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Abstract—This work presents the design of three
controllers, the H infinity controller with output feedback,
the PID controller and the Fuzzy controller applied to a
Stewart platform. The actuator model was obtained by a
step voltage input to the electric motor and measuring its
displacement by the encoders coupled, in each of the
respective axes of the motors. The motion transmission
relation mechanism between the motor shaft and each
actuator is obtained by the displacement spindle from the
rotation of motor which are measured by the
corresponding encoder. The kinematics and dynamics
platform’s data compose the whole systems models.
Several experiments were carried out on the real Stewart
platform with the help of an XsensMTi-G inertial sensor
to measure the Platform Euler angles. The experimental
results obtained by the three controllers were satisfactory
in position control and orientation of the Stewart
platform.

Keywords—PID Controller, Fuzzy Controller, H infinity
Controller, Stewart Platform.

I.  INTRODUCTION

Stewart Platforms are composed of two platforms
connected by six parallel linear actuators. Extending or
retracting actuators can change the relative position
between the two platforms. It can be applied in flight
simulators, cars simulators, machining of parts and other
applications [1].

Attitude and position control of Stewart platforms are
complexing problems in several areas of study [9]. They
were obtained using different techniques like, PID
controllers with gains obtained by cooperative co-
evolution algorithm [2], fuzzy PID and feedback
controllers with gains defined in reference points and
selected in other points by fuzzy algorithm [1], [3], [6],
PD controller with gains varying with adaptive algorithm

www.ijaers.com

[4], H infinity controller [5], [7].

In this work, it was used the Stewart platform designed by
the Airspace Control Laboratory of the Engineering
School of Sdo Carlos — USP. The Figure 1 shows the
Stewart platform utilized. It has six electromechanical
actuators that are utilized to control the position and
attitude of the movable platform. To measure the variation
in the actuators’ lengths it was used encoders in the shaft
of the actuators’ motors to measure the number of
rotations, and then it has been applied a calibration curve
to obtain the actuator length. It was used the acquisition,
transmitting, and processing system dSPACE in
combination with the speed controller drive RoboClaw 2
and an inertial sensor XsensMTi-G measurement of the
Euler angles of the Stewart Platform [7].
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Fig. 1: Stewart platform of the Airspace Control
Laboratory.

1. INVERSE KINEMATIC
Defined position and attitude of the Stewart platform,
length of six actuators can be obtained using the inverse
kinematic of the platform. Joints of actuators and
platforms are known for a given platform, and it can be
written in relation with the center of each platform in two
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coordinate systems, shown in Figure 2. The base platform
coordinate system utilizes the center of the base platform
F as origin, the xf-axis pointing between joints with
actuators 1 and 6, zf-axis is perpendicular with the
platform plane, and yf-axis completes the right-hand rule.
The movable platform coordinate system center M and its
axis xm, ym, and zm are defined in a similar way. The
joints positions of the base and movable platforms, in its
coordinate systems, are shown in Equation (1) and
Equation (2), respectively.

(FYf={Fy Fo 0},i=12,..6 (1)
MM ={M;; My 0Y,i=12,..6 @)
m

Fig. 2: Base and movable platforms coordinate systems.

The transformation matrix [TMF] to obtaining coordinates
of the movable coordinate system for the base coordinate
system, can be obtained by using three rotations in
sequence. The first rotation is applied in xm-axis until
ym-axis is parallel to the base platform plane and this
angle of rotation ¢ is known as roll angle. Then a rotation
is appliedin the ym-axis until the movable platform is
parallel to the base platform, so the pitch 6 is obtained. To
complete the coordinate systems, a last rotation is applied
in the zm-axis generating the yaw angle y. The
transformation matrix is show in Equation (3).
[T™F]
cpcld  cesfsyp —spcyp cesOcy + sesP] (3)
= |s@cl s@sOsP+cecyp sesOcyY —cesy
—s6 cosy clcy
where c is the cosine and s is the sine function.
The position of the movable platform can be written in
the base platform system as shown in Equation (4), then
length vectors Vi of six actuators can be obtained utilizing
Equation(5) and shown in Figure 3.
My ={x vy z}¥ (4)
{VL}F = {Vi1 Vi Vi3}T (5)
= {M}+[T"F] x {M;} - {F},
i=12..6
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The actuator’s length |; is the module of the vector {Vi} as
shown in Equation (6) [8].

L=1{Va? Vy?2 V32105, i=12,..6 (6)
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Fig. 3:Inverse Kinematic

1. PID CONTROLLER
We used the PID controller which is widely known, with
transfer function presented in Equation (7). A controller
was designed and this was applied to each of the six
actuators independently [9]. The controller takes as input
the signal from the error between the desired actuator
length and actual length and then defines the control
action that is the sum of proportional, derivative and
integrative actions.

U kd(s? +25 +-5) ©

— kd
G s

V. FUZZY CONTROLLER
The position and attitude control of the movable platform
in relation to the base platform is executed by controlling
the six actuators lengths. A small variation in the response
of each real eletromechanical actuator is expected and can
cause undesired movement of the movable base, in the
case of an actuator reaches the desired length before
others. To avoid this situation, a fuzzy logic controller
was designed to control all the actuators with only one
controller [1, 10].
The controller receives the desired position and attitude of
the movable platform, utilizes the inverse kinematic to
obtain desired lengths for the six actuators, and using two
fuzzy sets it sends signals of voltage to the electric motor
of each actuator. To define the amplitude and time of
application of each signal, it uses the procedure described
next.
First, the difference between the desired lengths and the
actual lengths are calculated for all actuators and are the
inputs of the fuzzy logic controller. These inputs are
normalized utilizing the variation of the actuator’s length
when applied a tension of 10V in its electric motor during
1 second. The normalized inputs are used to define the
actuator that will take longer to reach the desired length.
Utilizing difference of this actuator the time of
application of the signal is obtained.
Fuzzy sets with different variations on the actuator length
were created using experimental tests in the Stewart
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platform. In these tests, square signals with 10V and -10V
were sent to the electric motors of the actuators with
different times of application and the variations in the
actuator’s lengths were measured. These values are
presented in Table 1 and Table 2. Utilizing the triangular
membership presented in Equation (7), the application
time of the square signal is obtained using Equation (8).
Table.1: Variations in actuators’ lengths with different
time of application and amplitude of 10V [mm].

Time Actl Act2 Act3 Actd Acts Actb

(s) 10V 10V 10v 10v 10V 10V
0.1 3.86 4.36 3.89 3.93 434 3.79

1.0 45.9 54.01 45.54 47.56 51.34 44,71
2.0 91.17 99.48 94.87 96.28 101.25  91.37
2.5 11451 12431 118.9 120.2 128.1 115.1

Table 2. Variations in actuators’ lengths with different
time of application and amplitude of -10V [mm].

Time Actl Act2 Act3 Act4d Acts Act6

() -10v -10v  -10V  -10V  -10V  -10V

0.1 -408 385 392  -383  -429 442
1.0 -49.61 -50.23 -47.44 -47.14 -49.86 -51.45
2.0 -100.7  -98 962 943  -102.3  -105.1
25 -127.3 -122.4 -120.5 -117.8 -127.6 -131.6
uf;
Al ;i — Al
max [L, ],i =1,j=1,2
Ali+1,j - Ali,j (8)
[ 3 [ Al - Ali—l,j Ali+1‘]‘ - Al ] 0] .
= <{max |min , ,01,i =
Ali,j - Ali—l,j Ali+1,j - Al j
[Al —Ali_y; 0] —4i=1
max [————,0|,i =4, =1,.
Ali,j - Ali—l,j

where Alis the higher input; Al;;are the lengths in Tables
1 e 2 for the actuator with the high input in the i-th line
and j-th column, and u;is the membership value for the

fuzzy set Al;;.
2

4
t:ZZufjx t; 9)

i=1j=1
whereis the time of the applied signal and tiis the time in
the i-th line of Tablesl e 2.
The amplitude of the signal for each actuator is obtained
in a similar way. Square signals of voltage of 10 V, 5V, -
10 V, -5 V and minimum values of voltage that cause
rotation of the actuator’s motors with 0,1's, 1's, 2 s and
2,5 s of time of duration were sent and then the actuators
lengths were measured. Table 3 shows variations of
actuator’s 1 length for each combination of voltage and
time of application. The amplitude of the signal for each
actuator is obtained utilizing Equation (10), where
triangular membership functions are utilized to correlate
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the required variation in the length of the actuator with
the amplitude voltage the controller will send to the

actuator’s engine.
6

V= Y ul xV, (10)
i=1
Table 3. Variation in the actuator’s 1 length [mm]

Time

(s) 23V 5v 10V -13V -5V -10V
0.1 0.05 4182 11452 -0.06 5214  -126.38
1 021 3432 9118  -0.18 4187 -100.74
2 041 1736 4591  -0.40 2064  -49.62
25 046 136  3.86 -0.51 -1.80 -4.09

where Vj is the amplitude of voltage of the square signal
for the k-th actuator, uVi is the membership value of the
desired variation in the length of the actuator obtained for
the time of application of the signal and the voltage in the
i-th column and Vi is the voltage in the i-th column. After
the application of the square signal, this procedure is
calculated again to correct for errors between the desired
length and the actual length.

V. H INFINITY CONTROLLER

In the H infinity design in general weighting functions are
employed to specify the stability and performance of the
system. Understanding the effects of these functions on
the control system is crucial for modeling specifications.
A typical model for design, called augmented plant is
shown in Figure 4. The weighting functions W1, W; and
W5 reflect the value specified error for the regime,
limitations of the control signal and the stability
condition, respectively. The standard method H infinity
output feedback is used to stabilize the system. The
standard H infinity control problem is formulated in terms
of finding a controller K, if one exists, such that for a
giveny > 0.

wW,S
W,KS
w,T

&) W) |-
“

: l———u —~| Gu(s) }-‘—| Wy(s) I— =

K(s)

ITwlle = (11)

2

\
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Fig.4: Augmented plant
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The weighting functions represent the design
specifications and modeling errors, restricting Zi1, Z, and
Z3 of augmented plant output, as shown below:

The Wa(s) function is a limiting factor for the sensitivity
function S, and should reflect the rejection of external
disturbances, considering the error signal Z; system and
tolerance to variations in the plant. The sensitivity S
should take low value, especially at low frequencies.
Therefore, W1 function, which reflects the performance
specifications, must submit a high value at low
frequencies.

The Wo(s) function weighs Z, that is the control signal,
and must have sufficient gain capacity to limit the input
control an acceptable range, avoiding the saturation of the
actuator. However, a high gain can deteriorate the
performance, and this commitment must be taken into
account. The W, function is linked to limitations in the
input signal of the plant G, such as maximum voltages or
currents supported by the plant.

The WSs(s) function weighs Z3 namely the plant output
Gn, and should minimize the peak of the complementary
sensitivity function T system, reducing the oscillations
and ensuring stability [11].

Thus we have the same sensitivity functionS =
(I + GK)™1, the complementary sensitivity function T =
I — S and the sensitivity function of the controller C =
KS.

The H infinity control in this section is based on a
compensator project and an observer whose solutions are
obtained by two algebraic Riccati equations and results in
a controller with the same number of states of the plant
[12]. P(s) is the state-space realization of an augmented
plant, according to equation:

A B, B,
Cl D11 D12
C2 D21 DZZ
Consider the state space representation of the augmented
system, including the dynamics of the weighting
functions, is given by:

(12)
P(s) =

X1 [A B, B,rx (13)
Z| = Cl 0 Dlz [W]
y C, Dy; 0 1tu

The following hypotheses are considered in H infinity
problems [12]:

(4, B,, Cy) is stabilizable and detectable;
D;, e D,, have (post) complete;
A—jol B,
Cl D12
A—jwl B,
CZ D21
Dll = OeDZZ = 0,

Dy, = [(I)] eDyy =1[0 1];

] has complete column post for all ;

] has complete line post for all ®;
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D1T2C1 = 0 e Bngl = 0 and
(A, B,) is stabilizable and (4, C,) is detectable.

The following Riccati equations are associated with the H
infinity problem:

ATX + XA+ CFC, + X(y™2B,BT —B,B)X =0 (14)
so that ReA;[A + (y~2B;Bf — B,BI)X] < 0,vi and
YAT + AY + B,BT + Y(y2CTC, — CIC,)Y =0  (15)
so that Rel;[A+ Y(y~2CTC, — CFC,)] < 0,Vi.

Given the hypotheses outlined previously, the equations
of Ricatti admit stabilizing solutions X< and Yoo, and
P(XeoYao) <2, with p(-) the spectral radius, then there is a
controller that internally stabilizes system u = Ky so that
the norm of the transfer function of closed loop
Tpw = Piq + PioK(I — Py K) 1P, is small, this is || Ta|
<y, with y a scalar positive [13]. The controller is given

by:

[xc] _ [Ac Bc] [XC] (16)
u CC 0 y

and
Ac =A+ VY 2 BBT Xy + ByFy + ZooLonC, a7
Be = —Zy L (18)
C. =F,=-BIX, (19)
Lo = =Y, CF (20)
Zow=(I—772XY)! (21)

VI. RESULT EXPERIMENTAL
To validate the controllers, a step input of 15° iny,
representing the yaw movement of the experimental
Stewart Platform, the angles [¢ 6] remained at zero.
The Figures 5, 6 and 7 show the responses of the
actuators to the desired input condition.
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Fig.5: Response for 15° in 3 for H infinity control
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Fig.7: Response for 15° in i for Fuzzy control
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Fig.8: Control Action for 15° in i for H infinity control
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Fig.12: Error for 15° in y for PID control
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Fig.13: Error for 15° in ¢ for Fuzzy control

The Figure 14 shows the orientation reading v for the step
input of 15° representing the yaw movement of the
Stewart Platform, this acquisition is performed with the
XsensMTi-G inertial sensor. It is possible to observe that,
also for the movements of yaw, the controllers managed
to converge to the desired orientation, but presented a
regime error for this angle, where, it is necessary to say
that the sensor has an accuracy of + 1° The Figure 15
shows the reading of the angle 6 remaining close to zero
degree, and the Figure 16 shows the reading of the angle
¢, also close to zero degree.
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Fig 16: Roll for i in 15°

The angular velocities for yaw in 15° are shown in the
Figures 17, 18 and 19. It is possible to observe an angular
velocity peak in yaw at the beginning of the 15° step
input, and as soon as the system arrives at the desired
position and orientation, the velocity goes to zero.
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Fig. 17: Angular velocity for 15° in y for H infinity
control
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Fig. 18: Angular velocity for 15° in i for PID control
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Fig. 19: Angular velocity for 15° in i for Fuzzy

control

VII.  CONCLUSION
The three controllers presented were able to efficiently
control the real system of the Stewart platform, for yaw at
15° but the H infinity controller presented the lowest
regime error, as shown in Figure 11. It is also possible to
observe from Figure 8 that the control action of the H
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infinity controller tends to zero, so the platform arrives at
its desired position and orientation, presenting a greater
energy savings compared to the Fuzzy and PID
controllers.
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