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ABSTRACT
DESIGN AND ANALYSIS OF THE STEWART PLATFORM
SUMNU, Ahmet
M.Sc. in Mechanical Eng.
Supervisor: Prof. Dr. ibrahim Halil GUZELBEY
July 2015
83 pages

In this study, kinematic analysis, dynamics analysis and control of a Stewart platform
using linear motors have been carried out. The main aim of this study is to obtain
higher acceleration, velocity and to increase the efficiency using linear motors. In the
kinematic analysis, lengths of the legs are found by using inverse kinematic method.
Inverse Jacobian matrix is obtained to find velocity vectors. In the dynamic analysis,
Lagrange equation and Newton Euler method are used to obtain the general equations
of motion of Stewart platform. The leg dynamics of the system is carried out by using
Lagrange equation. Moving platform dynamics is then combined with leg dynamics
by means of Newton Euler method. In order to perform dynamic simulation, the
required actuator forces are computed by developed MATLAB code. In addition, to
determine the effect of the lower part of the leg inertia, dynamic simulation is
performed both with and without inertia of the lower part of the leg. PID control of
Stewart platform is performed by using the mathematical model of the system in
MATLAB/Simulink. Using the linear motors dynamic equation, its transfer function
is derived and block diagram is obtained in Simulink. Finally, some case studies are
performed to verify the developed control system. The simulation results are

presented.

Key Words: Stewart Platform, Linear Motor, PID controller



OZET
STEWART PLATFORMUN TASARIMI VE ANALIZI
SUMNU, Ahmet
Yiiksek Lisans Tezi, Makine Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. ibrahim Halil GUZELBEY
Temmuz 2015
83 sayfa

Bu ¢alismada, dogrusal motor kullanilan bir Stewart platformun kinematik ve dinamik
analizi ve kontrolii gerceklestirilmektedir. Bu calismanin amaci dogrusal motor
kullanarak yiiksek ivme, hiz elde etmek ve verimliligi arttirmaktir. Kinematik
analizde, tersine kinematik yontem kullanilarak bacak uzunluklar1 bulunmaktadir. Hiz
vektorlerini bulmak icin ters Jacobian matris elde edilmektedir. Dinamik analizde,
Stewart platformun genel hareket denklemini elde etmek i¢in Lagrange ve Newton
Euler metodu kullanilmaktadir. Sistemin bacak dinamigi Lagrange denklemi
Kullanilarak gergeklestirilmistir. Newton Euler yontemiyle daha sonra hareketli
platformun dinamigi ile bacak dinamigi birlestirilmektedir. Dinamik benzetim
gerceklestirmek i¢in gerekli olan eyleyici kuvvetler, MATLAB programinda
gelistirilen kodlarla hesaplanmaktadir. Ayrica, bacagmn alt kisminin atalet etkisini
belirlemek igin, bacagn alt kisminin hem ataletli hem de ataletsiz olarak dinamik
benzetimi gerceklestirilmektedir. Stewart  platformun  PID  Kkontrolii
MATLAB/Simulink programinda elde edilen matematik model kullanilarak
gerceklestirilmektedir. Dogrusal motor dinamik denklemi kullanilarak, dogrusal
motorun transfer fonksiyonu tiiretilmekte ve Simulink programimda blok diyagrami
elde edilmektedir. Son olarak gelistirilen kontrol sistemini dogrulamak i¢in bazi 6rnek

calismalar yapilmistir. Benzetim sonuglar1 sunulmustur.

Anahtar Kelimeler: Stewart Platformu, Dogrusal Motor, PID kontrol
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CHAPTER 1
INTRODUCTION

Stewart platform which has six degrees of freedom (3 translational motion and 3
rotational motion) is a kind of parallel manipulator and its structure is obtained from a
generalization of the mechanism originally proposed by Stewart as a flight simulator
(Korayem and Shokri, 2006). The Parallel manipulator is a closed-chain mechanism
which has a base and a moving platform connected to each other by several extensible
legs. Parallel manipulators provide high stiffness, high accuracy, high speed and also

high loading capacity compared to serial manipulators.

The parallel manipulators have been used for a variety of applications in flight and
vehicle simulators, high-precision machining centers, mining machines, surgical
devices, entertainment, micro manipulators, haptic devices and etc. The main
application area of Stewart platform is the simulation technology to simulate motion
effects in airplane simulators. Thanks to this equipment, it is possible to simulate the
forces acting upon the pilot during the flight, thus bringing the simulator even closer
to reality. Furthermore, the simulator decreases cost of the training and also does not

cause any accidents leading to dangerous circumstances.

In Stewart platforms many types of actuators are used. Hydraulic, rotary and
pneumatic actuators provide high force, torque. However, linear motor provides higher
speed, acceleration and efficiency than the others because transmission system of the
mechanism is not needed. So, in this study use of linear motors is planned to provide

high acceleration, velocity and performance for the system.
1.1 Scope of the Thesis

In this thesis, kinematic analysis, dynamic analysis and PID (Proportional, Integral,
Derivative) control of the Stewart platform are carried out using linear motors.
Kinematic analysis of the Stewart platform comprises position, velocity and

acceleration analysis. In position analysis, the rotation matrix is obtained from Euler

1



angle to find coordinates of the moving platform with respect to base platform. Then,
inverse kinematic method is implemented to attain equation of the leg lengths using
closed loop of the leg. After that, the velocity of the legs is calculated by inverse
Jacobian matrix and acceleration of the system is obtained by taking the derivative of
the velocity vectors. Moreover, angular velocity of the actuator and linear velocity of

the lower and upper parts of the leg are obtained separately.

Dynamic analysis of the mechanism is performed by using the Lagrange and Newton
Euler equations. Initially, Lagrange equation is used to calculate the leg dynamics.
Then, by using the Newton Euler method, the moving platform and leg dynamics are
combined in order to obtain general equation of motion of the Stewart platform.
MATLAB codes are developed to compute the actuator forces for each leg and to
perform dynamic simulation according to the planned trajectories. In addition, to
determine the effect of the lower part of the leg inertia, dynamic simulation is
performed both with and without inertia of the lower part of the leg. Furthermore,

linear motor dynamic equation and its parameters are presented in this section.

Finally, PID control of the mechanism is carried out by using MATLAB/ Simulink
toolbox. There are two stages in the control section. The first stage is performed
without the linear motor and the other stage is performed using the linear motor.
Mathematical model of the system and inverse kinematic blocks are developed to
control the system in first and second stages. Mathematical model block of the system
includes general equation of motion (inertia, Coriolis and gravity matrix of the
mechanism) of the Stewart platform. Inverse kinematic blocks are obtained to compute
leg lengths using position and orientation of the moving platform. Two inverse
kinematic blocks are placed in the control system because the control system includes
both actual and desired moving platform values. In the first stage, actual and desired
moving platform values are used to find position error of the mechanism. Then, the
error is compensated by using proper PID controller constants. In the second stage,
addition to first stage linear motor transfer function is derived and its block diagram is
developed in Simulink. The developed linear motor block diagram is combined to the
system mathematical model block. At the end, some case studies are realized according
to different planned trajectories in order to perform position control and verify our

system. The obtained results are presented graphically.



This thesis has been organized in six chapters. Chapter 1 presents the area of research
work to be undertaken, the objective and the work plan are discussed. In chapter 2,
previous studies are presented on the Stewart Platform manipulator. Kinematic
analysis of the mechanism and Jacobian matrix are carried out in the third chapter.
Dynamic analysis of the Stewart platform and linear motor are given in chapter 4. In
chapter 5, control of the system is implemented using dynamic equations. Some case
studies are carried out about PID control. The conclusions drawn from the work and
proposed the future plan are given in the sixth chapter.



CHAPTER 2
LITERATURE SURVEY
2.1 Introduction

Parallel mechanism is based upon the first theoretical article which was published by
Maxwell at the end of'the 1800’s (Clerc et al., 2002). Then, the first parallel mechanism
which was patented by Pollard in 1942 is shown in Figure 2.1 (Pollard, 1942). The
hexapod parallel mechanism was firstly proposed in England by Dr. Eric Gough and
it was called as universal tyre testing machine which is shown in Figure 2.2 (Gough
and Whitehall, 1962). Subsequently, Stewart (1965) designed parallel mechanism in
1965 which has six degrees of freedom and it has been used as a flight simulator which
is shown in Figure 2.3. Since that time, many researchers have focused on Stewart
platform to solve kinematics, dynamics, control, singularity and workspace problems
of the mechanism. Besides that, some researchers have tried to increase efficiency,
load capacity and stiffness of the Stewart manipulators. In this chapter a brief survey

related to parallel mechanism is presented.

Figure 2.1 One of the First Parallel Mechanism (Pollard, 1942)



Figure 2.3 Flight Simulator (Stewart, 1965)



2.2 Kinematic Analysis of Stewart Platform

Kinematic analysis is performed to find position, velocity and acceleration of the
system. There are two methods; inverse kinematic and forward kinematic analyses, to
achieve kinematic analysis of parallel manipulator. Orientation and position of the
platform is computed using legs position of the system in forward kinematic. Forward
kinematic analysis is quite complex and solution is very difficult due to high order
nonlinear equations. Researchers have developed some mathematical methods to solve
the forward kinematic problems in literature. Contrarily, forward kinematic, in order
to perform inverse kinematic analysis, position and orientation of the moving platform
are used to compute legs position of the system. In this section, previous study related
with kinematic analysis of the Stewart platform is presented.

Liu et al. (1993) developed a simple algorithm which has included three nonlinear
algebraic equations. Because forward kinematic solution includes high non-linearity,
these equations are simplified the solution of the problem. Another similar study was
proposed related to forward kinematics problem by Jakobovic and Budin (2002).
Various optimization algorithms were developed for the forward kinematics problem
by combining different mathematical representations and found a suitable algorithm
which can be used in real time environment. Bonev and Ryu (2000) proposed new
method, which includes three extra linear sensors, to simplify the solving forward
kinematics problem of a general Stewart Platform. The solution of method decreased
6 quadratic equation numbers to 3 unknowns thanks to three extra sensors.
Korobeynikov and Turlapov (2005) developed an algorithm to solve the forward
kinematics problems for the 6-3 and 6-6 Stewart platform. They also created the
mechanism using computer program and observed that proposed algorithm is
effective. Moreover, they computed curve of the tool, which is positioned on the
moving platform, and possible deviation of tool according to leg lengths variations.
Yildiz et al. (2010) carried out forward kinematics analysis of 3-3 six DOF parallel
manipulator. Three methods were used to perform forward kinematics analysis of the
system which is Newton Raphson method, Bezout method, and Artificial Neural
Networks. These methods were applied actual Stewart platform to compare them.
They concluded that Artificial Neural Networks gives fast response and Newton

Rapson method has lower error. Harib and Srinivasan (2003) presented both inverse

6



kinematic and forward kinematic methods for the Stewart Platform. In this study,
angular velocity and acceleration were determined according to different type of
unpowered joints. They derived the inverse Jacobian matrix of the Stewart platform
and its time derivative. Forward kinematic problem was also solved by using Newton
Rapson method. Eventually, it is concluded that the angular velocity and acceleration
of the legs indicated differences for different types of unpowered joints. Karimi and
Nategh (2011) also proposed both inverse and forward kinematic analysis of the
Gough-Stewart Platform. To solve nonlinearity of the forward kinematic problem of
the mechanism, Bates and Watts measures of nonlinearity was used. Alrashidi et al.
(2009) improved elbow joint measurement using Stewart platform. The joints motions
were measured and the result of measurements was demonstrated by experimental
studies. Additionally, rotating and motion angles of the forearm were obtained using
Simmechanics program. They observed that the measurement device which based
Stewart platform accurately measures the elbow motions in six axes. Jin et al. (2009)
presented kinematic design of the 6-DOF partially decoupled parallel manipulators
with leg symmetrical structure. The design is shown in Figure 2.4. This technique has
provided convenience to perform the system kinematics as it reduces the order of the
Jacobian matrices from six to three. Besides that, the system control and motion

planning can be implemented easily thanks to this technique.

(d) 3-RPPS* (f) 3-PPPS*

Figure 2.4 Parallel Mechanism with Decoupled Design (Jin et al., 2009)



Wang et al. (2003) carried out kinematic of parallel manipulator with elastic joints.
Four bar linkages are used to give rotary input for the each leg. The mechanism is
shown in Figure 2.5. They also calculated elastic deformation, elastic moment of the
mechanism and presented displacement equations and velocity analysis. The effect of
the torsional deformation in dynamics of the mechanism was also presented.

Platform

Link With
Elastic Joints

Elastic Joint

Crank Four-Bar
Base Linkage

Figure 2.5 Design of the Parallel Manipulator with Elastic Joints (Wang et al., 2003)

2.3 Dynamic Analysis and Design of Stewart Platform

Dynamic analysis of the Stewart platform has been achieved by using Newton-Euler
method, the principle of virtual work, screw theory and Lagrange method. Besides
that, in literature, some researcher solved the Stewart platform dynamics by using
Kane’s equations. These methods are used to obtain equation of motion of the system.
In dynamic analysis, moment and force values are found and necessary forces are
specified for the actuators to rotate and translate of the moving platform with respect
to desired trajectories in all directions. In this section, previous study related with

dynamic analysis and design of Stewart platform is given.

Wang and Gosselin (1998) carried out dynamic analysis of the Gough-Stewart
manipulator using principle of virtual work. They computed inertial forces and
moments of the links according to translation and orientation of the moving platform.

They concluded that the proposed approach is efficient and faster than Newton-Euler



approach. The forces and moments of the links are presented in Figure 2.6. Tsai (2000)
also solved dynamics of the Stewart-Gough mechanism using principle of virtual work
and derived equation of motion for the system. Additionally, dynamic simulation of
the manipulator was performed for prescribed trajectories. Another similar study was
proposed by Staicu (2011). Dynamics of the 6-6 Stewart Platform was carried out by
using the principle of virtual work. Further, using Lagrange equation, the results of the
presented method was compared. He concluded that the principle of the virtual work

is more efficient due to eliminating the all internal forces.

Figure 2.6 Inertial Forces and Moments Acting on the Links
(Wang and Gosselin,1998)

Guo and Li (2006) presented dynamic analysis of Stewart platform and implemented
simulation of the system. They were firstly performed kinematic analysis and found
rotational matrix of the mobile platform. Then, they used both Lagrange equation and
Newton-Euler equation to obtain the equation of motion and taken into account the
effect of the upper moving part actuators inertia of the system. Finally, driving forces
have been obtained each leg and dynamic simulation was presented for two prescribed

trajectories. Dasgupta and Mruthyunjaya (1998 a) were performed inverse dynamic
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analysis by using Newton-Euler approach for a Stewart platform manipulator. They
also improved fast algorithm to find actuator forces by applying appropriate
elimination procedure. Besides that, the formulation was implemented in a MATLAB
program to perform planned trajectories and to test of the system. Ben-Horin et al.
(1998) performed kinematic, dynamic and construction of the planar actuated parallel
robot which has six degree of freedom. Three planar motors were placed to perform
the motion of the system. Each planar motor has moved in two coordinates. Further,
they carried out experimental study to demonstrate the large work volume and high
accuracy of this mechanism. The design of mechanism is shown in Figure 2.7.
Brouwer et al. (2010) designed a six DOFs precision manipulator and modeled to use
in a transmission electron microscope with small position sample. In this design has
been used planar actuator which can move two coordinates. They analyzed and
optimized their design by using flexible beam theory. Finally, they constructed the

manipulator to verify and to test the design.

Moveable
platform

Spherical
joint

Fix-length
link

Revolute
joint

Stationary platform Planar motor

Figure 2.7 A Six DOF Parallel Mechanism with Three Planar Motors
(Ben-Horin et al., 1998)

Bai et al. (2006) carried out dynamic analysis of the Stewart Platform using Lagrange
method to obtain equation of motion. They also improved a novel differentiation
method which enables to solve the nonlinear equation of motion easily. Korayem and

Shokri (2008) presented 6-UPS Stewart platform manipulator and developed a
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computational method to attain the maximum Dynamic Load Carrying Capacity
(DLCC). The formulation of the joint actuator and accuracy constraint were
implemented to consider the maximum limit of load of the mechanism. They
concluded that the simulation results of the 6-UPS Stewart Platform have
demonstrated that the algorithm and model is acceptable. Yildiz et al. (2009) carried
out dynamic modeling of the Stewart Platform by using a Bond Graph method and
obtain dynamic equation of the system which has included gravity effect, linear motor
dynamics and viscous friction. They also improved nonlinear state-space

representation. Bond Graph method is shown in Figure 2.8.
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Figure 2.8 Bond Graph Model of System for a Leg (Yildiz et al., 2009)
In order to improve the dynamic performance of the Stewart platform, Evolutionary
Multi-objective Optimization algorithms (EMO) was presented by Bangjun et al.
(2012) Two EMO algorithms were improved which are NSGA-II and MOPSO-CD.
The results of the comparison of algorithms have been observed that MOPSO-CD has
given better result for the dynamic performance. Wu et al. (2012) carried out kinematic
and inverse dynamic analysis of a 6-SPS parallel mechanism by using principle of
Kane. Gravity and inertial forces were calculated for all links. Using inverse dynamic
method, driving forces time-relation was evaluated. Bingul and Karahan (2012)
focused on dynamic model and simulation of the Stewart Platform. Dynamic analysis
was carried out using Lagrange equation. They also proposed Jacobian matrix by using
two different ways. Eventually, using MATLAB-Simulink program, the dynamic
equation of the Stewart Platform and actuator dynamics have been simulated and
verified. Meng et al. (2010) carried out dynamic analysis of the Stewart platform using

permanent magnet synchronous motor. In order to analyze the motion of the motor and
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platform, they used Kane’s equations and achieved equality of the driven torque and
electromagnetic torque. The time varying inertia of the system is not needed to
calculate thanks to this approach. The schematic view of the proposed actuator for the

mechanism is shown in Figure 2.9.

A Spherical joint

Rotating
actuator part

Figure 2.9 Schematic Representation of an Actuator (Meng et al., 2010)

2.4 Control and Simulation of Stewart Platform

Control is a very important concept to provide accuracy, robustness and precise
position for a Stewart platform. Besides that, control helps to find optimum design and
to obtain high dynamic performance. In order to perform control of the Stewart
platform, PID controller, adaptive control, computed torque method are widely used.
Simulation and control of the mechanism is generally carried out by using
MATLAB/Simulink program. In this section, previous study related with control of

the Stewart platform is presented.

Hsu and Fong (2001) carried out computed force feedback to control the Stewart
platform. The orientation and position of the moving platform were computed and they
also found static forces which act on the legs. Finally, using these forces in dynamic
model, the feedback gains have been considered to control the leg lengths. Kallio
(2002) carried out parallel piezohydraulic micromanipulator which has consisted of
three prismatic actuators. He developed two inverse kinematic models to implement

the position control of the manipulator. The first one is Hall sensor based control and
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the second one is vision based control scheme. The results of this study, he concluded
that two methods have same resolution and workspace. However, Hall sensor based
control has high speed according to vision system. Lee et al. (2003) carried out position
control of a Stewart platform by combining inverse dynamic control with approximate
dynamics and H.. controller. H., controller has enabled to compensate modelling error.
It recovers the modeling error as disturbances. They concluded that H.. controller
provides good tracking performance for the system. Huang et al. (2004) carried out
dynamics of the Stewart Platform and developed sliding mode control to decrease the
position error of the system. Furthermore, Lyapunov theory was used to provide stable
controller design. Eventually, they observed that their design shown good

performance.

Gewald (2006) carried out vibration control and investigated accurate motion of the
tool center for a hexapod system with six degree of freedom. Feedforward-feedback
controller was used to diminish vibration of the mechanism. Eventually, simulation of
the system was implemented and observed that it has provided high performance and
desired trajectories. Yingjie et al. (2006) employed feedback positioning control of the
cable driven Gough-Stewart Platform for a large radio telescope. PID controller and
optical sensor was utilized to achieve the system control. Finally, a simple analysis
error was performed to verify the control system. Serrano et al. (2007) implemented
control of the Stewart mechanism applied to a biomechanical system. They used fuzzy
logic and PID controller to control the mechanism. In results of the simulation, which
was performed in Simulink, was observed that fuzzy logic controller has provided
some advantages according to PID controller as PID controller has high settling time
and gain constant. Kizir et al. (2011) performed trajectory and position control of
Stewart platform by using simple PID control for each motor. They designed the PID
control in Simulink program and embedded real time controller. At the end of the
study, they observed that the system position error is about 500nm. Davliakos and
Papadopoulos (2008) were studied on feedback controller by using the equation of
motion of the electrohydraulic Stewart Platform. The force and pressure feedback have
not been required for this study due to independent load. Eventually, simulation was
implemented with desired positon input and observed good performance for
controlling the system. Guo et al. (2008) carried out the cascade control of

hydraulically driven 6 DOF parallel manipulators. The control was composed of two

13



parts which were inner and outer loop. Hydraulic dynamics and mechanical dynamics
were separated each other and both of them controlled. Further, they implemented
experimental study to show position tracking behavior of the mechanism. Wang (2008)
carried out control of a Stewart manipulator by using feedback linearization. Control
block was implemented using MATLAB/Simulink toolbox. To improve the controller,
DynaFlexPro block was used. Finally, stabilizing inverse dynamic control was

performed to improve the trajectory tracking of the mechanism.

Omiirlii and Yildiz (2011) carried out FBW (Fly-By-Wire) flight control unit with
force feedback by using a 3-3 Stewart platform which was enabled to control single
point of spatially moving vehicles (SMV) about three translational and three rotational
axis. Omran and Kassem (2011) carried out optimal task space control design of
Stewart platform to treat aircraft stall. To implement the system control, Genetic
algorithms which included two optimization stages were developed. The first stage
found optimal approximate model for the direct kinematics of the system. Other stage
enabled to find optimal controller gains. They concluded that the proposed control
design reduced the error for stall recovery maneuver. Control design of mechanism is

shown in Figure 2.9.

y

p‘f"ﬁ,@L, Controller L2l [W(X)]

(X, X}

Forward L
Kinematics

Figure 2.10 Stewart Platform Control Design (Omran and Kassem, 2011)

Yang et al. (2012) were presented decoupling controller for the six degree of freedom
electro-hydraulic parallel manipulator. They implemented the feedback linearization
theory to decrease coupling effects. The results of the experimental study showed that
the presented controller developed the trajectory tracking performance. Akdag et al.
(2012) carried out simulation of the hexapod robot by using computer programming

and obtained mathematical model to solve them. Solid modeling and assembly was
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performed by using SolidWorks. CosmosMotion and CosmosWork were used to
achieve rigid body dynamics and strength analysis, respectively. In addition, to control
the actuator motion, Adlink module was developed. The manipulator was fabricated
to test and verify the simulation results. Inner and Kucuk (2013) improved simulation
tool (STEWSIM) to design the Stewart Platform. Using this program, different types
of Stewart platform can be design, such as 3x3, 3x4...6x6. The STEWSIM has enabled
to perform kinematic, dynamic, dexterity and workspace analysis for different position
inputs of the moving platform. Furthermore, it has provided graphical representation
for these analyses.

2.5 Workspace and Singularity Analysis

Workspace and singularity is the most important problem for the Stewart platform due
to kinematics and geometrical constraints. Workspace is defined as the area within the
reach of the center of gravity of mobile platform of the Stewart mechanism. The size
of workspace of the parallel manipulators is determined according to application areas.
For example, flight simulator requires large workspace volume according to medical

robots.

Singularity is a point of the system which cannot be controlled due to the fact that the
mechanism gains one or more degrees of freedom in this point. In order to avoid
Kinematic singularity, redundancy actuation can be used. Moreover, redundancy
increase workspace and improve dexterity. Many researchers have studied to solve the
workspace and singularity problem. In this section, previous study of the workspace

and singularity analysis of the Stewart platform is presented.

Ma and Angeles (1991) classified the singularities in three groups for the parallel
robots that are architecture, configuration, and formulation singularities. They focused
on architecture singularity because it has contained all the workspace contrarily other
groups. This study provided for the optimum design of the parallel robot. Takeda and
Funabashi (1996) suggested a new method to solve the singularity problem for the
parallel manipulator. They specified the location of the singular point of the
mechanism which has depended on pressure angles. Then, the singular point curve was
described which composed of singular points. This suggested method was applied to
Stewart platform to determine the workspace of the mechanism. Dasgupta and

Mruthyunjaya (1998 b) developed an algorithm which indicated the impossibility of a
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valid path within the workspace of the system in order to prevent singularities and ill
conditioning of the Stewart platform. They concluded that the algorithm was found
reliable since it performed the planned paths. Kapur et al. (2007) carried out to
overcome singularity problem for the Stewart Platform manipulators. They presented
flexural joint which enables to prevent the dramatically gain in degree of freedom of
the system. They concluded that flexural joint was effective method for parallel
mechanism. Hua et al. (2007) proposed optimal design to perform safety mechanism
for the Stewart Platform. In this study, they used homotopy method to solve the
singular points of the extreme poses. Moreover, they developed the genetic algorithm
to provide the design safety and optimization of the manipulator. Besides that, similar
study was presented by Gao et al. (2010). Artificial intelligence approach was utilized
to perform the design optimization of parallel manipulator. They performed analytical
solution of the parallel manipulator stiffness and dexterity by using Levenberg-
Marquardt algorithm. Eventually, they carried out the simulation of the system to
show the effectiveness of this method. Lin et al. (2008) improved the 6-DOFs parallel
robots which has included three legs and actuated three linear DC motor and AC servo
motor. They developed genetic algorithms and proposed optimal path planning, which
has depended on a DNA evolutionary computing algorithms, to prevent singularity
within workspace of the system. Mishra and Omkar (2011) carried out genetic
algorithm, PSO (Particle Swarm Optimization), QPSO (Quantum Particle Swarm
Optimization), WQPSO (Weighted Particle Swarm Optimization) to eliminate the
singularity problem for the Stewart Platform. Then, these algorithms were compared
each other and observed that WQPSO indicated good performance than other

algorithms.

Merlet (1995) presented geometrical approach to calculate the reachable workspace
for the parallel manipulators. He also developed algorithm to execute this assignment
efficiently. All constraints limiting of workspace has been taken into account by means
of this algorithm. Ay et al. (2012) also carried out a new geometrical method to
determine the reachable workspace for the 6-3 Stewart Platform manipulator. This
method has provided to determine location of the system according to possible legs
configurations. Giineri (2007) developed computer code to analysis workspace of
Stewart platform by using MATLAB program. She also specified geometric and

kinematic effects on the workspace for different position of mobile platform. Further,
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MATLAB code was developed to perform the singularity analysis of the system by
computing the Jacobian matrix. Abedinnasab et al. (2012) carried out redundant
actuation for Gough-Stewart Platform. They compared parallel mechanism for
redundant and non-redundant situations. The results of the study showed that
redundancy has eliminated singularity and developed workspace, dexterity and
increased sensitivity of the system. Toz and Kucuk (2013) designed an asymmetric six
DOF Stewart- Gough Platform with ten different linear actuators (AMEDLAL). They
carried out to increase volume of the dexterous workspace of the system. In this study,
Particle Swarm Optimization was used to perform kinematic constraints. To achieve
the dexterous of the system, Minimum Singular Value of homogenized Jacobian
matrix was utilized. Eventually, proposed system showed better performance
according to conventional Stewart Platform.

2.6 Motivation of Study

According to previous studies, it is observed that kinematic analysis, dynamic analysis
and control of the Stewart platform was employed using hydraulic actuator, rotary DC
motor, planar motor. However, linear motor has not been widely used. Further, the
rotary part of the lower leg inertia has not been commonly considered while dynamic

analysis is implemented.

In this thesis, Stewart platform has been analyzed using linear motors and rotary part
of the leg inertia has computed. Finally, system control has been carried out in
MATLAB/Simulink. In future works, the focus may be on workspace and singularity

problem by improving new algorithms.
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CHAPTER 3
KINEMATIC ANALYSIS OF THE STEWART PLATFORM

Kinematic analysis is the first step for designing a robot. Kinematic analysis comprises
position, velocity and acceleration analysis of the system but force and torque are not
taken into account. Two types of kinematic analysis methods (inverse and forward
kinematic) are commonly used to perform kinematic analysis of any parallel
manipulators in the literature. Forward kinematic analysis is finding of the moving
platform position and orientation by using the leg vector of the mechanism. However,
it is difficult to apply the parallel manipulators because the analysis results in complex
equations and high non-linearity. Unlike the forward kinematics, the leg vector of the
mechanism is determined by using the position and orientation of the moving platform
in inverse kinematics. Thus, it can be performed easily because it doesn’t include any

complex equations.

In this chapter, kinematic analysis is composed of three sections. Rotation matrix is
obtained in the first section and then, angular velocity of the moving platform is found
in the second section. Finally, inverse position and velocity analysis of the system are

carried out. Inverse Jacobian matrix is obtained to find leg velocity in the third section.

3.1 Rotational Matrix

To determine the motion of the moving platform, three translational and three
rotational coordinates should be specified. Euler angles are used to obtain the rotation

matrix. The rotations about z, y and x axes are carried out respectively.

X
-
VA

xl
y’] (3.1)
A

!

Rotate an angle y about z axis,

R, =|siny cosy O (3.2)

cosy -—siny 0]
0 0 1
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Rotate an angle B about y axis

cosfp 0 sinf
R, = [ 0 1 0 ] (3.3)
—sinff 0 cosf
Rotate an angle a about x axis,
1 0 0
R, = |0 cosa -sina (3.4)
0 sina cosa

The rotation matrix of the moving platform relative to the base platform (RE) is

obtained as;

RE = R,(¥) * Ry(B) * Ry(a)
cosy —siny 0 COSﬁ 0 Slnﬁ

RE =|siny cosy Of= cosa —sina
0 0 1 —Slnﬁ 0 COS[)’ sina  cosa
cfcy sasfcy —casy casPcy + sasy

RE = [cﬁsy sasfsy + cacy casﬁsy—sacy] =la, b, ¢ (3.5)
—sp sacP cacf

The transformation matrix T2 which is a vector it includes rotational and translational

motions with respect to the base frame.

ay by ¢, t
a, b, ¢, t

=

TP =

N <

t
0 o 0 1
Generalized coordinate position and velocity vector of the moving platform of the

Stewart mechanism can be expressed as follows.

q=1[x &y & a B yI"

q:[ix i-y iZ a .3 )/]T

Generalized coordinate vector can be separated in two parts which are translational

vector t = [tx ty t;]T and the rotational angles [« B8 y]T which are defined in

rotational matrix R;,.
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3.2 Angular Velocity of the Moving Platform

The moving platform initially rotates about z axis, then rotates about y axis and finally
rotates about x axis. So, the first axis includes two additional rotations, second axis
includes one additional rotation and third axis has no additional rotation.

The angular velocity (w) of the moving platform can be transformed to the base frame

using Euler angles as follows.

0 0 a
w = Ro(@) * R, () * [0] + Re(a) « | 8] + [0
Y ol Lo
1 0 0 cosfp 0 sinf1[0 1 0 0 0 a
w=|0 cosa -—sina 0 1 0 O+ [0 cosa —sina||p|+]0
0 sina cosa ll—sinB 0 cosBlly 0 sina cosa llo 0
1 0 sp a
w=|[0 ca —sacﬁ] ,B] (3.6)
0 sa cacf lly

The acceleration of the moving platform can be obtained by differentiating of angular

velocity with respect to time.

1 0 s qqa; [0 O BcB a
W= [O ca —sacB||B|+|0 —dsa —dacacB + safsp [ﬁ] (3.7)
0 sa cacp Iy 0 dca —dasacB—cafsBlY

3.3 Inverse Kinematics

Inverse kinematic method is commonly used since it provides facilities to solve the
kinematics of the parallel manipulators. In inverse kinematic analysis, length of the
legs are computed according to platform position and rotation with respect to base
platform. The motion of the platform is specified for six coordinates (3 rotation and 3

translation). There are six unknowns (14, I, I3, L4, ls, ).

3.3.1 Inverse Position Analysis of the Mechanism

A closed-loop of one leg which is shown in Figure 3.1 is used for determining the leg
lengths according to position of the moving platform. The mechanism has two
coordinate systems; placed mass center of the moving and the base platform see Figure
3.2. The first one is moving platform P (Xp,Yp,Zp), and the second one is base
platform B (X,Y,2).
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Figure 3.2 Schematic Representation of the Stewart Platform
Position vector of the ith upper junction coordinates with respect to moving platform

qf and position vector of the ith lower junction coordinates b; can be described as

T'b * Ci Tp * Ci
b; = [rb * sil and qip = [Tp * Si]
0 0
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The leg vector with respect to base platform can be obtained from closed-form

representation as follows;
Li=qf — b (3.8)

The position vector of ith upper junction point with respect to the base frame ¢? is
described as

af = TF »qf

qF =t+ RExq (3.9
Then, from equations (3.8) and (3.9), the following equation can be written.

Li=TF xq’ —b; =t+RE xq — b (3.10)

Its matrix form is obtained as follows.

-ax bx C tx [qlx—l

x

<
<

az b CZ Z q
| O O O lZ

N

P P P
ax*qix+bx*qiy+cx*qiz+tx_bix
P P P
Ly = |ay *q;, + by *q;, + ¢y * q;; + 1, — by

P P P
az*qix+bz*qiy-l'cz*qiz-l'tz_biz
[y % Ty % i+ by ¥ 1y % S; + by — 1 * ¢

Li=|ay*x1ty*xci+ by, xm, xs; +t, =1, *5;
Ay *xTy % C; + by *1, x5; + ¢,

Then, the length of the ith leg is acquired as follows.

7= (ay *Ty % C; 4 by ¥ 15y % S; 4ty — 1 % ;)7
2
+(ay, *1*c;+ by *x1myxs; +t, —1p *S;)

+(a, %1y * i+ by * 1y x 5; 4 t,)? (3.11)

3.3.2 Inverse Velocity Analysis of the Mechanism

In this section, inverse velocity analysis of the Stewart platform is performed by
inverse Jacobian matrix which enables to find velocity of the leg using moving
platform velocity. Inverse Jacobian matrix describes relation between velocity of the
platform and leg velocity. Equation 3.12 shows the leg velocity, where J~1 is the
Inverse Jacobian matrix and P is the moving platform velocity.
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[=]1%pP (3.12)

P=1[t wl”

u; = li

Li =Uu; * li (313)
Then, Equation (3.14) is differentiated with respect to time, the following equation is
obtained.

Since lower junction point is constant; b, = [0 0 0]7
wxy =u;x(wxu) =wx(u; Xxu;)) =0
Since unit vector, u;xu; =0, uxu; =1

Then, the velocity of the ith leg is obtained as follows

I; = (REqP x ul-)T *w+ul «t (3.16)
i = [T B P P

li=[ul  (REqP xu;) |P (3.17)
Jacobian matrix can be acquired as follows

[ . (REqP Xul)T_
r (REqE x uZ)T
J1= ug (REq5 x us):
Us  (REqy X us)

Us (REq? x uS)T

(RE 96 X u6)T'6><6

(3.18)

If the generalized coordinateare ¢ = [t, £, t, & B y]7 then, Jacobian matrix

can be obtained as;

i=J71%q (3.19)
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— T_

4T (REay X uy)

1 T

u; (qug % uz) I3x3 0353

T

o (uf (REGS X us) 1 0 s
it= plo (3.20)

us  (REqP x uy) 033 0 ca —sacp

ul g T 0 sa cacB 1,

ul (REqE x us)

" (R x )

P9s X Ues) 1o 0

The equation (3.16) can be expressed as follows
Zi = ul *q;

The velocity and acceleration (g2, GZ) of the upper junction point with reference to

base frame is obtained as;

af =1 RE(g") (RDY]P (3.21)
.. T .o

g8 =1 RE(D) (REY"| B+ Ww?REq] (3.22)

Where §; and W symbolizes the skew symmetric matrix associated with the vector

u=[A ay a;T

0 -a, ay
a=|\a, 0 —ay
—a, ay 0

Note that @, and @, are arbitrary vector matrix with respect to base and platform frame,

respectively.

a, = REa,(RE)T

a = b x ¢ = bc (Skew symmetric matrix properties)

The actuator consists of two parts of which are rotating and moving parts. Rotating
part is the lower part, and moving part is the upper part of the leg. Rotating part of the
leg is attached to the base platform, and moving part of the leg is attached to the
moving platform. These two parts are also fastened with each other with prismatic

joint. The angular velocity of the actuator and linear velocity of rotating, and moving

parts can be obtained as follows. Model of Stewart platform is presented in Figure 3.3.
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Angular velocity of the actuator,

u; X g7 _ u;q
li ll

B
_ i
Wacet = _

Linear velocity of moving part of the leg,

. ., WGl
Um = (i + Wgct X (_dpui) =q; + I X (_dpui)
i

d,ti?g? d,ii?
’l7m=qlB+ pl%ql =<I+—z;'l>qi3
i i

Linear velocity of rotating part of the leg,

~ -B ~ .B

Uu;q; u;q;

Uy = Wgee X dbul- =t X dbu = —dbui X l—
L

Li
d,ul i .
Ur = (%) qu
i

Figure 3.3 Model of Stewart Platform (Williams 11, 2015)
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CHAPTER 4
DYNAMIC ANALYSIS OF THE STEWART PLATFORM

In this section, dynamic analysis of the Stewart platform is carried out by taking the
studies of Guo and Li (2006) as a reference. Initially, the constraint force F. of the leg
is obtained by using Lagrange formulation. Then, the platform and leg dynamics are
combined by using Newton Euler method. Eventually, equation of motion of the
Stewart platform is obtained, and dynamic simulation of the system is performed
according to desired trajectories of the moving platform. Linear motor dynamic is also

presented at the end of this chapter.

4.1 Dynamic Analysis of a Link

The legs of the system are exposed to some external forces which are gravitational
forces, constraint forces and driving forces. These forces are shown on one leg of the

system in Figure 4.1.

Fec

Moving Part of the Leg T

Figure 4.1 Force Analysis of the Actuator
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Generally, dynamic effect of the rotating part of the leg is ignored because the moving
part has higher dynamic effect than the rotating part. Since, linear motor is mounted
on the rotating part so it increases mass and velocity of the rotating part therefore the
inertial effects of the rotating part of the leg are taken into account also.

Lagrange equation of the link is described as follows.

d (0T oT 41
dt\ag? ) aqF " (4.1)
Kinetic energy equation which includes linear velocity and angular velocity of the leg

and it can be written as follows.

1 T 1 T 1 T
T = = UmMmUm + = Vr My + Ewact(lr + L) Waee (4.2)

Substituting equations (3.23), (3.24), (3.25) into the equation (4.2), kinetic energy

equation can be rewritten as follows.

d,u?\' da2\ (il (dyul i
<I+ L ) mpy |1+ 7 + L m, L

1 .
T=E(QF)T

To simplify the solution of the kinetic energy equation, it can be separated into three

parts which are M1, M2, M3, as follows.

1
T =-(q7)"(My + My + M3)47

2
d, a2\ d., 2
M1=<I+ ’;l> mm<l+ ”l‘> (4.3)
i i
dpild;\"  (d,il;
M, = — | m, (—— (4.4)
Li Li
~ T~
U; uU;
M, = %(Ir + 1) (4.5)

L

Lagrange equation is applied to find the constraint forces by using the following

equations.
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i

d(oT\ d
- [ B
= (an) = (O, + M, + M3)g7)

_dM; + M, + M3)
B dt

Gt + (My + My + M3)G? (4.6)

The equations are presented in Appendix A which are used to derive M1, M2, M3, with

respect to time.

dM 2m,,d ) — R T
dtl - l’; 2w (@P)Tala; + ul gPala; + al ;gPul)

l

dZ
BT 2 ul gfal; +w(gP)Tal 6, + 4] 5 ul) (4.7)

dM m,.d? e
o=~ ul Pl a, + w (G AT a + af P (4.8)

L
dM L. +I ) o Chm
T = @] wgPul +w GP) Tl i, + 2ul Pul i) (4.9)

The partial derivative of the kinetic energy with respect to generalized coordinate is

derived as follows.

oT
dql

l

0
= 505 [T O+ s + )2

d\*  _d dp\’
I CIORE ( [(1_%> I+21—?uiuiT—(l—f’) ulu?l
4 L l

—udT
+mr(%) (I—uiuiT)+(I ulu‘ll(1r+1m)>l (4.10)

The equation M is derived with respect to the generalized coordinate g? by separating

in three parts as follows.

d, d, d?
a B B)qu mpy (1 - T) I a B B)qu mpy, <I 2— l [+ ZTI>l
Jd /1 Jd (1
—(4B)T 4k d, P 57 (l> += (q )T GB dZm,y, —s 5 <l§>1 (4.10a)
d T - dl’ T T » 0 LLLZ‘
aql 2 (CIL ) CIL mpy (zl_iuu >] - (ql ) d mm aql 13
(@) Li(qf )TL>

=d,m (4.10b)

P méq?( H
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? d
Py I——(q )47 mey, ( lp) uiu?l

l

d [(1\/[LLT
a5

Derivative of My is found with respect to generalized coordinate g? as follows.

l @hTqf mr( ) (I —uguf)

aq? 2
d 1 L;LT
_(qL )T bmr 72 [ - lzl (4-10d)
aq? [\ l;
Derivative of Mg is carried out with respect to generalized coordinate g? as follows.
T)
a B QL m) l

(4.10e)

— @ 5o (5) (1- 5

Equations (4.10a-4.10e) are used and by taking derivative of the Kinetic energy

according to the generalized coordinate.

- 1 @A"Li(gP)TL;
W:dpmm< (qL)quaB<l>+8ql<q l?q >

L
( J (1
CIL CIl aqlp liz

+= (dzmm +dim, + L+ Iy,)

a ((@P)TL ?
_aqu< 17 >

oT a (1 GA)TL;(gP)TL;
L T : i i
an dpmm < (CIL ) ql an (l ) + aql < l3

i

d 1
+ = (dzmm +dim, + I + Im) I(qB)TqL an <lz>

TL, 0 TL;
-2 () i

To simplify the derivative of the equation (4.11), some expressions are presented in

Appendix B. Then, using Appendix B, the equation (4.12) can be obtained.
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T dymy,
aqf I}

(w; ()7 qf + 2uf qP ¢} — 3u; (@) wuf ¢f)

B (d2m,, + dim,)
1}

(w; ()T qf + ¢ (G8) w; — 2uul ¢F (¢P)™uy)

I

(uTquF +u; (GB)TGE — 2u;(¢B)Twul ¢F) (4.12)

l

The driving force that is produced by linear motor and its derivative are carried out by
using the principle of virtual work (6W) which is based on equality of the work for
two systems. The other external force is the gravitational force which occurs by virtue
of mass of the lower and upper part of the link.

OW = fq * 81, = fqu[ 8q7 = (wifa)"8q7 (4.13)
Then, the external force is F,; driving force which is obtained as follows
Fa = uifq (4.14)

The second forces are obtained due to the gravitational forces as follows

dy ?
Fp,g=|1+ | Mmg (4.15)
i

dy il i
Fn.g =< lil L)mrg (4.16)

Constraint forces (F.) that occurs on upper junction point of the legs are shown in

Figure 4.1. Total external force can be written as,
T=Fg+FE, g+FngtF (4.17)

Using equations (4.6) to (4.17), constraint force is obtained as follows,

d (0T aT
di\5aF )~ 3gF = Fa + Fung + Fnpg + I
l

F, = (M + M, +M3)§P +BgF — (Fy+ Ep, g + Fn.y) (4.18)

dM; + M, + M3) ., 0T

BgB = ;
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d,m _ _
B = pl? = (@Bl + ul gPula, + al t,gPu]
L

2(Iy + Inn)

F ) (4.19)

Finally, the equation (4.18) can be rewritten as follows,

Fo=(My+M,+ M) |1 RE(GD) REY|B +B[1 RE(gP) (RE)T]P

+ (My + My + M)W2REGP — (Fy+ Fpy g+ Fy) (4.20)

4.2 Dynamic Analysis of the Moving Platform

Dynamic analysis of the moving platform is used by Newton Euler method. Leg
dynamics of the mechanism are then combined with moving platform dynamics.
Having done this, the inertia, Coriolis and the gravity matrices of the mechanism are
determined. Equation of motion of the mechanism is obtained, and the actuator forces
are calculated according to the desired trajectory of the moving platform. The
graphical representations of the actuator forces are presented in Figure 4.3 and 4.4. To
solve the dynamic equations of the system, MATLAB code is developed which is

included in Appendix C.

The origin of the platform can change depending on the load changes. Therefore, the
position of the center point should be specified (Guo and Li, 2006). The position,
velocity and acceleration of the center point with respect to base frame g2, g2, §2can

be expressed in following equations.

q8 =t +R5 « qf (4.21)
g2 =1 RE(g®) (RE)']P (4.22)
¢ =[1 RE(g®)"(RE)']P + w2REqY (423)

Forces acting on the platform and moments on the platform are shown in Figure 4.2.
Equilibrium equation of the forces acting on the platform is determined in equation
4.24.

31



6
D (B =my(g - D)

6
Z(Fc)i =m,g — [mpl m,REGL(RE)T|P — m,w?REq] (4.24)

i=1

F1 F7\ 7\ /Y /:F Fs
: F3 mpg Fs 5

~

Figure 4.2 Forces and Moments Acting on Moving Platform

The moments come from the legs acting on the moving platform according to center

point of the platform as shown in Figure 4.2. Moments equations are given as follows

M=Lw and M=Fq?

REq! x (E.);

R

-~
Il
[y

=m,REq¢ X g — (myREq X Gf + REL,(REY™W + WRET,(RE)Tw)

REG; (RE)T (F);

R

~
1l
[y

= mpRE qf (RE)Tg
- - - T .o
— (Im,REGE(RE)" m,REGE (7)) (RE) + REL,(R)T]P
+ WREL,(RE)"w + m,REqGE (RE) W2REqY) (4.25)

m,g m,l

FD=[ - ]—MP'—BP— W2RBgP 4.26
e = Im,REGP(RE) g P P ImpRE(qf)T(RE)TI pdc  (426)
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mpl mpqug(Rg)T

~ ~ ~o\T
m,REGE(RE)T m,REGE(Y) (RE)™ + REL,(RE)T

My

[0 0
B=lo wer, ey
b _[ I I I I ]
¢~ |REGP(RE)T REGE(RE)T REGE(RE) " "REGP(RE)T

The general equation (4.27) (Inertia, Coriolis-Centrifugal and Gravity matrix) of the

Stewart mechanism can be described by equations (4.20) and (4.26).

M(P)P +B(P,P)P +K(P) = J~V)TF (4.27)

6
M(P) = M, + Z [qulpl(Rg)T] (M, + M, + Ma)i[1 RE(GP) (RE)T],

6
.\ . [ T :
B(P#)P =5+ 3 [aagpngyr] @1 REGE) Y P

+ l mpIT lWZREqp
~ C
m,RE(a7) (RE)T

6
I .
' Z [Rear rpyr] O+ Mo+ MO RE]
i=
myg : 1
P
K=~ gt npyro] = 2, Imsar ] Cows + o)

Uu;
U_l)T = [qup(Rg)Tul ] (l = 1,2 6)

F=[F..1"(=12..6)

In order to achieve dynamic simulation of the system, the mechanism parameters are
specified as shown in Table 4.1. The rotary part of the leg has high mass value, because

linear motor and its stator are mounted on the rotary part.
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Table 4.1 Mechanism Parameters

Mp 8 kg
my 5 kg
Mm 0.5 kg
do 05m
dp 0.5m

Mass moment of inertia of the moving platform and legs are presented as follows.

[0.425 0 0
L,=| 0 0425 0 ] kg m?
0 0 0.85
[0.25 0 0
I.=| 0 025 O] kg m?
L 0 0 0

0.03125 0 0
I, = 0 0.03125 0| kg m?
0 0 0

In this study, the legs junction coordinates of the moving and base platform and desired
trajectories are taken from the studies of Wang and Gosselin (1998) and Tsai (2000).
Two trajectories are specified. The first trajectory is prescribed as constant rotation
and sinusoidal translation motion of the platform. The second trajectory is prescribed
as a step input for translation motion, and rotation about Z axis of the moving platform.
Then, the actuator forces are calculated using MATLAB codes, and graphical

representation is presented in Figures 4.3, 4.4, 4.5 and 4.6 as follows.
Coordinates of the base platform are given as;

[—2.12 —2.38 —2.38
by = (1374 m b, = [1.224| m bz = |-1.224| m

0 0 0

[ —2.12 0 0
by, =-1.374| m bs = [-0.15| m bg = [0.15( m
0 0 0

Coordinates of the moving platform are given as;

0.17 —0.6 —0.6
qr =10595| m qb =[0.15[ m ¢} =|-0.15| m

—-0.4 -0.4 -0.4
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0.17 0.43 0.43
q; =|—0.595 m qf =|—0.445| m qf = [0.445[ m
—0.4 —0.4 —0.4

0
g=| 0 |m/s?
—-9.81
First trajectory; [¢ B y]T=[0 0 0]"
ty = —1.5+0.2sin(wt) m, t, = 0.2sin(wt) m, t, = 1+ 0.2sin(wt) m

Wherew =3 rad/sand 0 < wt < 27«

mp=1.5 kg, m= 0.1 kg, mm= 0.1 kg
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Figure 4.3 (a) Driving Forces with respect to Desired Trajectories (Guo and Li, 2006)
(b) Driving Forces with respect to Desired Trajectories
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Figure 4.4 (a) Driving Forces Excluded Lower Part Inertia of the Leg (b) Included
Lower Part Inertia of the Leg (c) Differences Between Included and Excluded Lower
Part Inertia of the Leg for the First Trajectory

35



In order to observe the effect of the lower part of the leg inertia, the mass of the

mechanism is increased as follows.

mp=8 kg, m=5 kg, mm= 0.5 kg

-- -t ---- i ---- att
e e B . aet? fr —-—- a2 .
WOE ___ et3 WE ———— aud B ———— atd 2
mE actd Gl actd I N actd RO,
E E VAR S i
1ME _mmr 2045 1DE = acth \ actd ; i
g cté { Mg act6 / \ acté I i
Z / Z / 3 z i iy \
w E 0 WE 9 i/
oa / ot / \\ g i '\\
i / - 2 / 1 g — p
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Figure 4.5 (a) Driving Forces Excluded Lower Part Inertia of the Leg (b) Included
Lower Part Inertia of the Leg (c) Differences Between Included and Excluded Lower
Part Inertia of the Leg for the First Trajectory

Second trajectory; [« B y]T =[0 0 0.35sin(wt)]”

ty=—15mt, =0m, t,=1m

mp=8 kg, m=5 kg, mm= 0.5 kg
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Figure 4.6 (a) Driving Forces Excluded Lower Part Inertia of the Leg (b) Included
Lower Part Inertia of the Leg (c) Differences Between Included and Excluded Lower
Part Inertia of the Leg for the Second Trajectory
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4.3 Linear Motor Dynamics

The linear motor is preferred for some applications in the industry as it provides high
acceleration, velocity and positioning accuracy. Further, mechanical transmission
system can be eliminated and there is no need to compute inertial effect of the

transmission system since it can be driven directly (Yao and Xu, 2002).

The dynamic equations of the linear motor are presented as follows.

Fp = Kfi(¢) (4.28)
En, = mk + BjX + fr (%) + frippie (X) + fais (4.29)

di(t)
dt

V() = K% + Ri(t) + L (4.30)

fr(x) and frpne(x) are the friction force and ripple force of the linear motor,

respectively. f;;s(t) denotes disturbance in the linear motor motion. The equation of

the friction and ripple forces can be written as follows (Lee et al., 2000).
£ = (fo + (f = f)e WA 4 i) sgn(i) (4.30)
frippte = Asin(wx + @) (4.31)

The values are given in Table 4.2 which is taken from reference (HIWIN, 2012).

Table 4.2 Linear Motor Parameters

Force Constant K 44 N/A
Electromotive Force K, 26V /m/s
Constant
Resistance R 31Q
Damping Ratio B, 0,01 Ns/m
Mass of Forcer Mg 1.8 kg
Unit Mass of Stator M 4,2 kg/m
Continuous Force Fret 203N

F,: is the force which is generated by ith actuator so, net force and driving force equal

to each other.

Frete =Fg=F
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When obtaining linear motor transfer function, ripple and friction forces of the motor
are ignored. Then, the transfer function block is implemented using
MATLAB/Simulink and combined with mechanism control block which are presented
in chapter 5.
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CHAPTER 5
PID CONTROL OF THE STEWART PLATFORM
5.1 Introduction

Proportional Integrated Derivative (PID) controller is commonly used in industry
because it can easily be applied to perform system control. It is used to compensate
the position error between desired input and actual output. In PID controller, three
constants; proportional constant Kp, integral constant K; and derivative constant Kq are
used. Proportional constant Ky is used to decrease the response time and steady state
error however it increases the oscillation of the system. The integral action is carried
out by taking integral of the system error and it is also multiplied with integral constant
Ki. Integral action eliminates the steady state error and decreases the response time of
the system. Derivative action is performed by taking derivative of the error and the
error is multiplied with derivative constant Kq. It creates damping effect on the system
because it increases the stability and decreases the oscillation of the system. PID
control block is shown in Figure 5.1. Equation (5.1) represents the relation between E

and U which are the error and the control signal, respectively.

—...9

Proportional constant

E Integral constant Integrator U
—r@—» du/dt
Derivative constant Derivative

Figure 5.1 PID Controller Block Diagram
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The equation (5.1) is taken from reference Johnson and Moradi (2005).

K K.
U(s) = KyE(S) + 22 B(s) + KyTysE(s) = (Kp +1e de) E(s) (5.1)
i
Kp
Where K; = 71 K; =K, Ty

5.2 PID Control of the System

The control of the system is implemented using PID control in MATLAB/Simulink.
Dynamic equation of the system is obtained using equation (5.2) in Simulink. The
dynamic model of the system is shown in Figure 5.2. Actual position and orientation

of the mechanism (P) are obtained by taking integral (P) acceleration of the moving

platform.

P=MP) [ )TF—-B(P,P)P — K(P)] (5.2)

Out1
Chi P Matrix
Wultiply —| e inv(M(P)) Y latic % Pdot
Inv jacabian Matrix Multiply _ » Multiply 3
»- Matrix Multply ! Integrator ntegratort

Force input

Out1

-G

inttial value

Out1in1

B(P,Pdot)

Pddot=inv(M (P)){J*F-B(P,Pdat)*Pdot-K(P)]
Figure 5.2 Dynamic Model of the System

Using inverse kinematic block, leg lengths are computed according to desired
trajectory of the moving platform. Similar process is also applied for actual position
and orientation of the moving platform which are taken from dynamic model of the
system. The actual and desired leg lengths are then obtained, and the legs position
errors are computed. Inverse kinematic block is seen in Figure 5.3. In order to provide
the system control, the legs position error are multiplied with PID constants. Needed
forces are calculated for each legs to perform desired trajectories of the moving

platform and transferred to the dynamic model of the mechanism. System block
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diagram includes dynamic model, inverse kinematic and PID blocks, it is given Figure
5.4.

La ks
>+ I P » OO
L1
Matrix Sart
Square
+
4;!:'—’ oy 4’@
L2
Matrix Sartl
Square1
> |:3
aooD
t + N
>+ Tt » GO
L3
outl Matrix Sqri2
Square2
pfin1 outz
@ Out3
P IN20ut1 —{ In1 +
Cutd H -
deseried trajectory » inz Outs uu i ‘/U_
rotation matrix i Matrix Sqri3
Moving and Base Square3
Platform Coordinate
+
UHu 4@ 5
L5
Matrix Sqtd
Squared
>+
>+ I—’ o H{ VoG
L6
Matrix Sarta
Squared

Figure 5.3 Inverse Kinematic Block Diagram

Leg Lengths Force(F1..FB)

Cut1 In1
Out1 out2 Lerror In2
et outa In3 _
Outd In1 Outd +_ Ind Cutt P inp1 Qut1
Outs 3
outs Outs InS

Qute In6

Desired MovingPlatform Inverse Kinermatic PID

Position System Dynamic Model

Leg Lengths
Outd
Qut2
out3 Actual Platform Position
Outa In
Outs

Quts
Inverse Kinematics

Figure 5.4 System Block Diagram

Case studies are implemented to verify the proposed system control with respect to

different desired trajectories as follows.
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5.2.1 Case Study I

Parameters in Case study | are taken from Wang and Gosselin’s (1998) study to
validate our PID controller system. These parameters are presented as follows.

[0.08 O 0
L,=1 0 008 0 ] kg m?
L 0 0 0.08
[0.00625 0 0
I, = 0 0.00625 0] kg m?
0 0 0

Iy

0.00625 0 0
0 0.00625 0| kg m?
0 0 0

my, = 1.5kg,m,. =0.1kg,m, =01kg

d, =05m,d, =0.5m

Initial positions of the moving platform are given as following;
P(0)=[-15 0 1 0 0 o]

Desired trajectories of the moving platform are given as following;

(—1.5 + 0.2sin(wt)
0.2sin(wt)

P(t) = 1 + 0.2sin(wt)

0

0

0

Where w = 3rad/s

5.2.1.1 Results and Discussion of Case Study I

It is observed that the rotation error about x and y axes are less than 2x107 rad and in
z axis is less than 10 rad. Translation error about x and y axes are less than 10* m
and about z axis is less than 10 m. Position and orientation errors of the moving
platform may be reduced by means of increasing PID controller constants. Oscillation
occurred in rotation about x and y axes, may be decreased by increasing the derivative
constant. But, it definitely increases the response time of the system. Orientation and
position of the moving platform for the desired and actual trajectories are shown in
Figure 5.5 (a-f).
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Figure 5.5 Desired and Actual Trajectories of the System for Case Study | (a-f)
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5.2.2 Case Study Il

In Case study Il, mass moment of inertia of the legs and the moving platform and their
mass are taken from Section 4.2.

Initial positions of the moving platform are given as following;
P0O)=[-15 0 1 0 0 o0]"
Desired trajectories of the moving platform are given as following;

—1.5
0
1
P(t) = 0
0
10.35sin(wt)

Where w = 3rad/s

5.2.2.1 Results and Discussion of Case Study 11

According to control results, it is observed that the rotation error about X, y and z axes
are less than 10 rad. Translation error about x and y axes are less than 10 m and
about z axis is less than 10 m. PID constants in the second case study have higher
than the first case study due to the fact that the mass of the system is increased. The
settling time in translation about z axis and in rotation about y axis can be decreased
by using high proportional constant value. However, oscillation of the system is
increased due to high proportional constant. Orientation and position of the moving

platform for the desired and actual trajectories are shown in Figure 5.6 (a-f).
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Figure 5.6 Desired and Actual Trajectories of the System for Case Study Il (a-f)
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5.2.3 Case Study 111

In the case study 111, values of mass moment of inertia of the legs and moving platform
and their mass are not changed. Only initial positions of the moving platform and the

desired trajectories of the moving platform are taken as followings
Initial positions of the moving platform given as following;
P0O)=[-13 02 12 0 0 o0]”

Desired trajectories of the moving platform given as following;

-1.5
0
1
P(t) = 0
0
10.35sin(wt)

Where w = 3rad/s

5.2.3.1 Results and Discussion of Case Study 111

According to control results, it is observed that the rotation error about X, y and z axes
are less than 10 rad. Translation error about x axis is less than 10 m and about y and
z axes are less than 10° m. By increasing integral and derivative constant of the
controller, errors may be decreased and oscillation in rotation about y axis can be
eliminated. However, response time of the system can increase. Orientation and
position of the moving platform for the desired and actual trajectories are shown in
Figure 5.7 (a-f).
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Figure 5.7 Desired and Actual Trajectories of the System for Case Study I11 (a-f)
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5.2.4 Case Study IV

In the case study 1V, values of mass moment of inertia of the legs and moving platform
and their mass are not changed. Only initial positions of the moving platform and the

desired trajectories of the moving platform are taken as followings
Initial positions of the moving platform are given as following;
P0O)=[-13 02 12 0 0 o0]”

Desired trajectories of the moving platform are given as following;

(—1.5 4+ 0.1sin(wt))
0
1
0.1sin(wt)
0
1

P(t) =

where w = 3rad/s

5.2.4.1 Results and Discussion of Case Study 1V

According to control results, it is observed that the rotation error about X, y and z axes
are less than 107 rad. Translation error about x axis is less than 10 m, about y axis is
less than 10° m and z axis is less than 102 m. In order to provide the system
stabilization, integral and derivative constants in rotation about x and y axes can be

increased and they can reduce steady state error.

Moreover, to decrease response time in translation and rotation about z, proportional
constants can be increased. But, it can cause increasing the oscillation of the system.
Therefore, to achieve the control of the system for these trajectories, proper PID
constants should be used. Orientation and position of the moving platform for the

desired and actual trajectories are shown in Figure 5.8 (a-f).
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Figure 5.8 Desired and Actual Trajectories of the System for Case Study IV (a-f)
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5.3 PID Control of the System with Linear Motor

In this section, the control of the system with linear motors is carried out using PID
control in MATLAB/Simulink. Linear motor transfer function block is obtained using
dynamic equations of the linear motor, which are presented in chapter 4 equations
(4.27-4.29). PID controller is connected to transfer function block. This block provides
necessary forces to the legs (I, 15, ... lg) to perform desired trajectory of the moving
platform. System dynamic model as shown in Figure 5.9

Leg Lengths Force(F1._F&)
Cut1 In1 Outt » In1
Lerror

Out1 Qut2 In2 Out2 » In2
gﬂ:g out3 N3 Out3 > In3
Outd M ou N4 Outd piing  OUl Bin1 Outlf—oy
Outs
Out Cut5 In5 Outs - In5

Outé In6 Quts P IN6

Desired Moving Platform

Inverse Kinematic PID Linear Motor System Dynamic Model

Position Transfer Function
Leg Lengths
Out1

Out2
outs Actual Platform Position

outs 'Mpe

Outs
Qute
Inverse Kinematics

Figure 5.9 System Block Diagram with Linear Motors

Linear motor transfer function can be obtained as follows.

F(s) = Kfi(s) (5.3)
ms?x(s) + Bsx(s) = F(s) (5.4)
K,sx(s) + (R + Ls)i(s) =V (s) (5.5)
K,sx(s) + (R + Ls)@ =V(s)

Ky

K,s R+ Ls

F(s) —2+gs T K, =V(s)
Where
F(s) K;(ms?® + Bs)

V(s) mLs3+ (BL+ Rm)s? + (K;K, + RB)s (5.6)

The Simulink block diagram of the function is presented as shown in Figure 5.10.
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Figure 5.10 Linear Motor Transfer Function Block

Three case studies are implemented to verify the proposed system control with respect
to different desired trajectories by using linear motors (with linear motor transfer

function) as follows.

5.3.1 Case Study I

In the case study I, mass moment of the inertia of the legs and platform and their mass
values, which are presented in chapter 4, are used to carry out control of the system

with linear motors.

Initial positions of the moving platform are given as following;
P(0)=[-15 0 1 0 0 o]

Desired trajectories of the moving platform are given as following;

(—1.5 + 0.1sin(wt)
0.2sin(wt)

P(t) = 1 + 0.2sin(wt)

0

0

0

Where w = 3rad/s

5.3.1.1 Results and Discussion of Case Study |

According to control results, it is observed that the rotation error about x axis is less
than 107 rad and about y and z axes are less than 10 rad. Translation error about x
and y axes are less than 10* m, about z is less than 10 m. Position and orientation
error of the moving platform can be diminished by increasing integral constant value.
Oscillation occurs in rotation about x, y and z axes can be prevented by enhancing the
derivative constant to create damping effect. It can increase the system response.
Orientation and position of the moving platform for the desired and actual trajectories

are shown in Figure 5.11 (a-f).
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5.3.2 Case Study Il

In the case study I, values of mass moment of inertia of the legs and moving platform
and their mass are not changed. Only initial positions of the moving platform and the

desired trajectories of the moving platform are taken as followings
Initial positions of the moving platform are given as following;
P0O)=[-13 02 12 0 0 o0]”

Desired trajectories of the moving platform are given as following;

-1.5
0
1
P(t) = 0
0
10.35sin(wt)

Where w = 3rad/s

5.3.2.1 Results and Discussion of Case Study 11

According to control results, it is observed that the rotation error about x and y axes
are less than 107 rad and about z axis is less than 10 rad. Translation error about x
and y axes are less than 107 m, about z axis is less than 10 m. Proportional constant
can be increased to compensate system error in rotation about z axis and to decrease
response time of the system. However, oscillation of the system may increase due to
higher proportional constant. Orientation and position of the moving platform for the

desired and actual trajectories are shown in Figure 5.12 (a-f).
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5.3.3 Case Study 111

In the case study 111, values of mass moment of inertia of the legs and moving platform
and their mass are not changed. Only initial positions of the moving platform and the
desired trajectories of the moving platform are taken as followings

Initial positions of the moving platform are given as following;

P(0)=[-13 02 12 0 0 0]
Desired trajectories of the moving platform are given as following;

(—1.5 4+ 0.1sin(wt))
0
_ 1
P = 0.1sin(wt)
0
0

Where w = 3rad/s

5.3.3.1 Results and Discussion of Case Study 111

According to control results, it is observed that the rotation error about X, y and z axes
are less than 107 rad. Translation error about x is less than 10 m, about y axis is less
than 4x10* m and about z axis is less than 10 m. In rotation about z axis occurs limit
cycle due to high stiffness of the mechanism. It can be eliminated by increased
damping effect of the system. But, this process may increase response time of the
system in other axis. Because of that, in order to provide optimum control of the
mechanism, proper PID constants should be used. Orientation and position of the

moving platform for the desired and actual trajectories are shown in Figure 5.13 (a-f).
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CHAPTER 6
CONCLUSIONS

In this study, analysis and design of the Stewart platform was carried out using linear
motors. In the kinematic analysis, the inverse kinematic method was used to obtain
position, velocity and acceleration of the mechanism. Moreover, velocity vector of the
links was acquired by using inverse Jacobian matrix. The velocities of the upper and
lower parts of leg and angular velocity of the actuator were obtained separately. In the
dynamic analysis, the leg dynamic and moving platform dynamic were performed to
obtain equation of motion of the mechanism by using Lagrange and Newton-Euler
methods. It was concluded that these methods not only give more accurate results but
also simple way to solve the system dynamics. In order to perform dynamic simulation,
a MATLAB code was developed to compute the force of each leg according to
prescribed trajectories. Dynamic simulation was performed both with and without
inertia of the lower part of the leg and it was observed that the effect of the lower part

inertia increase for high mass values.

In addition, linear motor dynamics was presented to derive transfer function and this
function was used for system control. In the control stages, PID control of the
mechanism was implemented in two ways in MATLAB/Simulink; the first stage was
performed without linear motors and the second stage was performed using linear
motors. Mathematical model block was obtained using equation of motion of system
and inverse kinematic blocks were developed to compute the legs displacements error.
Using proper PID constants, position control of the mechanism was implemented with
respect to planned trajectories. According to case studies results, it was observed that
the position errors were very small and system indicated good stability and
performance in the first stage. The second stage was also carried out and the results
are quite accurate. However, PID constants have higher value according to first stage,
it was concluded that these higher values may originate because of non-linearity of the

linear motor.
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RECOMMENDATIONS FOR THE FUTURE WORK

In this study, PID control of the Stewart platform was performed by using linear
motors. Application of an adaptive control to the linear motor an each leg can be
performed due to change of forces. Comparison of the efficiencies of linear and DC
motors can be carried out to drive a Stewart platform. Simmechanics can be used to
perform control of the system and to implement the simulation of the mechanism.
Further, to simplify the dynamic equation of the linear motor, friction, ripple and
disturbance forces were not taken into account but in order to obtain more accurate
results, new computations can be performed by taking into account these forces.
Workspace and singularity problem is the most important for the parallel mechanism.
To prevent singularity and to develop workspace of the system, new algorithms or new
design can be improved. Due to the loads on the legs of the mechanism, stress analysis

(buckling, bending etc.) can be performed.
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APPENDICES

Appendix A

Following properties related skew symmetric matrices are used for derivation of the

equations.
al = —,
ard; =1—uul
ulu; =1
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l

) d (Li> Lily = Lil;  qPL—Laulg? ¢PU—unl) alg
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The following equations are enables to derive M1 with respect to time.
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The equation of My is separated in three part to simplify the arrangement of the

equations.

From the following equations (a), (b) and (c), Equation (4.7) is obtained.

2 3 . .
d ( d ) = (1 _ @) dply  2dpuiq? . 2d§uiquBI

—(1--F 2 1T 2 3
de\" L) I I; I;

d dp ’ T ngu’qulB T dp : a’lral “B..T az"al . B ’
%<_ (T) Uiu; _Tuiui - (T) ll' q;u; +u; li q; A.8

Then, we arrange the M to take derivative with respect to time and obtain equation
(4.8).
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Finally, derivative of M3 is taken with respect to time and equation (4.9) is obtained.
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Appendix B

Using following equations, Equation (4.11) can be simplified. Equation (4.12) can be

obtained.
oLt
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Appendix C

MATLAB Codes

clear all ;clc

% Kinematic Equations of the Stewart Platform

syms t

a=input(‘enter the rotation angle about the x axis a=');
adot=diff(a);

addot=diff(adot);

b=input(‘enter the rotation angle about the y axis b=");
bdot=diff(b);

bddot=diff(bdot);

g=input(‘enter the rotation angle about the z axis g=");
gdot=diff(g);

gddot=diff(gdot);

% t is the translational vector between the origin of base and platform
tx=input(‘'enter the translational vector in x direction tx=");
txdot=diff(tx);

txddot=diff(txdot);

ty=input(‘enter the translational vector in y direction ty=");
tydot=diff(ty);

tyddot=diff(tydot);

tz=input('enter the translational vector in z direction tz=");
tzdot=diff(tz);

tzddot=diff(tzdot);

t=input(‘enter the time value to calculate the functions t=');
txyz=[tx1;tyl;tz1];

tdot=[txdot1;tydot1;tzdot1];
tddot=[txddot1;tyddot1;tzddot1];

% rotational matrix wrt base platform
ax=cos(gl)*cos(bl);

ay=sin(gl)*cos(bl);

az=-sin(bl);

bx=cos(g1)*sin(bl)*sin(al)-sin(gl)*cos(al);
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by=sin(g1)*sin(b1)*sin(al)+cos(gl)*cos(al);
bz=cos(bl)*sin(al);
cx=cos(gl)*sin(bl)*cos(al)+sin(gl)*sin(al);
cy=sin(gl)*sin(bl)*cos(al)-cos(gl)*sin(al);
cz=cos(bl)*cos(al);
R=[ax bx cx;ay by cy;az bz cz];
% angular velocity of the moving platform wrt base platform
wx=adot1+sin(b1)*gdotl;
wy=bdot1*cos(al)-sin(al)*cos(bl)*gdotl;
wz=bdot1*sin(al)+cos(al)*cos(bl)*gdotl;
w=[wx;wy;wz];
% skew symmetric form of the angular velocity
ws=[0 -wz wy;wz 0 -wx;-wy wx 0];
% angular accelaration of the moving platform
wxdot=addot1+sin(bl)*gddot1+bdot1*cos(bl)*gdotl,;
wydot=bddot1*cos(al)-sin(al)*cos(bl)*gddotl-adot1*sin(al)*bdot1-
adot1*cos(al)*cos(bl)*gdotl+bdotl*sin(bl)*sin(al)*gdotl;
wzdot=bddot1*sin(al)+cos(al)*cos(bl)*gddot1l+adotl*cos(al)*bdotl-
adotl*sin(al)*cos(b1l)*gdotl-bdotl*sin(bl)*cos(al)*gdotl;
wdot=[wxdot;wydot;wzdot];
% Generalized velocity and accelaration of the platform frame
P=[txyz;al;bl;g1];
Pdot=[tdot;w];
Pddot=[tddot;wdot];
% qi/p and bi are the coordinate of the upper and lower junction points,respectively
for i=1:6
% moving platform coordinates
fprintf('%d. cordinate ‘i)

x1=input(‘enter the position of the xp=");

yl=input('enter the position of the yp=");

z1=input('enter the position of the zp=");

theate_p=input('enter the angle of the upper point wrt platform coordinate=");

x1=rp*cosd(theate_p);

yl=rp*sind(theate_p);
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z1=input(‘enter positon of the zp=");
qp=[x1;y1;z1];
% skew symmetric matrix form of platform coordinate
qps=[0 -z1 y1;z1 0 -x1;-y1 x1 0];
% base platform coodinates
fprintf('%d. cordinate ',i)
x=input(‘enter the position of the xb=");
y=input(‘enter the position of the yb=");
z=input('enter the position of the zb=");
bi=[x;y;z];
% qi/B is the position vector wrt base platform
gb=txyz+R*qp;
% Li is the position vector of the leg
Li=qgb-bi;
% li is the length of the leg
A=Li(1,1);
B=Li(2,1);
C=Li(3,1);
li=sgrt(An2+B"2+C"2);
% unit vector of the leg in the direction of Li
u=Lili;
% skew symmetric form of the unit vector
us=[0 -u(3,1) u(2,1);u(3,1) 0 -u(1,1);-u(2,1) u(1,1) O;
if i==1
qpl=qp;
qps1=qps;
ul=u;
usl=us;
11=li;
bli=bi;
else if i==
qp2=qp;
qps2=qps;
uz2=u,
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us2=us;
12=li;
b2i=bi;
else if i==
qp3=qp;
qps3=qps;
u3=u,
us3=us;
13=li;
b3i=bi;
else if i==
qp4=ap;
qps4=qps;
ud=u;
us4=us;
14=li;
b4i=bi;
else if i==
qp5=ap;
qps5=qps;
us=u;
usb=us;
15=li;
b5i=bi;
else if i==6
qp6=ap;
qps6=qps;
u6=u,
us6=us;
16=li;
b6i=bi;
break
end

end
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end
end
end
end
end
% inverse Jacobian matrix
J=[ul'  (R*gpsl*(R)*ul);u2'  (R*qgps2*(R")*u2);u3’"  (R*gps3*(R’)*u3)’;u4’
(R*gps4*(R)*u4)’;u5’ (R*qps5™(R’)*ud)’;u6" (R*qps6™*(R)*u6);
% velocity of the link is obtained by using Jacobian matrix
Ldot=J*Pdot;
% qi/B velocity vector wrt base platform(generalized coordinate)
I=[100;010;001];
gbdot1=[l R*(gpsl)*R']*Pdot;
gbdot2=[l R*(gps2")*R']*Pdot;
gbdot3=[I R*(gps3")*R']*Pdot;
gbdot4=[l R*(gps4")*R']*Pdot;
gbdot5=[I R*(gps5")*R']*Pdot;
gbdot6=[lI R*(qps6")*R']*Pdot;
% qi/B accelaration vector wrt base platform(generalized coordinate)
gbddot1=[l R*(gpsl)*RT*Pddot+(ws*ws*R*qpl);
gbddot2=[1 R*(gps2)*RT*Pddot+(ws*ws*R*qp2);
gbddot3=[l R*(gps3)*RT*Pddot+(ws*ws*R*qp3);
gbddot4=[1 R*(gps4")*RT*Pddot+(ws*ws*R*qp4);
gbddot5=[1 R*(gps5)*RT*Pddot+(ws*ws*R*qp5);
gbddot6=[1 R*(gps6')*RT*Pddot+(ws*ws*R*qp6);
% wact is the velocity of the actuator
wml=(usl*gbdotl)/11;
wm2=(us2*gbdot2)/12;
wm3=(us3*gbdot3)/13;
wmd=(us4*gbdot4)/14;
wmb=(us5*gbdot5)/15;
wm6=(us6*gbdot6)/16;
% velocity of the moving part of the leg

dp=input(‘enter the distance of the moving part of the leg=");
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Vml=(1+((dp*usl*usl)/I1))*qbdotl;
Vm2=(1+((dp*us2*us2)/12))*qbdot2;
Vm3=(1+((dp*us3*us3)/13))*qbdot3;
Vm4=(1+((dp*usd*us4)/14))*qbdot4;
Vm5=(1+((dp*us5*us5)/15))*qbdot5;
Vm6=(1+((dp*us6*us6)/16))*qbdot6;

% velocity of the rotating part of the leg

db=input(‘enter the distance of the rotating part of the leg=");
Vrl=((db*(usl’)*usl)/I1)*gbdotl;
Vr2=((db*(us2")*us2)/12)*gbdot2;
Vr3=((db*(us3")*us3)/I3)*gbdot3;
Vra=((db*(us4")*us4)/14)*gbdot4;
Vr5=((db*(us5")*us5)/I5)*gbdot5;
Vr6=((db*(us6")*us6)/16)*gbdot6;

% Dynamic Equation of the Stewart Platform
Ir=input(‘enter the mass moment of inertia of rotating part=");
Im=input(‘enter the mass moment of inertia of moving part=");
Ip=input(‘enter the mass moment of inertia of platform=");
Mr=input(‘enter the mass of the rotating part=");
Mm=input(‘enter the mass of the moving part=";
Mp=input(‘enter the mass of the platform=");

0=[0;0;-9.81];

% center point coordinate of the platform
theate_cont=input(‘enter the control point angle wrt reference coordinate=");
rc=input(‘control point radius=");

xc=rc*cosd(theate_cont);

yc=rc*sind(theate_cont);

zc=0;

qc=[xc;yc;zc];

gcs=[0 -zc yc;zc 0 -xc;-yc xc 0];

% gravitational force for rotating and moving part of the leg
FMm1=(l+((dp*usl*usl)/I1))*Mm*g;
FMm2=(1+((dp*us2*us2)/12))*Mm*g;
FMm3=(1+((dp*us3*us3)/13))*Mm*g;
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FMm4=(1+((dp*us4*us4)/14))*Mm=*g;
FMm5=(1+((dp*us5*us5)/15))*Mm*g;
FMm6=(1+((dp*us6*us6)/16))*Mm=*g;
FMr1=((db*(usl’)*usl)/11)*Mr*g;
FMr2=((db*(us2")*us2)/12)*Mr*g;
FMr3=((db*(us3")*us3)/13)*Mr*g;
FMr4=((db*(us4")*usd)/14)*Mr*g;
FMr5=((db*(us5")*us5)/15)*Mr*g;
FMr6=((db*(us6')*us6)/16)*Mr*g;

% Lagrange formulation three (M1,M2,M3) parts
M11=((1+((dp*usl*us1)/I1)))*Mm*(I+((dp*usl*usl)/I1));
M212=((1+((dp*us2*us2)/12)))*Mm*(I+((dp*us2*us2)/12));
M13=((1+((dp*us3*us3)/13))")*Mm*(I+((dp*us3*us3)/13));
M14=((1+((dp*usd*us4)/14)))*Mm*(I+((dp*usd*usd)/14));
M15=((1+((dp*us5*us5)/15))")*Mm*(I+((dp*us5*us5)/I5));
M16=((1+((dp*us6*us6)/16))")*Mm*(I+((dp*us6*us6)/16));
M21=(((db*(us1")*us1)/11)")*Mr*((db*(us1’)*usl)/I1);
M22=(((db*(us2")*us2)/12)")*Mr*((db*(us2")*us2)/12);
M23=(((db*(us3")*us3)/13)")*Mr*((db*(us3")*us3)/13);
M24=(((db*(us4")*us4)/14)")*Mr*((db*(us4")*us4)/14);
M25=(((db*(us5')*us5)/15)")*Mr*((db*(us5')*us5)/15);
M26=(((db*(us6")*us6)/16)")*Mr*((db*(us6")*us6)/16);
M31=(((us1)*usl)/(1172))*(Ir+Im);
M32=(((us2)*us2)/(12°2))*(Ir+Im);
M33=(((us3")*us3)/(1372))*(Ir+Im);
M34=(((us4")*usd)/(14°2))*(Ir+Im);
M35=(((us5")*usb)/(1572))*(Ir+Im);
M36=(((us6")*us6)/(1672))*(Ir+Im);

% Coriolis-Centrifugal equation for the legs
B1=((dp*Mm)/(1172))*(u1*(gbdot1")*(usl)*usl+(ul’)*qbdot1l*(usl’)*usl+(usl’)*us
1*gbdotl1*(ul"))
(((dp™2)*Mm+(db”2)*Mr)/(1173))*((u1)*gbdot1*(usl’)*usl+(usl’)*usl*gbdotl*(ul
)-(2*(Ir+1m))/(1173))*((us1)*usl*gbdot1*(ul'));
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B2=((dp*Mm)/(12"2))*(u2*(gbdot2")*(us2')*us2+(u2')*gbdot2*(us2') *us2+(us2"')*us
2*gbdot2*(u2'))-
(((dp"2)*Mm+(db”2)*Mr)/(12°3))*((u2")*gbdot2*(us2')*us2+(us2')*us2*gbdot2*(u2
N-((2*(Ir+1m))/(1273))*((us2')*us2*qbdot2*(u2"));
B3=((dp*Mm)/(13”2))*(u3*(gbdot3")*(us3')*us3+(u3’)*gbdot3*(us3') *us3+(us3‘)*us
3*gbdot3*(u3"))-

(((dp™2)*Mm=+(db”2)*Mr)/(1373))*((u3')*gbdot3*(us3') *us3+(us3')*us3*qbdot3*(u3
N-((2*(Ir+1m))/(1373))*((us3")*us3*qbdot3*(u3"));
B4=((dp*Mm)/(1472))*(u4*(qbdot4")*(us4’)*usd+(ud’)*gbdotd*(us4')*usd+(us4’)*us
4*gbdot4*(ud"))-
(((dp"2)*Mm+(db”2)*Mr)/(1473))*((u4")*gbdot4*(us4’) *usd+(us4') *usd*gbdotd*(u4
N-((2*(Ir+1m))/(1473))*((us4") *usd*gbdotd*(ud’));
B5=((dp*Mm)/(15"2))*(u5*(gqbdot5")*(us5’)*us5+(u5’)*gbdot5*(us5’) *us5+(us5’) *us
5*gbdot5*(u5"))-
(((dp"2)*Mm+(db”2)*Mr)/(15°3))*((u5") *gbdot5*(us5') *us5+(us5’)*uss*gbdot5*(us
)-((2*(Ir+1m))/(1573))*((us5’)*us5*gbdot5*(u5"));
B6=((dp*Mm)/(16"2))*(u6*(gbdot6")*(us6’)*us6+(u6’)*qbdot6*(us6")*us6+(us6’)*us
6*qbdot6*(u6"))-
(((dp2)*Mm+(db”2)*Mr)/(16"3))*((u6")*gbdot6*(us6’)*us6+(us6’)*us6*gbdot6*(u6
)-((2*(Ir+1m))/(1673))*((us6’)*us6*gbdot6*(u6'"));

% platform equation Bp for the platform

a0=[000;000;0007;

Bp=[a0 a0;a0 ws*R*Ip*(R"];

% total Coriolis-Centrifugal equation (B)
B_total=[I;R*qps1*(R")]*B1*[I;R*(gpsl’)*(R")]*Pdot+[I;R*qps2*(R")]*B2*[I;R*(qp
s2)*(R")]*Pdot+[1;R*gps3*(R")]*B3*[I;R*(qps3)*(R")]*Pdot+[I;R*qps4*(R")]*B4*[
I;R*(gps4")*(R")]*Pdot+[I;R*gps5*(R")]*B5*[I;R*(qps5")*(R")]*Pdot+[I;R*qps6*(R’
)]*B6*[I R*(qps6’)*(R’)]*Pdot;
M_total=[I;R*qps1*(R")]*(M11+M21+M31)*ws*ws*R*qpl+[l;R*qps2*(R")]*(M12
+M22+M32)*ws*ws*R*qp2+[I;R*gps3*(R")]*(M13+M23+M33)*ws*ws*R*qp3+[|
;R*gpsd*(R)]*(M14+M24+M34)*ws*ws*R*gp4+[I;R*gps5*(R")]*(M15+M25+M3
5)*ws*ws*R*qp5+[I;R*qps6*(R")]*(M16+M26+M36)*ws*ws*R*qp6;
BPdot=Bp*Pdot+B _total+[Mp*I;Mp*R*(qcs')*(R")]*(ws*ws*R*qc)+M _total,

% platform inertia
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MP=[Mp*I Mp*R*qcs*(R");Mp*R*qcs*(R") Mp*R*qcs*(gcs’)*(R")+R*Ip*(RY];

% Leg Inertia (M)

M_tot=[I;R*gps1*(R")]*(M11+M21+M31)*[I R*(gpsl)*(R")] + [I;R*gps2*(R")] *
(M12+M22+M32) * [I R*(gps2)*(R)] + [I;R*gps3*(R)]*(M13+M23+M33)*[I
R*(qps3)*(R)] + [I;R*gps4*(R)] * (M14+M24+M34)*[I R*(gpsd)*(R)] +
[LR*gps5*(R)] * (M15+M25+M35)*[I R*(gps5)*(R)] + [I;R*gps6*(R")]
*(M16+M26+M36) * [I R*(gps6)*(R)];

M=MP+M _tot;

% Gravity part of equation of motion
K_tot=[I;R*gps1*(R)]*(FMm1+FMrl)+[l;R*qps2*(R")]*(FMm2+FMr2)+[I;R*qps3
*(R)]*(FMm3+FMr3)+[1;R*qps4*(R)]*(FMm4+FMr4)+[I;R*qps5*(R’)]*(FMm5+
FMr5)+[1;R*qps6*(R")]*(FMm6+FMr6);

K=-[Mp*gr;Mp*R*qcs*(R")*gr]-K_tot;

% general equation of motion of the Stewart Platform

JF=M*Pddot+BPdot+K;

fprintf('The force value for %d.t value',k);

F=inv(J')*JF
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