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Abstract:

We contribute with a surveillance and defence system based on a 3SPS-1S parallel
manipulator. The central constraining leg of the mechanism increases the stiffness of the
system and forces the manipulator to have three pure rotation degrees of freedom.
Determining inverse kinematics is trivial but solving forward kinematics is done by a
numerical-geometrical approach obtaining a unique solution via artificial neural
networks (ANN) and Newton-Raphson’s method. An optimized workspace is calculated
with a genetic algorithm (GA) and singularities are also computed. Inverse and forward
dynamics of the manipulator are also solved for control purposes. Three different
designs are presented: one is a classical PID controller and the other two are fuzzy PD
controllers. One of them works in sliding mode.
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1. Introduction

Parallel manipulators have received a lot of attention from researchers over the past
couple of decades, due to the advantages they present over their serial counterparts, such
as more accuracy, higher load capacity/robot mass ratio and more rigidity. Researchers
have taken an interest in parallel robots with less than six degrees of freedom (DOF),
because in some applications there is no need to be able to move and rotate the end
effector in every direction, and using less than six DOF manipulators decreases the costs.
Three DOF spherical manipulators, also known as parallel wrists, can be used as an
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alternative to the wrists with three revolute joints for applications where there is need to
orient something. Recall of that parallel robot’s nomenclature is based on the types of
joints which constitute the mechanism. Thus, 3SPS-1S means that our manipulator has
three limbs, each of them consisting of a spherical (S) plus a prismatic (P) plus a
spherical (S) joint. In addition, a central limb which moves by means of another
spherical (S) joint is part of the structure (see Fig. 1). Over- constrained and not-over
constrained parallel wrists have been studied. Over- constrained parallel manipulators in
rotational (R) joints-based robots, such as Gosselin’s 3-RRR manipulator [1], have the
advantage of always performing spherical movements; however, when geometric errors
occur, they undergo high internal loads and can sometimes jam [2]. Not-over constrained
parallel wrists can be divided in two groups. The first group consists of mechanisms that
only have spherical movements if some geometric conditions are met [3-5]. The second
group has the base and the platform linked directly by a spherical joint [7] that forces the
manipulator to rotate around it. The manipulators from the first group have singular
configurations that must be avoided during the movement of the mechanism, otherwise
they can lose their pure spherical motion and obtain some translational movements [2,
6]; furthermore, the spherical motion strongly depends on the correct manufacturing and
mounting of each part; errors in these processes can lead to non-spherical movements of
the platform. The spherical joint between the base and the platform of the manipulators
from the second group does not allow the platform to translate; therefore they have
bigger manufacturing error tolerances than the parallel wrists from the first group, which
leads to cheaper manipulators.

The drawback of these manipulators is that they generally have smaller workspaces
than those of the robots of the first group. Since the workspace is smaller, it is very
important to design the manipulator so that it has a workspace big enough to suit the
needs of the application at hand. Automated orientation mechanisms have been used in
various security and defence applications, such as Samsung Techwin’s SGR series
surveillance robots or the SGR-A1 sentry gun [8]. These machines can be used as
surveillance systems or as nonlethal defence mechanisms to protect houses, industries,
border crossings, hospitals, etc. Surveillance systems using cameras with high optical
zoom (> 30x) need very precise movements to keep the track of a target. Defence
systems (sentry guns) must have very good accuracy in order to correctly hit their
targets. The central leg of the 3SPS-1S parallel manipulator proposed by Cui and Zhang
[7] eliminates unnecessary movements, forces the manipulator to have only rotational
motion and improves the stiffness of the system. These characteristics, along with the
fact that in general parallel manipulators have more accuracy and are able to carry more
load than their serial counterparts, make the 3SPS-1S a very good candidate to be used in
security and defence applications.

The paper is arranged like this: section 2 presents a brief description of the 3SPS-
1S manipulator; in section 3 the inverse kinematics problem is solved; section 4 presents
a geometric method to solve the direct kinematics of the manipulator and a ANN-based
method to solve the forward kinematics locally; in section 5 the workspace of the
manipulator is analysed and calculated, in addition a GA—based method to maximize the
workspace maintaining the size of the robot as close as possible to a defined set of
parameters is presented; in section 6 the Jacobian matrix is computed to determine
singularities. Sections 7 and 8 solve inverse and direct dynamics, respectively, which are
useful for control purposes (part 9). Finally, conclusions are formulated in section 10.



Kinematic and Dynamical Modelling for Control of a Parallel 17
Robot-based Surveillance/Sentry Device

2. Manipulator Description

A particular case of the 3SPS-1S manipulator proposed by Cui and Zhang is shown in
Fig. 1. It has three identical legs, made of two bodies, linked by an actuated prismatic
joint. The legs are attached to the platform and the base by spherical joints. It is assumed
that the platform and the base are circular, with radii r, and r, respectively, and that the
spherical joints of the legs are located along these circumferences. There is also a central
passive leg that connects the centre of the base to the centre of the platform using a
spherical joint.

Fig. 1 Model of the 3SPS-1S robot

The general coordinate system xyz is located at the centre of the base (O), and the
coordinate system of the platform uvw with origin P is located at the centre of the
spherical joint of the central leg. Euler angles, roll, pitch and yaw, are denoted by o, ¢,
and v, respectively. As shown in Fig. 1, the spherical joints are located on the base at
points A;, [7]. [2].

3. Inverse Kinematics

In order to move the platform to a desired position given by the angles o, ¢, and y, the
length of the limbs d; must be calculated. This problem is known as the inverse
kinematics and it is very easy to solve for parallel robots. Cui and Zhang presented a
solution to the general 3SPS-1S inverse kinematics problem [7], and Gan, Seneviratne
and Dias presented a solution to a particular case similar to the manipulator shown in
Fig. 1 [9]. Let & = [as ayi 0]" be the vector from origin O to point A; in the xyz system,
Bh; the vector from origin P to point B; in the rotating system uvw, p = [0 0 h]" the
vector between points O and P, and “Rg an order 3 matrix that represents the rotation of
system uvw with respect to the coordinate system xyz. The vector between points A; and
B; can be written as

AB; = p+"Rg °b; —ai 1

Since d; =| A;B; |, we can write the solution of the inverse kinematic problem as:
2 2 2
di :\/(bxi _axi) +(byi _ayi) +(bzi +h)

ARBBbi =b; =[bxi byi bzi]T, i=123.

2
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4, Direct Kinematics

The direct kinematics problem is to obtain the orientation of the platform given the limbs
length d,, d,, ds. As opposed to the inverse kinematics, obtaining the forward kinematics
of a parallel robot is a complex task, however, it is important because usually sensors are
used to measure the position of the actuators, but not that of the platform; therefore, in
order to know the current orientation of the platform given the information provided by
the sensors, the forward kinematics must be calculated.

4.1. Geometric Method

Gan, Seneviratne and Dias have found an analytical way to solve this problem [9], where
they get 8 solutions; however, it is also possible to solve the forward kinematics problem
using a geometric method. Let S, be a sphere with radius r, and centre on point P, and §;
a sphere with radius d; and centre on point A;. The intersection of spheres S, and S; is
circle C; that represents all possible locations of point B; given the limbs length. Let dg;»
be the distance between points B; and B,, dg;5 the distance between points B; and Bs, dgys
the distance between points B, and Bs, ¢4 a point in circle Cy, ¢,; a point in circle C,, and
Csi @ point in circle Cs. If the distance between c¢y; and ¢y is dgyy, the distance between cy;
and cg; is dgy3, and the distance between c,; and cs; is dgys, then those points are a solution
to the forward kinematics. Doing this for every point in each circle (given a step size) it
is possible to find all solutions to the forward kinematics problem. Fig. 2 shows two
solutions of the forward kinematics problem obtained with the geometric method. The
parameters used (in cm) were: h = 25, r, = 20, r, = 15, d; = 29, d, = 26, d; = 22.
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Fig. 2 Geometric method determined this forward kinematics

4.2. Local Forward Kinematics

The method presented by Gan, Seneviratne and Dias, and the geometric method usually
find more than one solution to the forward kinematics. The problem is that given an
initial orientation of the platform, it is not possible to know which of these solutions is
the one that the mechanism will move to; furthermore, if we want to choose only one
solution, it must be done manually. If we want to track the position of the platform at
every moment, a method to quickly calculate the forward kinematics based on the
current position of the platform is needed. To solve this problem, an artificial neural
network (ANN) was proposed. The ANN consists of six inputs, three outputs and two
hidden layers, one with four neurons and the other with eight neurons (see Fig. 3). The
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inputs are the length of the three limbs and the octant of point B;. The outputs are the
three angles used to form the rotation matrix “Rs. The ANN is trained with a back
propagation algorithm. A training data set of 1000 samples was obtained by varying the
angles (one at a time) with a small resolution (1°), and obtaining dj; d, and ds using
inverse kinematics. For any given length of the limbs and initial position of the platform,
it is possible to find an approximate solution to the direct kinematics using the trained
ANN. Once the approximate solution is found, Eq. 2 can be written three times (one for
each limb) and the system of three nonlinear equations can be solved using the Newton-
Raphson’s method. A validation set consisting of 100 positions was used to check the
method. The resulting error between the two trajectories was negligible.

d1

a2 :
43

sgn(blx) =X
sgn(bry)

sgn(by,)
Fig. 3 ANN used to determine forward kinematics

5. Workspace Analysis

The inverse kinematics of the manipulator lets us know the length that the actuators must
have in order for the platform to reach a certain orientation; nevertheless, it is important
to know if the manipulator can reach that orientation before trying to move it to that
position and that is why it is essential to analyse the workspace of the manipulator. There
are many ways to represent the workspace of orientation parallel robots, such as for
instance the maximal workspace [10]. Recall our Euler angles representing the
orientation of the platform, and A; the point of interest. The maximal workspace of the
3SPS-1S robot can be defined as all the locations of point A; that may be reached with at
least one combination of the Euler angles. In order for a point to be part of the
workspace, three mechanical conditions must be met: max-min limb length, maximum
joint angles, and collision between limbs. Prismatic actuators can contract to a minimum
length, and expand to a maximum length. The min-max limb length condition states that
the lengths d,, d, and d; must be greater than or equal to the minimum length of the
actuators, and less than or equal to the maximum length of the actuators. Let ¢; be the
angle between limb i and plane j, being plane 1 and 2 the base and the platform of the
robot respectively, and g the maximum allowed angle between any limb and plane j.
The maximum joint angles condition states that o;; must be less than or equal to f. Let n
be the vector normal to the plane j. The angle «; can be calculated as follows:

o :90°—arcsin(|nj 'ﬁ|/| n; || AB; |). If the spherical joints have a full range of
motion, then g = 90°, but if the joints have a reduced range of motion, then f; is less

than 90°. The third condition states that if two limbs collide (including the central mast),
the point does not belong to the workspace. Tsai and Lin have proposed a method to find



20 Ricardo Zavala-Yoé, Ricardo A. Ramirez-Mendoza, Daniel Chaparro-Altamirano

collisions between the legs of a Stewart-Gough platform [11] that can also be used with
the 3SPS-1S robot. A first solution computed a non-optimal workspace of the 3SPS-1S
parallel robot using the parameters h = 20 cm, r, = 15 cm, r, = 15 cmand = 90° [19].

5.1. Workspace Optimization

As mentioned earlier in this paper, the biggest problem of parallel manipulators like the
3SPS-1S parallel wrist is the lack of a big workspace; therefore, optimizing the
parameters of the robot in order to maximize the workspace is very important.
Nevertheless it is also important for the manipulator to have its parameters (ry, r, and h)
as close as possible to a set of desired parameters, mainly because many times there are
size limitations in the location where the manipulator is to be placed. Different methods
to optimize the parameters of parallel robots have been proposed [12-16]. Some try to
maximize the workspace, others to improve the dynamic behaviour or dexterity of the
robot and others to reduce the number of singularities. The following method tries to
maximize the workspace and at the same time, keep the robot parameters as close as
possible to a set of desired parameters. A genetic algorithm was used to optimize the
parameters of the robot:

Genetic algorithm.

Step 1. Fix size of population, n. n = 3 in this case; fix ry, rp, h.

Step 2. Create an initial population p of size n.

Step 3. While finishing condition is not satisfied do:

Step 4. Compute a fitness function for each chromosome.

Step 5. Choose chromosome parents by some selection criterion.

Step 6. Create a new generation by recombination to the parents.

Step 7. Apply mutation to the new generation.

Step 8. Replace partially or totally the current population with the members of the new
population.

Step 9. End While.

Let Aw, A¢, and Ay be the range of the pitch, yaw and roll angles respectively, and hy, 1,
and r, the desired parameters. The fitness function can be written as

fitness = aAg+bAy +cAw—dh—hy |- €lr, —ryy| - f|rp _rpd| ®)

where a, b, ¢, d, e and f are weights given to each parameter. The value of these weights
depends on the importance of each parameter for a specific application. Using the
desired parameters hy = 20 cm, ryg = 15 cm, g = 15 cm; weights a =2, b = 2, ¢ = 0.05,
d =10, e =5, f = 5, the optimized workspace was calculated. The resulting parameters
were h = 25.17 cm, r, = 10.98 cm, r, = 13.54 cm. The optimized workspace (with
B = 90°) can be observed in Fig. 4. Comparing it with the original workspace [19], it is
clear that the optimized workspace is bigger than the original. Using the parameters
obtained with this optimization method, a sentry device prototype was designed in
Fig. 5.
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Fig. 5 Parallel robot as a surveillance system

6. Jacobian Analysis

While the kinematic analysis gives us a relationship between the position of the platform
and the length of the actuators, sometimes it is important to know the relationship
between the velocity of the actuated limbs and the angular velocity of the platform,
especially while studying the dynamics of the manipulator. The Jacobian matrix gives us
that relationship, and that is why it is important to analyse it. Defining d; = A;B; in

Eqg. 1 and deriving such Eqg. 1 with respect to time we get:
diwiXSi+disi :prbi (4)

where b; represents the vector between the origin O and point B;, s; the unit vector
pointing from Ai to Bi, @, the angular velocity of the platform, and d; the angular
velocity of the ith leg. Dot multiplying both sides of Eq. 4 by s; gives:

d; =(b xs;) e, (5)

The matrix multiplying the actuators velocity vector a, in Eq. 5 is the Jacobian matrix of
the 3SPS-1S parallel robot. Whenever the determinant of the Jacobian matrix becomes
zero, it means the robot presents a singularity at that point. By evaluating the
determinant of the Jacobian matrix for each point belonging to the workspace, it is
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possible to obtain all the singularities presented by the 3SPS-1S robot. The genetic
algorithm computed that the set of singular configurations is given by the straight line
w=y=0° ¢+ 0°in the (o, y,¢) frame [18, 19].

7. Inverse Dynamics

Recall that the inverse dynamics problem can be posed as: Given the trajectory vector of
the platform (end effector), determine the actuated joint forces necessaries to get such
trajectory vector in the platform. It is possible to orient the manipulator using the
kinematics and controlling the length of the actuators, nonetheless, sometimes the size
and weight of the bodies may be big enough so that the inertia forces have a considerable
impact on the movement of the manipulator. When this happens it is better to control the
robot using the inverse dynamics instead of the inverse kinematics. Let x, be a six
dimensional vector describing the position and orientation of the platform, q and 7 the
vectors representing the position and the force (or torque) of the actuators respectively,

A ~ A ~ T . . ) .
Fp= [ fox  Toy Toz Np Ny npz} the six dimensional wrench applied to the
ipy iz X iy

limb. By the principle of virtual work, the following equation can be derived for a
general parallel manipulator [10].

5G4 r+5x,Fy+ Y 0% F =0 (6)

A ~ ~ T
platform, and F, =[fiX fiy T, Oy 1 ﬁiz] the six dimensional wrench of the ith

Since the 3SPS-1S parallel mechanism has only three DOF, x, becomes a three
dimensional vector describing the orientation of the platform. Also, the moving platform

T .
can only bear the forces F, =[ﬁpX Ay ﬁpz] [10], while the other components are

supported by the passive joints. The virtual displacement of the platform and of the ith
limb is related to that of the platform by the following equations:

69=J,0X%, (7
OX; =X, (8)
Since Eq. 6 holds for any virtual displacement, using Eq. 6, 7 and 8 we get
I r+F, +Y 3R =0 9)
i

Isolating the input vector term in Eqg. 9 the expression for the inverse dynamics is
obtained:

r:—Jp_T(Fp+ZJiTIfiJ. (10)

Since each limb is composed by two bodies, we can divide each limb action in two
separate wrenches, one for the cylinder and one for the piston, so Eq. 10 can be written
as

3
T GROCRL RN (1
i=1
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where 'J;; and 'F,; are the Jacobian matrix and wrench of the ith cylinder, respectively;

and 'J, and 'F,; the Jacobian matrix and wrench of the ith piston, respectively. Let g be
the gravity, 1, = *Rg °l, ®Ra, with “Rg = PR,', the inertia matrix of the platform
expressed in terms of the fixed coordinate system xyz, my; the mass of the ith cylinder,
m,; the mass of the ith piston. The wrenches can be written as:

Ay - A
Fp = 150, —0, x(*1,0, )| (12)
iE - my 'Rag —my 'y (13)
1i i i i i i
=y wi—wiX(L'li @;
g = m2iiRAg_m iivzi (14)
207 iy i iy i
=1y wi_wix(zlzi w;

The Jacobian matrices J,, 'J;; and '3, as well as all variables from Eq. 12, 13 and 14 can
be obtained using the same procedure used by [20] in his 6-UPS dynamics example,
taking into consideration that in this case, there are only three limbs and that the platform
has only rotational movements. In order to calculate the inertia moments, it is assumed
that the cylinder is a hollow cylinder with an internal radius of 1.3 cm, an external radius
of 1.5 cm and a length of 16.866 cm. The piston is also assumed to be a hollow cylinder,
with an internal radius of 1 cm, an external radius of 1.25 cm and a length of 16.866 cm.
The masses were calculated using the supposition that both the piston and the cylinder
are made of aluminium [19].

8. Forward Dynamics

Given the actuated joint forced/torques, determine the trajectory, velocities and
accelerations of the platform (end effector). It is possible to control the manipulator
using inverse dynamics, however, not always a physical model of the manipulator is
available, so in order to simulate the behaviour of the system, the forward dynamics of
the manipulator is needed [18, 23]. Getting the forward dynamics from Eq. 11 is very
complicated; therefore, another method will be used. In order to simplify the model, it is
considered that each leg is just one body that changes its length. Let J; be the inertia
moment of the leg around its x and y axis, 7 be the force produced by the actuator on
point B; along the unit vector si, and fy a force perpendicular to s;, where s; is the unit
vector going from point A; to point B;, due to the inertia. We have:

fi =TiSi + fNi (15)

Let My be the resultant torque of the forces fy; around the centre of the platform. If M is
the torque on the end effector, the moment equilibrium equation may be written as:

3 .
M=z, (PBixs, )+ My (16)
i=1

Following the method used by [10] using Eq. 16 and 17, we can obtain the forward
dynamics of the manipulator:

%, =T -V, (07T, +v, ) 17)
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where:
0 -z vy
exa=e*a, e*=| z 0 —x|for any e=[x vy z]T,aT:[aX a, az]T
-y x 0
where:
Tl—lp
Tz—wpx(lpwp)
Uli__bl*

3
Vy= ZJ—IZ b; *s;*2U;;
i=1 Uj
3 J.
\Z =Z—'2bi 5% U
i=1 U;
And | is the inertia matrix of the platform, @, the angular velocity of the platform, bi the
vector going from point P to point B;, and d; the length of the ith leg [23].

9. Dynamic Control

While it is possible to use kinematics as a model to control the orientation of the
platform by controlling each leg separately, sometimes this can lead to a non-desired
position. Instead if the dynamics of the of the platform’s error position is used to control
the system, the platform will always reach the desired orientation. In order to use this
kind of control, it is necessary to express the dynamics of the manipulator (Eq. 17) in the
Euler- Lagrange family of systems form as in Eq. 18 [20, 21].

This implies that either we model a given parallel robot with Euler — Lagrange
equations from the beginning or we start applying the D’Lambert representation in order
to try to deduce from them an equivalent set of Euler — Lagrange equations. Moreover,
even if our robot is suitable to be represented by the Euler — Lagrange equations, most
likely we will have to apply their so called first type, which involves Lagrange
multipliers. With some exceptions, the resulting model might be quite complicated and
impossible to be implemented in any scientific software of simulation as
MATLAB/SIMULINK, MAPLE, etc. [10]. This happens as consequence of the
constraints of the closed loop kinematic chains of a parallel manipulator. Just to take a
look to the mathematical structures described, we illustrate the Euler — Lagrange family
of systems which is given by the set of equations shown below [19-21]:

M(@)4+C(a,9)q+K(q)=7 (18)
In the latter expression, q is the generalized coordinated vector, M is the inertia matrix
function, C is the Coriolis matrix function, K is the gravity terms vector function and zis
the input vector (forces, torques) [22]. Although not shown, in our case, it was possible

to find an equivalent representation from D’Alambert equations to the Euler — Lagrange
representation.
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9.1 PID Controller
The PID controller is defined by 7= Kpa+ Koa+K|Iadt where the error signal

G=0q —d, qq is the desired position and q is the actual platform’s position. K, Kp, K|
are symmetric positive definite matrices. The closed loop equation for our robot,
represented now by Eq. 18, will result by substituting the PID controller equation in the
plant Eq. 18. In addition, global stability of this controlled system can be assured by
Lyapunov’s theory [22]. Tuning of this simple PID was done by trial and error, tuning
first K, and later K, and Kp. The auto-tuning SIMULINK function could not deal with
the robot model nonlinearities.
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Fig. 6 Resultant position error of the platform with a PID controller

Note in Fig. 6 how the PID achieves a good regulation (tracking a constant trajectory) in
the three Euler angles. When not too much precision is required, it is possible to control
the manipulator by just using kinematics (i.e. surveillance application), but when such
precision has to be high, a dynamical control is advised, as we proceed next (sentry
device application).

9.2 PD Fuzzy Controller

The sentry device design is shown in Fig. 7. In order to control it, it will be taken into
account that fuzzy controllers have good performance in general [17]. In order to test
this, a PD fuzzy controller was designed with a set of plant parameters h = 25.17 cm;
r, = 10.98 cm and r, =13.54 cm. The PD fuzzy controller is defined by the following set
of rules (Tab. 1) where NB = Negative Big, N = Negative, Z = Zero, P = Positive and
PB = Positive Big [22], [17]. Tuning was done assuming first a P fuzzy controller (i.e.,
symmetric table below) and later adjusting the fuzzy values of the D part according to
the plant performance (see details in [17]).

Fig. 8 shows a test scenario, in which the trajectory of an intruder is represented by
a white line. The twelve points shown in Tab. 2 are the equivalent to the white circles
shown in Fig. 8, and represent the X and Y coordinates of the intruder with respect to the
manipulator at different times. Furthermore, the last two columns of Tab. 2 represent the
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pitch and yaw that the manipulator must have in order to aim at the target, considering
that the height of the manipulator is 3 meters above ground, and it aims to an intruder’s
point, located at 1.5 meters from the ground. It is important to note that the barrel of the
device is supposed to be exactly over the x axis of the platform; therefore, for any value
of the roll, the robot will hit the target. For this reason the roll can be set to any value.
However, in order to avoid passing through a singular configurations, it is better to
choose a value different than zero; in this case the value chosen was 0.01 radians [22].

Tab. 1 Rules for the fuzzy controller

de/de’ NB N z p PB
NB NB NB NB N z
NB NB MNB N z P

z NB N z P PB

P N i P PB PB

PB z P PB PB PB

Fig. 7 Parallel robot used as sentry device

Fig. 8 Intruder’s trajectory in a hypothetical scenario (i.e., house, enterprise, etc)

The PD fuzzy controller was used in this case to control the orientation of the robot
during a simulation of the trajectory in Simulink using an initial position of 0.01 radians
(roll), O radians (pitch) and O radians (yaw). The errors are shown in Fig. 9. In [9] it is
demonstrated that the platform can reach different orientations with the same length of
the legs. Since the kinematic controller focuses on reducing the error of the legs and not
that of the platform, the reason that the error increased at the beginning of the graph is
that the platform was moving towards an incorrect position that has the same leg’s
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length. Note that the error curves behave well although it takes almost four seconds for
the controlled yaw-axis to achieve its desired position.

Tab. 2 Data for creating intruder’s path

Point | X(m) | Y(m) | Pitch(deg) | Yaw(deg)
I 30.8 20.8 -2.31 -34.03
2 23.6 15 -3.07 -32.44
3 22 5.6 -3.78 -14.28
4 16.5 0 -5.19 0
5 17.5 -6.5 -4.59 20.37
6 18 -13 -3.86 35.83
7 18.5 -21 -3.06 48.62
8 10 -21 -3.69 64.53
9 55 -18.8 -4.38 73.69
10 4.5 -13 -6.22 70.9
11 35 -6.5 -11.48 61.69
12 2 -3 -22.58 56.31

Error(radians)

Fig. 9 Platform’s error from a PD fuzzy controller (@ = roll, ¢ = pitch, y = yaw).

9.3 P-Sliding Mode Controller as Equivalent of a PD-Fuzzy Controller

A proportional fuzzy sliding mode controller is a fuzzy controller which takes advantage
of the sliding mode regime, first defined for classical (non-fuzzy but crisp) controllers
[21] but modified later to work for fuzzy controllers [17, 20]. The main advantage is that

the sliding variable v, v= E:i +2q , A >0 permits to define a fuzzy decision vector for

each limb in terms of only one variable v instead of considering a fuzzy decision matrix
as in the fuzzy PD case (compare Tab. 2 and Tab. 3). Thus, tuning process is easier here
because we tune a vector v observing w performance (see details in [20], [21]). This is
possible as a result of closing the loop around the robot considering the fuzzy controller
as a static sector-bounded nonlinearity N(v) which transforms the Euler — Lagrange
equation (in terms of generalized coordinates) to a set of Euler — Lagrange equations but
in terms of the fuzzy sliding variable v (Fig. 10). Compare Fig. 10 with Eq. 18 and the
PD controller defined before. Moreover, global stability/tracking analysis was assured by
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passivity—based theory and Lyapunov’s theory in this case [21, 22]. As a consequence,

accuracy could be warranted.
+ v

r W
— M(g)yv+Clg.gv+Kyv=w [

Fig. 10 Resulting closed loop system in terms of v, the fuzzy sliding variable

Tab. 3 P-fuzzy controller for each limb

Sliding condition Control output
v w
PE PB
PM PM
PS PB
ZE ZE
NS NS
NM NM
NB NB

After implementing the system shown in Fig. 10, the resulting performance is described
by the all converging to zero curves given in Fig. 11. Plant’s response speed was shaped
from the tuning process. It is possible to deal with robustness issues as parametric
uncertainty or non-modelled dynamics as a result of the definition of fuzziness in these
controllers (decision tables/vectors). See details in [20, 22].
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Fig. 11 Error in the platform due to a fuzzy sliding mode controller

10. Conclusions

Parallel manipulators can be used as orientation mechanisms due to their high stiffness
and accuracy. Wrists that have the base and the platform connected by a spherical joint
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have the advantage of always presenting pure spherical motions; furthermore, they are
more tolerant to manufacturing errors than other three DOF parallel wrists. Although
there are both analytical and geometrical methods to calculate the forward kinematics,
they return more than one solution and therefore cannot be used to keep track of the
orientation of the platform during a trajectory. The local forward kinematics method
proposed was able to correctly predict the position of the platform. It is important to
correctly train the artificial neural network; otherwise the method will likely present
SOme errors.

The optimization method proposed successfully incremented the workspace and
kept the size of the manipulator not that far from the desired, however, it may be
possible to further increment the workspace by changing the fitness function parameters
in the genetic algorithm. It is possible to control the manipulator by using just the
kinematic analysis, but while this may work on some applications like a surveillance
robot, in other applications like sentry devices a control using the manipulator dynamics
is advised, therefore it is important to further analyse this robot.

Inverse and forward dynamics were also deduced in this paper for a parallel robot
designed to work as a sentry device.

The resultant dynamical model was obtained in terms of Newton — Euler equations.
Such equations were transformed to a more suitable representation for control, the Euler
— Lagrange equations. The three control systems were able to orient the manipulator. For
illustrative purposes, a test scenario in which an intruder is trying to enter a factory was
created. Although the three controllers had a good performance, the classical (crisp) PID
showed the poorest performance with respect to the other two, which were able to follow
the intruder along the path. Using a fuzzy PID controller, such tracking was faster than
the fuzzy sliding mode controller’s, but the fuzzy sliding mode controller produced
smaller errors, when the intruder changed his trajectory. Workspace-based optimal fuzzy
controllers can also be designed and this can be investigated elsewhere.
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