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Abstract

Stewart platform is a mechanism with six degree of freedom. Because of its
feature of parallel structure, Stewart platform offers higher force-to-weight ratio,
higher stiffness and control accuracy over conventional serial manipulator. This thesis
presents a study of a driving simulator based on Stewart platform. The main purpose
isto make simulation more realistic without driving out of its limited workspace. This
thesis presents a car dynamic model, washout filter, and inverse dynamics of Stewart
platform. First, goa is to make sureofisthe driving situation and obtain the
corresponding motion trgjectory of Stewart platform through washout filter; secondly
to figure out six actuators' external |0ad force by inverse dynamics and make sure that
it's under the maximum power which hydraulic system can offer. Finally, a PID
controller will be designed to obtain good-performance when actuator moves under
high load. Simulation results show the applicability of the proposed method.
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Chapter 1

| ntroduction

1.1 Motivation

Motion simulators integrated with the technology of virtual reality and motion
platform are widely used in military simulation, entertainment, education training, etc.
It is convenient and safe that training courses won't be limited by the factor of
weather or location. And simulation situation can be changed if needed. For training
pilot to operate some expensive or huge transportation, motion simulators have the
function of decreasing training cost and shortening training time.

The main purpose of this thesisis to design a driving simulator base on Stewart
platform. Simulation can be felt realistic if motion platform can move what a vehicle
does. In this way, Pilot can feel the same motion sensation of linear or rotation by
moving platform as driving a car when: pilot:eperates simulator. However, workspace
of Stewart platform is limited. In‘order to.give pilot motion sensation as redlistic as
possible and simplify the motion trajectory ‘without driving out of workspace of
Stewart platform, washout filter is the key point. ‘Besides, the summation of six
actuators' force can’t exceed the maximumrpower which hydraulic system can offer
during motion process. The force'can be viewed as externa disturbance force of six
actuators. We need to design a controller that Stewart platform offers good
performance under this high disturbance force.

1.2 Literature review

The Stewart platform is a six-degree-of-freedom mechanism with upper and lower
platforms connected together by six extensible actuators. Originaly, it is proposed by
Stewart [1] in 1965 as a flight simulator. Because of the parale structure of the
Stewart platform, it has the advantages of higher strength-to-weight ratios, stiffness,
high precision positioning capability, and simple inverse kinematics as compared to
conventional open-chain serial manipulators. Contrarily, it has small workspace, low
maneuverability, and complex forward kinematics. In last decades, the research about
the Stewart platform can be listed as follows

(1) In 1984, Yang and Lee [2] presented the inverse kinematics of the Stewart
platform.



(2) In 1986, Fichter [3] derived the kinematic equations of the Stewart platform and
stated the condition of singularity along with the enumeration of a few singular
configurations.

(3) In 1988, Do and Yang [4] solved the inverse dynamics for the Stewart platform by
the Newton-Euler approach assuming the joints as frictionless and legs as
symmetrical and thin.

(4) In 1991, Liu [5] developed Lagrangian equations of motion under some
simplifying assumptions regarding the geometry and inertia distribution of the
mani pul ator.

(5) In 1991, Nguyen, Zhou, and Antrazi [6] used Newton-Raphson method to solve
the forward kinematics of the Stewart platform addressing the problem of efficient
computation. They also developed the transformation, Jacobian matrix, which
transforms the actuator lengths into the Cartesian position and orientation of the
payload platform with respect to the base platform.

(6) In 1993, Liu, Fitzgerald, and Lewis [7] proposed a simplified algorithm which
involves only three nonlinear simultaneous equations to solve the forward
kinematics of Stewart platform.

(7) In 1993, Ji [8] considered the'effect of leg.inertia of the dynamics of the Stewart
platform.

(8) In 1998, Dasgupta and Mruthyunjaya [9] developed an efficient inverse dynamics
formation, gravity and viscous frictionforces at the joints for the Stewart
platform.

Besides the Stewart platform, motion cueing algorithm, the so-called washout
filter, also plays an important role in driving simulator. In 1997, Grant and Reid [10]
discussed the tuning rules and requirements of the coefficients of the washout filter.
Nahon and Reid [11] presented a comparison of three different kinds of washout filter
from the designer’s viewpoint.

1.3 Brief sketch of the contents

The reminder of the thesisis organized as follows. First, kinematics and dynamics
of Stewart platform are included in chapter 2. Chapter 3 describes the principle of
washout filter and two half-car dynamic model. Chapter 4 provides eletro-hydraulic
system, the simulation blocks of a driving ssimulator, and the simulation results.
Finally, conclusions are given in chapter 5.



Chapter 2

Kinematics and dynamics of Stewart platform

Fig. 2-1 The Stéwart Platform
2.1 Preface

Fig. 2-1 and 2-2 show the Stewart Platform which mainly consists of a base
platform, a payload platform, and'six linear actuaitoﬂrs. In this chapter, we will give a
detailed description of the inverse kinematics [2]; the forward kinematics [6], and the
inverse dynamics of Stewart- Platform [9] as folilows The inverse kinematics
determines the required actuator Ier‘jgt'hsrmr a.given configuration of Cartesian
position and orientation of payload platform with f&epect to the base platform. The
forward kinematics transforms the actuator length into the Cartesian position and
orientation of the payload platform with respect to the base platform. Finally, the
inverse dynamics of the Stewart Platform has been formul ated.

2.2 Inverse Kinematics|[2]

Fig. 2-2 The Stewart Platform frame assignments



This section deals with the inverse kinematics of the Stewart Platform. As shown
in Fig. 2-2, frame assignment to the platform is demonstrated that two coordinate
frames{P}, and { B} are assigned to the payload and base platforms, respectively. The
origin of frame {B} islocated at the center of the payload platform. And the origin of
frame {B} is located at the center of the base platform. The Cartesian variables are
chosen to be the relative position and orientation of frame { P} with respect to frame
{B}. And the position of frame {P} is specified by the position of its origin with
respect to frame {B}. Then, we can define vector °p =[p, p, p,]' asthe
position of the attachment point p, with respect to frame {P}, and vector
°B, =[b, b, b,]" as the position of the attachment point B, with respect to
frame {B} fori =1, 2,...,6. We continue to consider the vector diagram as shown in
Fig. 2-3. The platform connection point p, can be transformed to base frame by use
the platform trandlation, t, and rotation matrix, R, relative to the base as

®p, =R’p, +t (2.2)
Then, the leg vector, S,, can be found from the difference of the position vectors of
the platform point and the base point. Thus, we obtain

Pax X b4x u, X b4x u, +X- b4x
S, =RPp, +t =B, =R-| Py, [HLY = Bay [F1Va || Y || sy [=| Vs +Y—Dy,
Pa, z b4z W, z b4z W, +2Z- b4z

(2.2)

L, =[S,] = \/(u4 +x-b,, ) +(v4 ¥ y—b4y)2 +(w, +z-b,,) (2.3)

]
I
I K v
! ]
]

Fig. 2-3 Vector diagram



Equation (2.3) represents the closed-form solution to the inverse kinematics
problem. And the actuator length |, can be determined by equation (2.3) for i = 1,
2,... ,6. The orientation of frame {P} with respect to frame {B} described by the
orientation matrix, R, in(2.1) isgiven by

CoSf-cosy+Sina-sinf-siny  —cosf-siny+sSina-sinf-cosy cosa -sin
R = cosa -Siny COS« - COSy —Sna
—sinf-cosy+sSina-cosp-siny sSinf-siny+sina-cosf-coSy  COSa - COS 3

(2.4
Angle, a, S, and y represent the orientation of frame {P} with respect to frame
{B} about X, Yz, and Z_, axes respectively. Finaly, we apply the inverse
kinematics to find out the workspace of the Stewart Platform. Because of the
difference between the mechanical structures of each Stewart Platform, the workspace
is different. The Stewart Platform we bought is not a sphere. The upper-half
workspace and vertical view are shown in Fig. 2-4 and Fig 2-5, respectively.
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Fig. 2-4 The upper-half workspace of Stewart Platform

Fig. 2-5 The vertical view of the Stewart Platform



2.3 Forward Kinematics [6]

This section deals with the forward kinematics which transforms the actuator
lengths |, fori=1,2, ... 6into the Cartesian position and orientation of the payload
platform with respect to the base platform. The forward kinematics can be considered
as to find a Cartesian position specified by x, y, z and an orientation specified by
angle « p and y to satisfy equation (2.3) for aset of actuator lengths |, fori =
1, 2, ... 6. Usually, there is no closed-form solution for the problem since there are six
nonlinear equations with six unknowns. But we know the initial Cartesian position
and orientation before the platform is working, Newton-Raphson method is
practicable. In the following, we will present the Newton-Raphson method for solving
the forward kinematics.

From equation (2.3) we can define 6 functions

f.(8)=(u+x-b, ) +(v+y-b,f +(w+z-b,)’ -L>=0 (2.5)

fori=1,2,... 6. And thevector a isdefined as

a=[x y z a B I (2.6)
that is the Cartesian position and grientation we want to solve. Then, follows the
following stepsto solve for the equation (2.5)

Sep 1. Get the initial Cartesian position‘and arientation
Sep 2. Compute the rotation matrix R and u- +Vv, W inequation (2.2) fori =1,

2,...6

Sep 3. Compute F = f;(a) and Z; :sf—‘ using equation (2.5) fori,j =1, 2,..., 6.
a

J
Step 4. Compute Z ' * F . If the maximum element of Z ™ * F < tolerance, then stop
theiterationand a™ =a-Z"*F
Sep 5. a™ =a-Z"*F andrepeat Steps 1-5

2.4 Inverse dynamics[9]

This section considers the dynamics of the legs and identifies the contribution of
each leg acting on the platform. Then, the dynamics of the platform and solution of
the required leg forces will be determined. The following notations have been used in
this section.

t = trandation vector ( position of platform)
R = rotation matrix ( orientation of platform)
t = linear velocity of reference point of platform



o = angular velocity of platform

t =linear acceleration of reference point of platform
a = angular acceleration of platform

W = angular velocity of theleg

M = massof platform

R, = center of gravity of platform (in platform frame)

|, =moment of inertia of platform(in platform frame)

F.. =external forceonthe platform (in platform frame)

M, = external moment on the platform (in platform frame)

B, =ith base point

k, = stationary axis of theuniversal joint at ith leg

p, =ith platform point (in platform frame)

q =NRp,

T, = rotation matrix giving orientation of ith leg

(my);,(m,), = masses of lower and upper part of ithleg

(r40)i»(ry), = CG of lower and upperqpartof ithleg (inlocal frames)

(140)i» (I ,0); = moments of inertia-of lower and upper part of ithleg (inlocal frame)

g = acceleration dueto gravity

C.,C,, C, = coefficients of viscous frictioninthe universal, prismatic and spherical
joints, respectivey

F. =input forcerequired at ith leg

~
~
~
~
~

~

Fig. 2-6 Details of oneleg



One leg of the Stewart Platform has been shown in Fgi.2-4 with the associated
symbols. Besides two frames, frame { B} and frame {p} mentioned before, two other
frames of reference, namely frame D and frame U, have been shown which are
attached to the lower and upper parts of the legs. Furthermore, the leg index, i, has
been dropped from the equation for convenience in this section. From equation (2.2),
we have known that the platform connection point can be transformed to base frame
as

S=Rp+t-B (2.7
The leg length and the unit vector along the leg are given by

L=|g (2.8)

s=S/L (2.9)

The velocity of the platform connection point is the time derivative of the leg vector
and is given in terms of the platform velocities as

S=wxq+t (2.10)
The dliding velocity between the two parts of the leg can be formulated as
L=s-S (2.11)

Theangular velocity W related to the componentof S perpendicular to thelegis
given as

WxS=S-Ls (2.12)
Take the cross product of the equation(2:12); we obtain
W =sxS/L (2.13)

Thetimederivativeof S isthe acceleration of the platform connection point and is
expressed as

S=axq+ox(@xq)+t (2.14)
Similarly, The time derivative of L isthe sliding acceleration between the upper and
the lower parts of the leg.

L=s-S+LW-W (2.15)

A frame of reference (frame D shown in Fig. 2-4) is attached to the lower part of
the leg with its origin at the base point, x-axis along the leg, y-axis along the rotating
axis (axis fixed to the leg ) and z-axis perpendicular to the x and y axes according to
the right hand rule. Another frame of reference (frame U shown in Fig. 2-4) is
attached to the upper part of the leg with the origin at the platform by the same
orientation rule. The dynamics of the leg have to be transformed to a fixed frame of
reference. And the fixed frame of reference has to be parallel to the base frame at the
base point.



It isjust arotation to transform the moving lower frame to the fixed leg frame.
Thex, y, and z axes of the moving lower frame are
X—axis: X=s

y—axis: §=(kxs)/|kxs

Z—axis: Z=XxV.
And the transformation matrix is
T=[xVy7Z]. (2.16)
It is the same rotation matrix to transformation from the moving upper frame to fixed
leg frame. Then, r,, and r,, present the position vectors of the center of gravity of
the lower and the upper partsin D and U frames. They can also be transformed to the
fixed leg frame as

ry =Try, (2.17)

r,=T(V+r,) (2.18)
where

v=[LO0OQ]". (2.19)
The acceleration of the center of gravity of the two parts are

a; = Axry +Wx(Wxry) (2.20)

a, = Ls+ Axr, +W x (W xr )+ 2LW xs (2.21)
where

A=(sxS-2LW)/L. (2.22)

The moment of inertia, |, of the lower ‘part in its fixed leg frame can be obtained
from its moment of inertia, 1,,, initslocal frame by the rotation transformation

I, =Tl,T". (2.23)

The transformation of the moment of inertia of the upper part involves a rotation as
well as atranglation

|, =T[l,, +m,L2diag(0LDIT" . (2.24)

The moment of viscous friction at the joint is given as

f=C,(W-w). (2.25)
Consider the moments acting on the lower part of the leg in the fixed frame, by
Euler’'s equation, it isgiven as

—myrg xay +myry xg—1,A-WxIW+M;s-rxF,-M -CW=0 (2.26)

where M, is the magnitude of the constraint moment at the upper joint, F, is the



vector force at the prismatic joint exerted by the lower part on the upper part acting at

apoint r, M_ isthevector moment at the prismatic joint acting on the upper part

p

and the moment of viscous friction at the upper joint is the last term in the equation.
Similarly, the upper part of theleg is given by Euler’s equation as

-myr,xa, +mr, xg-1,A-WxI| W+SxF +rxF, +M -f=0 (227)

We can obtain Euler’s equation for the whole leg by combining equation (2.26) and
(2.27) as

—myry xay —myr, xa, + (Myry +mr)xg—(l, +1,)A

-Wx(,+1, )W+M,s+SxF,-CW-f =0

(2.28)
or
M,+SxF,=C (2.29)
where
C=myryxay, +myr,xa, —(myry +mr)xg+{, +1,)A+Wx (I, +1, W+CW+ f
(2.30)

In order to eliminate the unknown scalar_M = from equation (2.29), we can take

cross products with s, then we-can obtain
Sx(SxF)=sxC (2.31)
or

F. = x5+ 25 S xst K (2.32)

where x=s-F, isthe component of theforce F, at thelower joint along theleg
and

Cxs
L
Finally, we take the upper part of the leg into consideration and it is given by
Newton’s equation as

K

(2.33)

-ma, +mg+F,+F,-C,Ls=0 (2.34)

where C, Ls isthe viscous resistance at the prismatic joint.

We can take the dot product of the above equation with s. Then, we can obtain the
component of the above equation in the direction of the leg as

s-F,=m;s-(a,-9)+C,L-s-F, (2.35)

10



We can obtain the actuator force, F , by substituting from equation (2.33) above

F-D-x (2.36)
where
D=m,s-(a,-9)+C,L. . (2.37)

In the proceeding, the complete dynamic equations for a leg have been given. Then,
the dynamic equations for the Stewart Platform will be developed as six linear
equations. First, we take the acceleration and inertia of the platform into consideration.
Let R, be the position vector of the center of gravity of the Stewart Platform with

respect to the local frame, then the same vector with respect to the base frame can be

expressed as

R=%RR,. (2.38)
The acceleration of the center of gravity is

a=axR+wox(wxR)+t. (2.39)

The moment of inertia, |, of the Stewart Platform can be transformed to the global
basis as
| =9I KT . (2.40)
From Newton’s equation, the equation for the Stewart; Platform can be written as
- Ma+ Mg+ RF_, —ZGZ(FS)i =00 : (2.41)
i=1

We can express the equation in different' way by substituting (F.); from equation
(2.32)

Zslxi8.=9?Fm+M(g—a)+ZG‘,Ki- (2.42)

i=1
Taking the moments about the platform reference point and Substituting from

equation (2.32) again, Euler’s equation for the Stewart Platform gives
6

3% x5]=MRx(g-a)~ la—oxo+RM,, —i[qui ~f]. (2.43)

i=1

11



Combining equation (2.42) and (2.43), we get

x4
X2
sl S2 s3 s4 S5 S6 x3
[qlxsl g2xs2 g3xs3 g4xs4 g5xs5 q6><56} x4
X5
X6
6 L7
RFe +M(g-2a)- > K,
— i=1
MRx(g—a)—Ia—a)xIa)+iRMext—Zﬁl[qui—fi]
i=1 i
(2.44)
or
Hx=c. (2.45)

The require input forces can be determined from equation (2.45) solved for x, and

equation (2.37) solvefor D as
F=D-x
where

F=[F,F,FF,FF] ad:D=[D,D,D; D, D, D,]].

12



Chapter 3

Washout filter and car dynamic model
3.1 Preamble

The goal of motion simulator is to give the driver the same feeling of linear
acceleration or angle velocity as when the driver operates areal vehicle. Theoretically,
the driver can feel that he drives areal vehicle if a motion simulator can move exactly
as areal car moves. But the problem is that a motion simulator has limited motion
gpace. For this reason, we need the so-called washout filter to keep the motion
simulator within its working space and give the driver realistic motion cues at the
sametime. Let the driver feel that he drives areal one.

In this chapter we will discuss the theory and framework of washout filter in
detail. Then, we will introduce a car dynamic model for simulating severa driving
situations which will be discussed in the next chapter.

3.2 Specific forceg[12]

The so-called specific force is non-gravitational: force per unit mass. According
to Newton theory, the acceleration of ‘the subject is the force which the subject is
taken. The force includes gravitational force per‘unit mass and non-gravitational force
per unit mass. So, specific force is the difference between inertial acceleration and
gravitational acceleration. It can be formulated as

f=a-g (3.1)

Compared to inertia reference frame, car reference frame is a non-inertia
reference frame. We can use the car model which will be introduced in this chapter to
obtain the acceleration of the driver under any condition we want. The acceleration
minus gravitational acceleration gives specific force which driver is taken.

3.3 The human inertial-sensing system [13] [14]

The vestibular apparatus provides people with the sensing information of motion.
The main function of the vestibular apparatusisto retrieve and forward to the brain
the information about the motion of the body. The vestibular apparatus possesses three
semicircular canals which are responsible for the motion of angular velocity and
otolith which is responsible for specific force.

13



As shown in Fig. 3-1 and Fig. 3-2 otolith model and semicircular canals are like
a band-rgiect filter and a nonlinear attenuator. The threshold value of linear
acceleration is about 0.17 m/s~0.28m/s”. The threshold value of angle velocity is
about 2.6%s~3.6"s. Without the part of nonlinear attenuation, otolith model can be
written as atransfer function as

f'(s) K ,s+])

- : (32
f(s) @, s+Df s+1)
Similarly, semicircular canals model can be written as atransfer function as
2
wW(s) T.T,s (3.3)

wW(s) (T, s+1)(Tss+1)(T,s+1)

where the parameterssuch as 7, 74, 7,and K aregivenin Table 3-1 and Table 3-2.

A

K 1 f

> ] N {L» —f S+)—
€ s+ ss+)) /

Oy,

Fig. 3-1 otolith model

w Ts f T,s w
—> ———— >

(T, s+ (T.s+1) VACN (T,s+1)

Fig. 3-2 Semicircular canals model

Table 3-1 Otolith Parameters

Parameter A A A Unit
T, 533 533 533 Sec
Tq 0.66 0.66 0.66 Sec
T, 13.2 13.2 13.2 Sec
K 04 04 04
dy, 0.17 0.17 0.28 m/sec?

14



Table 3-2 Semicircular Canas Parameters

Parameter , Wy ®, Unit
T, (sec) 5.3 6.1 10.2 Sec
T (sec) 0.1 0.1 0.1 Sec
T, (se0) 30.0 30.0 30.0 Sec

Sy 36 3.0 2.6 deg/sec

3.4 Classical washout filter [10] [11]

The classical washout filter is the most widely used because of its characteristic of
fixed coefficient. It is composed of two linear high-pass and one low-pass filters and
break frequencies and damping ratios of three filters are adjusted by trial and error.
The block diagram of the classical washout filter is shown in Fig. 3-3. The inputs of
the filter are specific force, f,,, and angle velocity, w,,. The outputs are the
Cartesian position and orientation of the payload platform with respect to the base
platform. The architecture of the classical washout filter can be divided into three
parts including high-pass specific foree channel, high-pass angular rate channel, and
low-pass specific force channel. Fhree channels will, be discussed later. The following
notations have been used in this'section.

L,s = rotation matrix that transforms vector components fromthe simulator reference
frameto theinertial frame

T, = transformation matrix fromangular velocity to Euler angle rates

f ,» = body axis components of the vehicle specific force at the driver's seat reference paint

@, = body axis components of the aircraft angular velocity

S, =inertial components of the simulator reference— point position

S, =simulator Euler angle

15



Fig. 3-3 Block diagram of classical Washoullmter
3.4.1 High-pass specific force channel

As shown in Fig. 3-4, the input is specific force. It is passed through scale, f
rotation matrix, high-pass filter, etc. As shown.in Fig. 3-5,fh function of scale hlo
is like nonlinear attenuator introduced in.section of human inertial-sensing systg'éALE
filters out the specific force which human-beings can't feel. The function of scale
block can be formulated as

f=k(f,—d). (3.9

Then, rotation matrix transformsthe vector; f;, to inertial frame. And the result is
added to gravitational acceleration which is in order to return the gravitationa
acceleration which is subtracted in the definition of specific force as follows.

fs =Ls ]?1 +3; . (3.9)

The function of high-pass filter is to avoid driving the Stewart platform to its
limits. Finally, it is integrated twice to obtain the Cartesian position of the payload
platform with respect to the base platform.

SCALE

(/2)‘,_\

N ) /«f—» )

Fig. 3-4 Model of high-pass specific force channel
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sl ope = k

Fig. 3-5Model of scale
3.4.2 High-passangular rate channel

The principle of high-pass angular rate channel is like the one of high-pass
specific force channel. The model of high-pass angular rate channel is shown in Fig.
3-6. The angular velocity is passed through a scale block to filter out the part that
human being can’'t feel acutely. The function of T, block is to transform angular
velocity to Euler angle rate. Then, it is passed through a high-pass filter to keep the
Stewart platform moving within its werkspace. Finally, integrate the result to obtain
orientation of the payload platformin high frequency part, g, .

0l

Fig. 3-6 Model of high-pass angular rate channel
3.4.3 Low-pass specific force channel

Because of limited workspace, Stewart Platform can’t simulate continuous
acceleration for along time. For human being, we can feel the beginning and the end
part of continuous acceleration acutely. These two parts belong to high frequency
specific force. And the middle part is usually a uniform acceleration motion and it
belongs to low frequency specific force. The purpose of low-pass specific force
channel isto simulate the effect of it.

The method of simulating low frequency specific force is to orient the gravity
vector in the simulator in the same way relative to the driver as the low-frequency
specific force in the vehicle. In this way, it alows sustained acceleration to be
simulated. The method is called tilt-coordination and the block diagram is shown in

17



Fig. 3-7. First, specific force is passed through a scale block and the function of scale
block is the same as the one of high-pass specific force channel and high-pass angular
rate channel. Then, it is passed through low-pass filter. And tilt-coordination is used to
simulate the effect of low-frequency specific force. This trick uses the gravity vector
to generate the projection on X-Y plane so it’s not available in the vertical direction.
As shown in Fig. 3-8, the projections of the gravity vector on X-Y plane can be given
as

g-sin@,) = f, (3.6)
g-sin(-6,)=f. (3.7)
Then, we can obtain
f
0, =sin(—2) (3.8)
g
0 I fLX
y =—sin"(—) (3.9
g
6,=0. (3.10)
—» > s > — fq

Fig. 3-7 Block diagram of fow-pass specific force channel

f Lx
f Ly
N
6’y fLy O,
5 - Y- f Lz
g g

Fig. 3-8 Tile-coordination — rotate around Y and X axis

Finally, it is passed through rate limit block where function limits the angle rate

below the threshold value that human being can sense. The typical value is 3 deg/s
which isintroduced in section 3.3 . Thesumof g4 and fg,, the result of low-pass

specific force channel and high-pass angular rate channel, is the orientation of the
payload platform with respect to the base platform. Therefore, we obtain the Cartesian
position and orientation of the payload platform.
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3.5 Half-car dynamic model [15] [16] [17]
3.5.1 Motion analysis of x-z plane

Fig. 3-9 X-Z plane of Half-car dynamic model when stationary or at constant velocity

As shown in Fig.3-9, X, Y, and Z, are three axes of global coordinate. X. , Y,
and Z. are three axes of body coordinate where the plane of X. and Y is parallel with
the plane of X, and Y. X. is the forward.direction of vehicle. Y. is the leftward
direction of vehicle. X,, Yy, and Z, arethree axes of body coordinate. O; and O,
represent the center of gravity of vehicle. M represents the mass of the vehicle and
M, represents the mass of the tire./lewand=h represent the length between front
wheel and rear wheel and the“height of the ‘Center of gravity of the vehicle,

respectively. |, and |, represent the length between the center of gravity of the

vehicle and front wheel, rear wheel, respectively. K, and K, are the spring

coefficients of the front and rear suspension system.
When a car is stationary or at a constant velocity, the reactions of the front and

rear wheel, W, and W,, are
W =Mug+Msg|—L (3.11)

|
W, =Mug+Msg—|:. (3.12)

19



=
.
Af I - [
— S —_— - Ar
e . = — A
{ ng KE i
A B .M
— Y . P —
Wf T F I Wr I Fr

f

Fig. 3-10 X-Z plane of Half-car dynamic model when accelerating

AsshowninFig.3-10 F, and F, represent front and rear traction on the

vehicle. When the car isacceleratingat a m/s’, the total inertiaforce to the total
traction forceis given by

(M,+2M)a=F, +F, (3.13)

Taking moments about point.A and B, we.can'get the reaction force on the rear
and front wheel as

W, =M, g+ Msgl—’——M 2ANTs,) (3.14)
L L
|

W =Mug+|v|sg—|:+w (3.15)

where s, isthe deflectionsaong Z axis. The length variations of front and rear
suspension system are obtained as

af = Msalh+s,) (3.16)
LK,
ar = Msah+s,) (3.17)
LK,
Finally, we can obtain the rotation angle of the vehiclealong Y axisas
oy = A IN. (3.18)
And the deflection of the center of gravity of the vehicle along Z axisis given as
| Af =1, Ar
s, = — (3.19)
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3.5.2 Motion analysis of y-z plane

e

—»

Fig. 3-11 Y-Z plane of Half-car dynamic model when stationary or at constant
velocity

As shown in Fig. 3-11, Mg represents the mass of the vehicle and M,

represents the mass of the tire. D represents the length between right wheel and | eft
wheel. d, and d,, represent the length between the center of gravity of the vehicle
and left wheel, right wheel, respectively.—K;and 'K, are the spring coefficients of

the left and right suspension system. When a caris stationary or at a constant velocity,
the reactions of the right and left wheel, "W, "and W,, are

W, =M,g+ Msgd—[; (3.20)
d,
W =Mug+MSgB. (3.21)

When a car is moving with longitudinal velocity at V, andyaw rateat 6, degreels,

the curvature of motion trajectory is given as
dg, 6

K=—2="2 3.22
ds V, (322
The curvature radius of motion trajectory is given as
1 V
— = x 3.23
P=1 ) (3.23)
According to circular motion theory, we can obtain the acceleration along Y axis as
2
a = _vg,. (3.24)
Yo,
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Then, the variation of right and left suspension system can be obtained as

F+F,=(M,+2M,)a,. (3.25)

Fig. 3-12 Y-Z plane of Half-caridynamic model when turning right
d M.ag(h+s,)

W=Mg+M gt ——=f - 2= 3.26
| ug sg D D ( )
d Mg, (h+s)
W,=M g+M.g—+——2 =22 3.27
rt Ug Sg D D ( )
M.a,(h+s
_Maa,(hs,) (3.29)
DK,
M.a,(h+s
A, :M (3.29)
DKrt

Finally, we can get the rotation angle along X axis, 6, , and the deflection of the
center of gravity of the car along Z axis, A,,, as
_A+HA,

7 3.30
== 5 (3:30)
Azz — drtAl _dlArt (331)
D
And, the total deflection of the center of gravity of the vehicle, S,, isgiven as
S,=A,+A, (3.32

According to this vehicle dynamic model, we can get the acceleration along Y and Z
axes and the angle velocity along X and Y axes by inputting the acceleration along X
axis and the angle velocity along Z axis. The formulas are given as
2
a, = Vi =V 0, (3.33)
Y2
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d?s

a, = dtzz (3.34)
. dé

0, =—= 3.35
= gt (3.39)
0, = A9, (3.36)
y - dt . .

From section 3.5.1 and 3.5.2, we get the linear acceleration and angle velocity
along X, Y, and Z axes respect to global coordinate. However, pilot is taken specific
force under non-inertial coordinate. We need to transform the linear acceleration and
angle velocity with respect to inertial coordinate into specific force that pilot is taken
with respect to non-inertial coordinate. Here, three coordinates are defined. One is
inertial coordinate ( X, Y, and Z; ), one is moving coordinate system ( X, Y, and Z,)
at the center of gravity of vehicle as shown in Fig. 3-9 to Fig. 3-12, and one is moving

coordinate at the driver seat ( Xa, Ya, and Za). Let G, represent the vector between

the driver seat and the center of gravity:of vehicle respect to inertial coordinate. There
is no relative displacement between the driver seat'and the center of gravity of vehicle.

So, Gy, = Gy, = 0. We can obtain [18]

Gia = G + Gua (3.37)
and

Ova = Dy % G - (3.38)
And a cross product on left side by avector is equivalent to pre-multiplication by its

skew-symmetric matrix form. @, isgiven by [18]

d\I/A = Q:v 'q\I/A (3.39)
where
0 - a)llvs a)||v2
Q:v = a)llvs 0 - a)llv1 . (3.40)
- a)llvz a)llv1 0

From equation 3.37, q,, can be obtained as[18]

= \%

qIIA = dllv + é‘\I/A = é||Iv + RJ (d\\//A + le ‘q\\//A) (3-41)

23



and

= \% \% \%

qIIA = allv + R\I/ (a\\//A +Q|v 'Q\\//A + ZQIV 'd\\//A +Q\|/v 'le 'q\\//A) . (3-42)

where matrix R} represents the transformation matrix from moving coordinate (X,

Yy, and Z,) to inertia coordinate (X, Y, and Z)) and q,, isthefirst differential of
Gix- Multiply equation 3.42 by R’ and we cantransform g/, frominertial
coordinate into moving coordinate (Xy, Yy, and Z,)

RIV ‘éuA = RIV 'éllv + (a\\//A +Q\|/v 'q\\//A + ZQ\I/V 'd\\//A +Q\|/v ‘Q\llv ‘q\\//A)- (343)
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Chapter 4

Simulation with Hydraulic Systems

4.1 Simulation blocks

Fig. 4-1 The block diagram of a simulation system

The complete block diagram of simulation system is shown in Fig. 4-1. First, the
forward acceleration and angular rate of vehicle are the inputs of car dynamic model
and linear acceleration and angular rate of center of gravity of vehicle along X, Y and
Z axes with respect to global coordinate are:given. However, the specific force that
driver experiences, the input of washout.filter, happens when car is moving. It is a
non-inertial coordinate. We need to transform the global coordinate into non-inertial
coordinate with a point in car:as reference point. The driver seat is selected. After
transformation, the specific force.is passed into washout filter and motion tragjectory
of Stewart platform is given. Then, the correspanding lengths of six actuators and
the force of each actuator are derived by inverse kinematics and inverse dynamics.
Next, we transform the length of the actuator into the corresponding current signal.
The force given by inverse dynamics is the input of electro-hydraulic system. The
hydraulic system is controlled by PID controller to reach the desired position. Finally,
we use forward kinematics to transform the length of six actuators into Cartesian
position and orientation of the Stewart Platform.

car .
. Coordinate
dynamic .
transformation
model
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4.2 The electro-hydraulic system [19]

_>X

| «—F (X)

=] DX

Fig. 4-2 Schematic diagram of electro-hydraulic control system
As shown in Fig. 4-2, the pump converts its energy of rotation into a flow. The
flow is usable to the output device, hydraulic actuator. The relief valve sets a
maximum pressure value in the system.When the pressure value exceeds the
maximum value, oil is dumped to the tank.to relieve the pressure. The servo valve
controls or changes the flow into the hydraulic actuator. The input of the servo valve
iscurrent, i.From orifice law the load flow rate ~Q, - of the servo valve is given by

Q = Kiy/P, —sgn(i)R (4.1)
where the input current i is limited by maximum input current i,
|i|£imax. 4.2

P, isthe load pressure across the cylinder. Let A Dbe the piston ram area, C, be
the total leakage coefficient, V, be the total volume of the valve and the cylinder
chamber, 4 be the bulk modulus of the oil and X be the velocity of the piston.
According to the continuity equation of the servo valve and cylinder chamber, we can
obtain the formula as

Q =A>'<+QP.+(Z—‘ﬁ)P.. 3)

And if we neglect the Coulomb friction between the piston and its sleeve, we can
obtain the equation of motion of the piston as

AR =MX +BX +F (4.4)

where B isthe viscous damping coefficient, F isthe externa load disturbance
which can be obtained from inverse dynamics. pum
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4.3 Simulation results
Casel

Forward acceleration is 5 m/s® and it lasts for 4 seconds. Then forward
acceleration decreases to 0 in one second. As shown in Fig. 4-3, yaw rate is zero. Fig.
4-3 and Fig. 4-4 show the response of linear acceleration and angular rate of center of
gravity of vehicle along each axis with respect to global coordinate.
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Fig.4-3 Linear acceleration along x, y, and z axis
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Fig.4-4 Angular rate dlong x, y, and z axis
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Once we make sure of the driving situation, we get the position and orientation
of Stewart platform through coordinate transformation and washout filter. Then, we
can get the corresponding length of each actuator by inverse kinematics. The
simulation results are shown in Fig.4-7 and Fig. 4-8. They also include the red
response of each actuator. Next, we can get the force of each actuator by inverse
dynamics. The simulation results are shown in Fig. 4-5 and Fig. 4-6.
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Fig.4-6 The force of actuator 4, 5 and 6
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From Fig.4-7 and Fig.4-8, we can obtain the length errors of six actuators which
are shown in Fig.4-9 to Fig.4-10. The simulation results show that the length error of
each actuator is below 2 millimeter.
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Finaly, Fig. 4-11 through Fig. 4-16 show the results when we use forward
kinematics to transform the real lengths of six actuators into corresponding position
and orientation of Stewart platform. In Fig. 4-11, we see that the platform moves
forward about 0.11 meter and is pulled back to the initial position. The purpose of this
tragjectory is to give the pilot the feeling of moving forward and keep the platform in
maximum workspace. When linear acceleration is decreasing, the platform moves
backward to do the same thing.
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Fig.4-12 Motion trgjectory of Stewart platform along y axis

0.55 - /« \\\ -
N
0.545 - / \\\ -
0540 / \\N -
B N P e
0.535 \\\ / -
\ |
053} \ ‘) / E
0.525 - \ / _
~

0925 1 2 3 4 Times(sec) 6 7 8 9 10

Fig.4-13 Motion trajectoryiof Stewart platform along z axis

f

\ )‘Wwfm i j
oW == M W MMMW\MMWWW LT
0155 1 2 3 4 Times(sec) 6 7 8 9 10

Fig.4-14 Rotation angle of Stewart platform along x axis

32



In Fig. 4-15, we can see that the angle along y axis ( pitch ) is about -11 degrees
and lasts for 3 seconds. In this trajectory, the car keeps doing the motion of linear
acceleration. In order to let the pilot feels realistic, the platform rotates and uses
gravity to give the pilot the corresponding specific force. When the motion of linear
acceleration disappears, the platform rotates to itsinitial posture.
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Fig. 4-17 and Fig. 4-18 show the errors of position and orientation of motion
trgjectory. From Fig. 4-17, the position errors along X, y, and z axes are below 1.5
millimeter. And the rotation angle errors along three axes are below 0.15 degree.
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Case 2

The second simulation case is that a car moves forward and turns | eft at the same
time. Fig. 4-19 and Fig. 4-20 show the linear acceleration and angular rate of center of
gravity of vehicle along each axis with respect to global coordinate. Forward
acceleration is 5 m/s” and it lasts for 4 seconds. Then forward acceleration decreases
to 0 in one second. As shown in Fig. 4-20 yaw rate is 0.15 and it lasts for 4 seconds.
Then yaw rate decreasesto 0 in one second.
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Once we get the linear acceleration and angular rate of center of gravity of
vehicle, we can obtain the corresponding motion tragjectory of Stewart platform
through coordinate transformation and washout filter. Then, the length of each
actuator is given by inverse kinematics. The simulation results shown in Fig.4-23 and
Fig.4-24 are the corresponding lengths of six actuators. Besides, the force of each
actuator are shown in Fig. 4-21 and Fig. 4-22.
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From Fig. 4-23 and Fig. 4-24, we can obtain the length errors of six actuators
which are shown in Fig.4-25 and Fig.4- 26. The simulation results show that the
length error of each actuator is below 1.6 millimeter.

16

14w
|
[

12k

o8t

0.6 7l

Actuator Length Error (m)

0.

S

\‘\
r‘\

\Hr\

0.2 \ I N

T
—— Actuator 1
— Actuator 2
— — Actuator 3

(
- \l“‘\\uwu |

U \\ | ikt 1
- n | H\M M “ i ‘h] ““ w\l I u.l i MJ‘.“] NI

\M

“)‘H‘ﬂ‘f‘ /.}ﬂ\ w\"“ \‘\ I

x 10
1.6

1 2 3 8 9
Time (sec)

10
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Fig.4-26 The length error of actuator 4, 5, and 6

Finaly, Fig. 4-27 through Fig. 4-32 show the results that we use forward
kinematics to transform the actual lengths of six actuators into corresponding position
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and orientation of Stewart platform. From Fig. 4-27, we see that the platform moves
forward about 0.11 meter and is pulled back to the initial position. The purpose of this
tragjectory is to give the pilot the feeling of moving forward and keep the platform in
maximum workspace. However, the car turns left at the same time. From Fig. 4-32,
we can see that the platform rotates along z axis until yaw rate is zero. The simulation
results are pretty conform the driving situation.
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Fig. 4-33 and Fig. 4-34 show the errors of position and orientation of motion
trgjectory. From Fig. 4-33, the position errors along X, y, and z axes are below 1.5
millimeter. And the orientation errors along each axis are below 0.15 degree.
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Chapter 5

Conclusions

In this thesis, we have analyzed a simulator based on Stewart platform. First, a
car dynamic model was obtained and it was made sure of what kind of driving
situation to be simulated. Then, we could obtain linear acceleration and angular rate of
the center of gravity of the vehicle aong x, y, and z axes. Using dynamics in
non-inertial coordinates, force of areference point in car was given. It was passed into
washout filter and trajectory of Stewart platform was obtained. The force that each
actuator has to be taken, external disturbance, is known by inverse dynamics of
Stewart platform once we get the motion trajectory of platform. Because high externa
disturbance causes oscillations of each actuator, we designed a PID controller to
decrease the effect of high external disturbance. We have known that | controller has
good performance on decreasing oscillation in high frequency and steady state error.
And D controller has performance on decreasing transient state error but it is poor at
dealing with noise in high frequency.,So; we-have to choose a | controller with high
gain and a D controller with low:gain. The simulation results also showed that the
oscillation can be almost ignored.

Herein only a simple dynamic model~of vehicle has been used. In the future, a
more complex model including the character of ;pedal or other factor such as air
resistance or rough road can be“considered..Combination with the technology of
virtual reality, let people steeped in the powerful effect of sound and image. Moreover,
the dynamic models of vehicle can be changed to other transportation suck as airplane,
boat, or truck. In this way the simulation will be more realistic and simulation
situation can be more diversified.

In this thesis, we designed a PID controller to control Stewart platform and got
pretty good performance. However, the gain of PID controller may be not suitable one
day because the oldness of mechanism. Furthermore the hydraulic system is a highly
non-linear system. Many nonlinear control methods such as adaptive control, fuzzy
control, or robust control can be applied on it.
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