linear combi-
nations of joint variables. The constraints of this nature
generate a convex polyhedron in R" named the joint-space
work envelope.
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Fig. 2 Hexapod robot leg

Let ¢yin and g,,q, be the vector in R" the joint lim-
its and let 4 be a [m x n] joint coupling matrix. Then the set
of all values that the joint variables ¢ can assume is called
the joint-space work envelope. It is denoted Q and is of the
form [1]
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Then the set of all values that the joint variables g;
can assume is called the joint-space work envelope. It is

denoted Q and it is of the form [1]:

A = I represents noninteraxial coupling. The joint-
space work envelope Q is the locus of points in R® than can
be reached by the tool tip. The locus of all points reachable
from at least one tool orientation is referred to as the total
work envelope, or simply the work envelope and the locus
of points reachable from an arbitrary tool orientation is
called the dextrous work envelope [1, 2].

In our case, workspace analysis of the leg tip of a
hexapod robot (Fig. 1) is made.

Trajectory planning refers to the planning of a se-
quence of world points (x(¢), y(¢), z(¢)) to be occupied by
the end-effector of the robot (in our case, the leg tip) and
the planning of a sequence of the values to be taken on by
a specific joint variable g;.

Vector and matrix algebra are utilised to develop
a systematic and generalised approach to describe and rep-
resent the location of the links of a robot structure with
respect to a fixed reference frame [3, 4]. Since the links of
a robot structure may rotate and/or translate with respect to
the reference coordinate frame, a body-attached coordinate
frame will be established along the joint axis for each link.
The direct problem of kinematics is reduced to finding a
transformation matrix that relates the body-attached coor-
dinate frame to the reference coordinate frame.

The study of the curves or trajectories is essential
for understanding robot kinematics, since all points of the
robot move on curves.

Let us consider the Rotate-Rotate-Rotate me-
chanical structure as it is shown in Fig. 2. The structure
presented in Fig. 2 is nonredundant structure of a hexapod

robot leg because the joints variable number (61 .07, :9,3) as
well as the operational coordinate number (x, y and 6.)

are equal to 3. The structure can be a part of poliarticulated
hyper-redundant robotic arm [5], a part of nonredundant
robotic arm or can be a robotic arm itself.

The point M; (x,f yz) belongs to a specified tra-

jectory and their values are known. Index & represents ac-
tual step in the evolution on the trajectory. So

g, =lat.a2.a}] =lo}.02.0}] @)

For simplicity we consider that the length of those
3 elements of the arm is the same: [, = /, = 3 = [. In this
paper it is proposed to establish values of the angles

0.,0},0; as well as differences A6,,40},40; which

are basic for generating commands to the actuators in
terms of a good walking (finding optimal motions) and in
terms of blocking of some robot leg segments. Practically
it is an inverse problem of kinematics. Input and output
variables of the proposed algorithm are shown in Fig. 3.
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STEP 1: It is read the robot parameter set:

[— > 6,.0..6; _
l) 66 ’ 9};1'" ’ H}iIRX’ l = 1’ 2’ 3
0,.1.6;..6; > A6,,46;,46]
e et U Algorithm . STEP 2: k=1
for L
X ’ . *
X,V c:mman@s > /; ykz STEP 3: Are specified x;,y;,6, .
ynthesis X
—» k0 Vi
Conditions STEP 4:1f (x| + (2 ) <91
Fig. 3 Input and output variables of the proposed algorithm then Jump to STEP 6
Angles 0,,0;,0;, displacements 46,46, else Jump to STEP 5

Aﬁ,f and coordinates of the points M, and M, (which are
STEP 5: It is displayed "IMPOSSIBLE TO REACH

necessary 1 workspace analysis 10r avolding some €X18 THE POINT"

ing obstacles) are determined on the base of the angles
0,.,,0; ,,0;  from previous step, on the base of desired Jump to STEP 3

coordinates x;,y; of the leg tip and on the base of some

information related to physical structure (segments length, STEP 6: If (x,f — xl?—l )2 + (y,f - y/i] ): J?
maximal and minimal limits of angular displacement and

blocking status of some segments). Fault detection and then Jump to A001
isolation for any systems are presented in [6 - 8]. Specific
methods for fault detection and diagnosis are presented in else Jump to STEP 7

[9 - 13]. The algorithm proposed by the authors allows, if
the blocking exists, either a correct positioning by other  gTgp 7.
displacements of the unblocked segments (if it is possible) ) ) )
or a positioning in an acceptable proximity of the desired If (XZ - lec-1) + (yi - J//lc-1) = (21 005(913-1 / 2))
coordinates by minimising optimal criteria.
then Jump to A010
2. Algorithm for unblocked joints
else Jump to STEP §
Let us consider leg structure of the hexapod robot
shown in Fig. 2. We wish the positioning of the leg tip in sin@>, —sin6;,

the point M (x,f y,f) without any specification of the ori- S 1LF o & =atan 1+cos62, +cos O,

entation. Coordinates of the point M ,3 are
1> = l[cos (6’,(271 - a)+ cos a + cos («9/?71 + a)]

it (i + (2 ) =02

then Jump to A100

x} =1sin 0} +sin(0) + 02 )+ Lsin(0} + 02 +6;) (3
3 3
v, =lcos6, +lcos(¢9,1€ +6’,f)+lcos(6’lk +6f+6§{) ©)]

Because the inverse problem of kinematics has
infinity of solutions, let us consider some supplementary else Jump to STEP 9
conditions imposed by optimal working, avoiding of

blocking, a. s. o. (e.g: 6, +6; +6; =6, = constant,  STEP 9: If (XZ “xl )2 +()’i —y )2 <ap
0, =0]=0;, 0 =0, -imposed, a.s. 0.).

In some situations when passing from the point then Jump to AO11
M; | to the next point M, because of its advantageous

i ¢ of all the 3 el s is 10t else Jump to STEP 10
position, movement of all the 3 elements is not necessary, o op 0. 12 _o; cos(Hzf /2)
as consumption economy of energy is possible. k k-1
If L, L,, and L3 note the elements having the If (112 _1)2 < (x3)+(y3)< (112 +1)2
. . k - k k)= \k
length /, 1 logic movement status and 0 logic rest status, all
. L . then Jump to A101
the possible situations above mentioned are else Jump to STEP 11
(L Ly Ly) — (000), (001), (010), (100), P
O11), (101), (110), (111), o :
The proposed algorithm is presented in the fol- STEP 11: [,” =21 cos(@k_l / 2)

lowing step sequences: If (1133 _ 1)2 < (xlf )+ (y/% )S (1133 + l)



then Jump to A110

else Jump to A111

A001: 6} =6,,; 6] =6%,;

32
0; =atan%—(9ﬁ +€kz)
Vi = Vi

Jump to STEP 12.

A010: 6, =6, ;6] =6,,;

3 1 3 1
> X, —x XX
0; =¢9k1+(atan L —aran———-

Vi yllc—l Vi1 _y}H
Jump to STEP 12.

A100: 0} =67 ,:0} =6, ;

3

3
x X,
H,izﬁ,il+(atan—k—atan “J

3 3
Vi Vi

Jump to STEP 12.

AOIL: 0 =0),
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0; =atan (3k)
Cy
g2 = x/f _xllc—l _ Sin@i(yi _ylifl)
g 2/ 2l(l+cos 9;)
21
2 _ k _pl
6, =atan ( 21)2 0,
I-\s;
Jump to STEP 12.
Al01: 6] =67,
2 2 2
SO 0 U s
. 201
: -lelf :
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Cr

b=2(1" +1cos6}") ;

. *
c=1sin6;
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0, =2atan bi\/bz —j(xi)z _62- _ 0;
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Jump to STEP 12.

Al110: 6, =6, ,
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0; =atan

0, =2atan

b+y,
Jump to STEP 12.

Alll: rl=x] —1sin@; 1} =y, —lcos 0,
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ry —2—1, Cy :T;
2
0; =atan 1_0(2013)
k
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| =

0 =0, -(0} +6?)

Jump to STEP 12.

STEP 12:
it (0),,.02,.0, )< (0}.67.6; )< (6.,..02,.0...)

then Jump to STEP 13

else Jump to STEP 16
STEP 13: 460, =6, -0/, ;i=1,2,3.
x, =lsin@;y; =1cos6,
2 . Al . (1 2.
x; =[lsin6, +lsm(9k +0k),
2 1 1 2
yi =lcos 6, +lcos(0k +¢9k)

STEP 14: k = k+1



STEP 15: Jump to STEP 3

STEP 16: "IMPOSIBLE DEPLACEMENT FOR ;" ;
Jump to STEP 3

3. Algorithm for blocked joints

Let us consider leg structure of the hexapod robot
shown in Fig. 2. Because each joint has a sensor, we know

exactly the values of each angle (49,1,9,3,0,3) and we can

detect if one or more actuators are blocked. The structure
proposed by the authors for the synthesis of commands in
fault conditions is presented in Fig. 4. We calculate a re-
sidual vector r(¢) with the relation [6 - 8]:

A6, — A6} r
r(1)=| 46; - 46} |=|r’ )
A6 — A9 r

where A6, represent the calculated command for the ith

joint and A6, is the real angular movement.

O_—"' and | under fault

If all components of residual vector are null, we
can consider that the hexapod robot leg is in good condi-
tion. If one or more components of #(f) are different from
zero we have the possibility to detect and isolation the
presence of a blocked actuator.

In this situation the algorithm calculates the posi-
tion of the leg tip under fault condition.

For the synthesis of new commands it must be

taken into consideration that the value of 6, = 0 is a

fixed (uncontrollable) parameter in (3) and (4).
To determine the rest commands we minimise the
criterion (6) which represent Euclidean distance

J=(c =5+ -ar )

(6)

where (x,f v )represent the imposed (desired) position and

(x,i*, yi*)are the best possible position into proximity. To
minimise (6) under fault conditions, we have the equations
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where j # i, the ith actuator is blocked. If the distance is
acceptable, the commands are validated and new angle
values will become the inputs (Fig. 3) for the next step,
else the algorithm jumps to the step 16.
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Fig. 4 Structure for the synthesis of commands for the legs in fault conditions

4. Conclusions

This paper presents an algorithm which allows for
the leg structure of a hexapod robot, under the terms of the
actuator blocking occurrence during the walking, either a
correct positioning (if it is possible) or a positioning in an
acceptable proximity of the desired coordinates by mini-
mising optimal criteria (by the adequate commands to the
functional elements).

A synthesis of the commands to a poli-articulated
robotic structure (3 segments) is proposed in this paper.
First, a workspace analysis is made, then the algorithm for
the actuators in terms of a good walking (finding the opti-
mal motions), is presented.

Because the problem of inverse kinematics has in-
finity of solutions, some supplementary conditions im-
posed by optimal work, the avoiding of blocking, a. s. o.
are considered.



Then, in terms of some leg segments blocking of
hexapod robot, an algorithm is proposed. The structure
proposed by the authors for command synthesis in fault
conditions is based on a residual vector.

If all components of residual vector are null, one
can consider that the hexapod robot leg is in good condi-
tions. If one or more components of residual vector are
different from zero the possibility to detect the presence of
a blocked actuator and isolate it exists.

To determine the commands the criterion which
represents the Euclidean distance is minimised.
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V. Stoian, M. Nitulescu, C. Pana

SESIAKOJO ROBOTO KOJU VALDYMO
ALGORITMAS AVARINEMIS SALYGOMIS

Reziumé

Straipsnyje pristatomas algoritmas SeSiakojo ro-
boto koju struktiirai pozicionuoti (jeigu imanoma), kai pa-
vara zingsniavimo metu yra blokuojama, arba priimtinu
tikslumu pozicionuoti pagal nustatyta koordinat¢ minimi-
zuojant optimaly kriterijy (atitinkamomis komandomis
funkciniams elementams). Pasiiilyta daugiasarnyrio trijy
segmenty SeSiakojo roboto kojoms duodamy komandy
sintez¢. Pirmiausia atliktas koju galy darbo erdvés tyrimas,
pasitlytas pavary valdymo, esant geroms zingsniavimo
salygoms (nustatant optimalius judesius) ir esant keleto
roboto koju segmenty blokavimo salygoms, algoritmas.

V. Stoian, M. Nitulescu, C. Pana

HEXAPOD LEG CONTROL ALGORITHM IN FAULT
CONDITIONS

Summary

In this paper we present an algorithm which al-
lows for the leg structure of a hexapod robot, in terms of
the actuator blocking occurrence during walking, either a
correct positioning (if it is possible) or a positioning in an
acceptable proximity of the desired coordinates by mini-
mising an optimal criteria (by the adequate commands to
the functional elements). A synthesis of the commands to a
poli-articulated hexapod robotic leg (3 segments) is pro-
posing. First, a workspace analysis of the leg tip is made,
then the algorithm for the actuators in the terms of a good
walking (finding the optimal motions) and in terms of the
blocking of some robotic leg segments is presented.

B. Crouan, M. Hutynecky, K. ITana

AJITOPUTM VIIPABJIEHUS HO'AMU I'EKCATIOIA
B ABAPUMHBIX YCJIOBUAX

Pes3omMme

B crathe mpeacTaBiieH alTOPUTM ISl MTO3HIIHO-
HUPOBAHHUS CTPYKTYPHl HOTH IIECTUHOTOrO po0OTa TpH
OJIOKUPOBAHUH MPUBOZOB BO BPEeMs XOIbOBI U ISl TOYHO-
rO TO3ULHOHUPOBAHUS (€CITH BO3MOXKHO) MITH TTO3ULIMOHHU-
POBaHUS C MPUEMIIEMOW TOYHOCTBIO TI0 3aJaHHOH KOOP/IH-
HaTe, MUHHUMHU3UPOBAHHEM ONTUMAIBHOTO KpHUTEpHs (CO-
OTBETCTBYIOUIMMH KOMaHIaMH ISl PYHKIIMOHAIBHBIX JJ1e-
MeHToB). [Ipe/uioskeH CHUHTE3 KOMaHJ HOI'M MHOToInap-
HUPHOTO IecTHHOroro pobora (3 cermenra). B mepByio
ouepe/ib MIPOBOAUTCS aHANN3 pabodell cpeiibl CTOIbI HOTH,
Jlanee MpeJCTaBlIeH ajJrOPUTM Ul MPUBOJOB MPU XOPO-
e xoap0e (ompeaesicHHe ONTHMAIbHBIX JBHXKCHHN) U
3aTeéM IIpu 6HOKI/IpOBaHI/II/I HECKOTOPBIX CETMCHTOB HOTH
pobora.
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