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Abstract

The tracking fluoroscope system (TFS), patent pending serial No.: 60/606,480; is a
vehicle carrying a fluoroscope to take x-rays movies of person’s joints. Fluoroscope,
composed by a radiation source and image intensifier, is moved by a total of four
servomotors following a subject’s joint. At the same time, vehicle has to follow the
subject using two driving-steering servomotor wheels. This thesis is the result of
internal research developed at the Mechanical Aerospace Biomedical Engineering

Department at the University of Tennessee.

The thesis objective is to determine the best control system for TFS subject tracking
function in linear translational mode. Kinematic and dynamic models of the system are
presented. The kinematic and dynamic control systems are simulated, tested, and
compared. A simplified dynamic model is introduced to compare its results with the
kinematic model and evaluate if an extensive dynamic model is required. The dynamic
model incorporates a tire friction model. Various tests are then carried out to compute
the tire model parameters. To overcome some disadvantages presented by the dynamic
and kinematic control systems, a stand-off distance controller is introduced and tested.
The stand-off distance controller exhibits better performance than the other control
systems proposed. Finally, a special setup process is developed and tested to rotate the

vehicle in place.
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Nomenclature

CG  center of gravity, also designated as GC

D stand-off distance or tracking error distance; motor load drag coefficient
DS1 driving servomotor of wheel 1

DS3  driving servomotor of wheel 3

K., F)., F., F/. Forward Friction/Traction Forces on each wheel
14 14 " n : :
F., F,, F,, F/, Lateral Friction Forces on each wheel

F., F).,F., F/, Friction Forces on each wheel in the direction of X

1F »
b , L . Y
F,, F),,F,, F/, Friction Forces on each wheel in the direction of y

Ff forward coordinate of wheel 3 in the relative frame

FGC forward coordinate of center of gravity in the relative frame

Fn normal force at wheel

Fr forward coordinate of wheel 1 in the relative frame; wheel friction force
Fy, Fy Resultant friction forces expressed in the absolute frame

ICR instantaneous center of rotation or curvature ICC

Igc platform moment of inertia at the center of gravity in the Z, direction

J total inertia seen by motor
K, motor electromotive constant
K, motor torque constant

Lf lateral coordinate of wheel 3 in the relative frame

LGC lateral coordinate of center of gravity in the relative frame

Lr lateral coordinate of wheel 1 in the relative frame
L. motor armature inductance
P platform position, subject desired position

distance from ICR to point P
R1 distance from ICR to wheel 1
R3 distance from ICR to wheel 3

X1V



XV
R. motor armature resistance

SS1  steering servomotor of wheel 1

SS3  steering servomotor of wheel 3

T motor shaft torque

T motor torque after gear box

Tex  motor external friction torque

V wheel velocity in its longitudinal direction

Va input motor armature voltage

Veme  back electromotive force

X,Y platform coordinates, P, in the absolute frame

Xaps  absolute X-axis, fixed to the room

Xage, Yge center of gravity coordinates in the absolute frame
Xl relative X-axis, fixed to the platform frame, forward direction
Yas absolute Y-axis, fixed to the room

Y. relative Y-axis, fixed to the platform frame, lateral direction

Z.q  relative Z-axis, fixed to the platform frame, normal to the ground

dl wheel 1 traveled distance in platform rotation
d3 wheel 3 traveled distance in platform rotation
1a motor armature current

k vector normal to the ground

m platform mass

r gear box ratio

p1 vector from P to wheel 1

Ip3 vector from P to wheel 3

] wheel slip
u absolute platform forward velocity expressed in the relative frame
\% platform translational speed (kinematic model); absolute platform lateral

velocity expressed in the relative frame (dynamic model)

vl driving speed of wheel 1



XVi
Vix component of v1 in the direction of X
viy  component of vl in the direction of Y
v3 driving speed of wheel 3
V3x component of v3 in the direction of X

vsy  component of v3 in the direction of Y

Vi wheel-platform relative velocity
VR relative velocity between subject and platform
o subject-platform angle, orientation error

al steering angle of wheel 1

a2 steering angle of wheel 2

o3 steering angle of wheel 3

o4 steering angle of wheel 4

B angle between X, and vector wheell-wheel3

Y platform rotation angle

ol angle traveled by wheel 1 when doing distance d1
o3 angle traveled by wheel 3 when doing distance d3

0 platform rotation angle, yaw angle
01 angle between X and 1p;
03 angle between X, and 1p;

p3  distance from ICR to wheel 3
pl distance from ICR to wheel 1
® platform rotation speed or yaw rate angular; motor shaft speed; angular wheel

speed
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Chapter 1. Introduction

The tracking fluoroscope system, TFS, is a first time device that takes X-ray images of
knee, ankle or hip while a subject walks in a common surface. The TFS is designed to
follow the subject and take its joint images in any common surface. It can run over
inclined surface, trough 3-4 step staircases with an actual maximum speed of 2 m/s.

With some motor and structural modifications it would go up to 10 m/s or more.

The TFS will let biomedical researches to investigate, study, and analyze human
movements in a common surface. Studies can be made in various surfaces with
different hardness and then diverse impact conditions. Lateral and front views of the
human joints will be taken at frequencies of about or over 30 Hz. Those movies will
make it possible to see patient joint movements, rotation angles, speeds, and
accelerations. Subsequently, by Kane’s dynamics calculate forces at each joint to
better design joint implants. Not only limited to that, it can also be used to test
athletes’ movements to see for example the efficacy of sport equipments that reduce

joint impact.

The TFS, is compounded by an x-ray device that take the images, two vertical tables
moved by 2 rotary and 2 linear servomotors designed to carry the x-ray emitter and
intensifier, a PC controller, and a moving platform that carries all these elements

following a subject.

The platform is moved by two motor-in-wheel-drives with integrated steering unit.
Thus, platform can move in any direction over a plain surface, and then follow a
subject in free motion mode. To follow a person over a straight line it only needs a
distance sensor as main feedback. To do that in any direction, the platform will need to
include a laser sensor scanner or similar device to measure distance and subject

orientation. In lack of such device, this thesis deals with lateral and forward
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translational modes. However, the kinematic approach to control the platform in free

motion mode is still presented.

Platform can be controlled either by kinematic or dynamic algorithms. Wheeled
mobile robots control algorithms have been previously addressed. Dynamic and
kinematic control algorithms have been implemented, and kinematic implementations
are preferred. The special characteristics of this research make it difficult to apply the
dynamic and kinematic algorithms developed in the literature to the TFS. The TFS
weights 1000 pounds supported by two caster wheels and the two motor-in-wheel-
drives previously mentioned. Besides, the two motor-in-wheel-drives are placed in
diagonal positions, architecture not addressed yet. Furthermore, the control techniques
used in the literature are being applied to small-wheeled mobile robots focus in path

following cases instead of subject tracking.

This thesis tries to address, from the very basic kinematic and dynamics, the best
control scheme to reduce the settling time and steady state tracking error for the TFS.
Finally, this thesis will develop, simulate and test the kinematic and dynamic control

systems for TFS subject tracking function.
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Chapter 2. Platform kinematic and dynamic models

This chapter is divided in four sections. In the first part of the chapter the driving
system is described, and then three study cases are established depending on the
subject-walking pattern. In the second part of the chapter, the kinematic study of the
moving platform is presented for each of the mentioned cases. The third section of the
chapter deals with the dynamic model of the platform. Finally, platform setup is
described.

2.1 DESCRIPTION OF DRIVING SYSTEM

Several devices compose a tracking fluoroscope system, TFS. A complete description
of the TSF is given in chapter 6. This section gives a brief introduction to the subject
tracking system. Subsequently, three cases of study that depend on the subject-
platform moving configuration are presented. Figure 2.1 shows a general view of the

subject and platform.

The platform has a prismatic structure in its front to carry the main processing unit,
motor amplifiers, and power units. The fluoroscope components, emitter and image
intensifier, are mounted on 2 XZ tables placed in platform lateral sides, which are
moved by 2 linear and 2 rotary servomotors. Finally, platform moves with the help of
two caster wheels and two Schabmiiller motor-in-wheel-drive wheels. Each powered
wheel is omni-directional with two servomotors, one for driving and one for steering
capabilities. Figure 2.2 is a bottom view of the platform, showing the caster wheels

and the servomotors.



Figure 2.1 Tracking Fluoroscope Systems
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Figure 2.2 Platform bottom view
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To set a reference, looking the platform from the top view, wheels are going to be
numerated in a clockwise direction as showed in Figure 2.3. Point P, in Figure 2.3, is
defined as the platform position point. Point P is a virtual platform point, fixed to the
platform and distant to any other platform point by constant distance. This location is
equally distanced from left and right XZ tables, and it is in the middle of the X linear
servomotor way. Besides, point P is the best place where the subject could be, to take
the X-ray image. Therefore, platform position, P, is also defined as the subject desired

position.

Subject real position is represented in Figure 2.3 as point H. Since the platform must
follow the subject, then the control scheme objective is to move the platform from
point P to point H, making platform position the same as subject position. Distance
between H and P is the tracking error distance that must be controlled to 0 by the

tracking control system.

Figure 2.4 defines the platform relative frame fixed to the platform and placed at P.
Platform movements in the x-direction are considered reverse and forward
movements. In the same way, platform movements in the y-direction are considered
lateral left and right movements. Three cases are going to be studied depending on the

subject path and subject-platform orientation.

CASE 1: FORWARD TRANSLATIONAL MODE

In the first case the subject walks in a straight line in the X-axis direction. Subject and
platform have the same orientation, as showed by Figure 2.5 This backward/forward
platform movement, for simplicity is called forward translational mode without any

restriction on the walking direction, backward or forward.
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Figure 2.5 Case 1: forward translational mode
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Figure 2.6 Case 2: lateral translational mode

CASE 2: LATERAL TRANSLATIONAL MODE

In the second case the subject also walks in a straight line. However, the platform and
subject orientations are perpendicular, as showed by Figure 2.6. In this case, the
subject walks in the direction of the Y-axis, left/right movement. The platform has to
follow her/him maintaining the constant stand-off distance, and the 90 degrees
orientation. This case has nearly the same control scheme of the first case, but with

platform wheels home positions rotated 90 degrees relative to the vehicle frame.

CASE 3: FREE MOTION MODE
Finally in the third case the platform must follow the subject in any arbitrary direction
while maintaining the same orientation, and stand-off distance with respect to the

subject subject. Figure 2.7 exemplifies this case.

The control system must be capable of smoothly following the subject in any
direction. Then, as the subject walks at different speeds and directions, the platform
must also maintain desired stand-off distances between the lateral and front side of the

platform. Since the system is intended to image body joints, it is very important to



Figure 2.7 Case 3: free motion mode

keep the platform orientation error as low as possible. To assure that the X-ray line of

sight remains essentially fixed with respect to the subject.

The first and second cases are comparatively straightforward control schemes
compared to the third case, assuming drive wheel slipping and measured subject
orientation errors are negligible. In the case, that these errors exist, the control scheme

for the third case could be also applied to first and second case.

Two approaches have been considered for controlling the platform. In robotics’ field
the common approach is the kinematic [1], [2], [4]. The control problem can be also
attacked from the dynamic point of view [5]. For a good discussion about dynamics
and kinematic models of wheeled mobile robots please refer to [3]. The kinematic
approach has the advantage of being easy to compute while having the disadvantage of
tracking errors due to no compensation for the slip phenomena. The dynamic approach
has the potential advantage of being more precise. However, it has some
disadvantages since it requires accurate knowledge of the platform and wheel speeds,
and also mass and platform inertia. The main difficulty at this point is the knowledge
of platform inertia. The fluoroscope components, emitter and image intensifier, are
mounted on 2 XZ tables placed in platform lateral sides, which are moved with 2
linear and 2 rotary servomotors as Figure 2.8 shows. These high-elevation mass
elements affect the Z platform’s inertia moment significantly. The linear (mounted

horizontally) and rotary (mounted vertically) servomotors move the XZ table with 2g
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Figure 2.8 XZ table

accelerations making the real-time computing of inertia moment hard to achieve. The

next sections present the kinematic and the dynamic models for the platform.

2.2 TRACKING KINEMATIC

Three tracking cases have been previously established. In this case slipping is assumed
negligible, which means that wheels’ speed is equivalent to platform’s speed. Since, in
the first and second cases the subject walks over a straight line, and no slipping is
expected, then steering would not be required in those cases. Hence, kinematic only
involves driving motors’ speed calculation. Figures 2.9 and 2.10s show Case 1 and

Case 2 representations.
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Figure 2.9 Case 1 Figure 2.10 Case 2

The subject-platform stand-off distance, D, is the error to overcome by control
algorithms. Differentiating D respect to the time, the relative velocity between the

platform and the subject is obtained.

dD
s

Eq. 2.1
Adding or subtracting this relative velocity to the previously absolute velocity, the
new driving servomotor absolute velocity is calculated. It is worth mentioning that for

these two cases, the speed set point is the same for both driving wheel servomotors.

Let’s now consider the general case, case 3, in which subject walking direction
changes or the platform slips, likely generating a subject-platform orientation error, o.
The subject-platform angle, o, and the subject-platform stand-off distance, D, are

measurable, and both must minimized. Figure 2.11 shows this case.

In this case, it is assumed that the subject and platform orientations are the same as
their movement directions respectively. Thus, parallel movements as shown in Figure

2.12 are discarded.
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Figure 2.11 Case 3

g P

L i

Figure 2.12 Parallel movement

From system inputs D and a, the servocontrol input set points must be determined.
The system has two driving-steering wheels previously named wheel 1 and wheel 3.
Each of those wheels has two servomotors, a steering and a driving servomotor. Then,

their names are defined as follow:

DS1= Driving servomotor of wheel 1
SS1= Steering servomotor of wheel 1
DS3= Driving servomotor of wheel 3

SS3= Steering servomotor of wheel 3

The servomotors’ input variables are the speed and direction angle of driving and

steering servomotors respectively. Therefore, al, v1, a3, and v3 have to be calculated
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from D and a. To do that, the classical rigid body approach will be used. First
consider when the subject and platform are moving in the same direction with a being
0 and subject placed in the desired position. Then, consider the subject changes his/her
direction to an angle o respect to the platform orientation, and also moves producing a
distance error, D, as shown in Figure 2.13. The subject movement can be seen as a
rotation of angle o and a relative translation of distance D. In the same way, the
platform must rotate an angle ¢ along vertical axis at point P and then translate a
distance D resulting in null orientation and stand-off distance error. Using rigid body
kinematic, equation 2.3, wheel 1 and wheel 3 parameters are calculated based on the

previous movement description.

The yaw rate can be either measured or calculated differentiating the rotation angle
with respect to the time. In the same way, the relative velocity between the platform

and the subject can be either measured or calculated differentiating D respect to time.

Figure 2.13 Actual and next platform positions
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da
a=—
dt
B dD Eq.2.2
Ve =——
dt

The relative velocity of each wheel is calculated using next equations.

— —

V, =V, +7Fp Xk and V; =V +7py X0k Eq.2.3

Figure 2.13 shows the orientation of those vectors. Vectors rp; and rp3 are the vectors

from the center of rotation, P, to wheel 1 and to wheel 3 respectively.

Figure 2.14 shows the vectors rp; and rp3. X is the direction of the platform in a
translation condition that is going to be the most common one. The angles that form

vectors 1p; and rp3 with the platform direction X, are 01 and 03 respectively.

Since v1 and v3 are vector variables calculated by equation 2.3, angles and norms a1,

vl, a3, and v3 can be calculated as follow.

v, = norm(V,) a, = ATAN(V”j Eq.24
Vix
perrmsrrerrrarrnnns .l
Xrel T rD;_
: --------------- égu‘i‘
01 l
P
[ Y

Figure 2.14 Vectors rp; and 1p3
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v, = norm(¥,) o, = ATAN[) Eq. 2.5

where vix, Viy, vix and viy are the components of v3 and v; in the direction of the

platform and the direction perpendicular to the platform.

Applying the sine theorem to triangles showed in Figure 2.15, which are conformed by

the translation, rotational and total speed of each wheel, the next equations are

obtained.
Fp ¥ vl v
. = = Eq. 2.6
sin(e —al) sin(90—a +601) sin(90 + ol —01)
Fpy ¥ O v3 v
Eq. 2.7

sin(a3 — ) - sin(90 + a — 03) - sin(90 — a3 + 63)

Finally, Figure 2.16 shows a detailed and comprehensive diagram of platform
kinematic and the accomplishment with Ackerman’s steering principle. Although, this
principle is commonly used when moving a vehicle over a known curve since the ICR
position is always known, for the subject tracking case the rigid body method is a
better option. Ackerman’s steering principle is presented here to show its concordance
with the rigid body method that is going to be used. For the correct movement of the
platform, it must instantly rotate over the instant center of rotation, ICR. Then, each
platform point has an instant velocity perpendicular to ICR-platform vector, and has a
velocity norm equal to the platform rotational speed, ®, multiplied by the ICR-
platform distance. Therefore, Ackerman’s steering principle states that the driving
speed is equal to the platform rotational speed, o, multiplied by the ICR-wheel
distance. The steering angle is determined by the Xrel axis and the line perpendicular

to ICR-wheel vector.
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90+03-a3

B B

Figure 2.15 Wheel 1 and 3 speeds calculation
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al
1
CG
vl
0-+90-03;
{01 P _
Tpi_~ :
90—a+01 P
90+.1-61

R1
Figure 2.16 Instant Center of Rotation
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Analyzing triangles R-1,3-R3 and R1-r,;-R in Figure 2.16:
51=180—(90+a1-01)—(90—0+61)=0—al Eq. 2.8
83=180—-(90—-a3+03)—(90+0—03)=a3—-a Eq. 2.9

The following equations are obtained using sine theorem applied to triangles R-ry3-R3

and R1-rp-R.

Fooo R1 _ R
sin(o1)  sin(90—-a +61) sin(90+ al—01)

Eq. 2.10

rp3 _ R3 _ R
sin(03) sin(90+a —63) sin(90 — a3+ 63)

Eq.2.11

Multiplying by the rotational speed w; also considering vlI=®*R1 and v3=wn*R3.

rpl *w _ vl _ v Eq 212
sin(f —al)  sin(90—a +61)  sin(90 + a1l —61) o
o3 * v3 v Eq. 2.13

sin(@3—a)  sin(90+a —63)  sin(90 — a3+ 63)

Equations 2.12 and 2.13 are equal to equations 2.6 and 2.7 obtained calculating
wheels’ speed with rigid body method. The instant center of rotation method is
generally used when its position is previously known, for example in path planning
when trying to follow straight and curve lines. However, for a tracking system the ICR
position is unknown, then the rigid body method is ideal for speed calculation in the

tracking fluoroscope system.
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23 TRACKING DYNAMICS

The advantages and disadvantages of using a dynamic model for the platform control
were previously addressed. This section presents the dynamic model of the platform
for the three cases established. The free motion mode is sketched first, and then a

simplified model for the forward and translational modes is studied.
2.3.1 Free Motion Mode

Figure 2.17 shows a free-body diagram for the platform, where each term is defined in
Table 2.1. Rolling friction was disregard since platform moves at low speeds making

that term insignificant respect to traction/friction forces.

Next chapter gives the model to calculate the lateral and forward forces on each wheel.
The next step at this point is to transform these forces into the relative platform frame,

defined by Figure 2.4 and showed in Figure 2.17.

Figure 2.18 serves not only for force calculation at wheel 3, but also is also a typical of
force calculation for the other wheels. As Figure 2.18 shows, the wheel frame is
rotated and angle a3 respect to the platform frame. Then the lateral and forward forces

can be represented at the platform relative frame as:

F{y = F. *cos(@3) - F} *sin(a3)

Eq. 2.14
F}, = F], #sin(a3)+ F}, *cos(a3) 1

Writing equation 2.14 in a matrix notation, then:

Fy ) _ cos(a3) —sin(a3)| F, .
F, ) |sin(a3) cos(e3) |\ Fy 2.
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Figure 2.17 Platform Dynamic Model

Figure 2.18 Forces at platform frame
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Table 2.1 Dynamic model parameters

CG

Platform Center of gravity

" " " "
EL’ F;L’ F;L’ F4L

Lateral Friction Forces on each wheel

" " " "
EF’FZF’ F'3F’ FZ&F

Forward Friction/Traction Forces on each wheel

Friction Forces on each wheel in the direction of

F, FLL L, F,
Yrel
' ' ' » | Friction Forces on each wheel in the direction of
EF’ FZF’F;F’ F4F
Xrel
Resultant friction forces expressed in the absolute
Fx, Fy

frame

al, a2, a3, a4

Steering angle at each wheel

u Forward velocity

v Lateral velocity

6 Rotational acceleration

w=20 Rotational velocity or yaw rate

] Rotational angle ( j adt)

Xabss Yabs Absolute frame axes, fixed respect to room
Xrel, Vrel Relative frame axes, fixed respect to platform

21
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By the same procedure the forces at the other wheels can be rewritten as:
Fy) cos(al) —sin(el)| F}
F, ) |sin(al) cos(al) | £
FZ'X] _ {cos(aZ) sin(a2) }(Fz'}j Eq. 2.16

F), sin(@2) —cos(a2) | £},
F) cos(a4) sin(ad) | E).
Fl, ) |sin(a4) —cos(a4)| £},

Figure 2.19 shows the new force diagram, and Figure 2.20 illustrates platform

geometric parameters.

The system considers point P as a reference point to track the subject. The on-board
sensor will measure the distance between itself and the actual subject position. Since
the distance from the on-board sensor to P is known, then the stand-off distance error,
D, can be easily computed. The algorithms will calculate the platform acceleration
necessary to decrease the subject-platform distance error. Thus, the dynamic equations
take P as a reference point to calculate platform speeds, instead of taking the center of
gravity as the reference point as the traditional procedure does. Recall that the yaw
rate of a rigid is unique and does not depend on the point of calculation V. Therefore,

platform yaw rate is computed at the center of gravity for simplicity.

Applying the conservation of angular momentum law at point CG:

IGC*ng'l’X *(LF_LGC)_FA{X *(L”+LGC)+F2'X*(Lf_LGC)_F;X*(Lf+LGc)+
_(F;’)’+FA{Y)*(FF+FGC)+(F2’Y+F3’Y)*(Ff_FGC)

where 0 = & Eq. 2.17

From here and in advance, if acceleration, speed and position do not show a sub index,
then they refer to point P. To calculate platform acceleration, the forces and speed

have to be transformed to the absolute coordinate frame.

! See appendix A for derivation



Figure 2.19 Forces diagram written in the platform frame
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v

Figure 2.20 Platform geometric

The relative frame with origin at P moves with a velocity u in the x, direction, a
velocity v in the y, direction and with a rotational speed ®, then the relative frame

moves with the next speed respect to the absolute frame:
X _ sin(6) —.cos(é’) u Eq.2.18
Y cos(9) sin(9) |\ v

Differentiating respect to the time, acceleration respect to the absolute frame can be

computed.
-l Mo ST e

The forces translated to the absolute frame are:

(ij_{sin(e) —003(6)} 2T

B cos(d) sin(6)

Eq.2.20
F, 1
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Applying the second Newtown law of conservation of movement to the platform:
ofX F

" e || Eq.2.21
0 m|\ Y, F,

Observe that the second Newton law was applied to the platform center of gravity. To
transform these results to the reference point P, the acceleration relationship between

the Center of Gravity and point P must be introduced

oo =dp —x(P—CG)=-dx(&x(P-CG)) Eq.2.22

Considering from Figure 2.20 that (P—CG)=-L,.X,, — F..7,, then using at

equation 2.22:

( s GCJ ) [ s J+ 2 g X (_ LocX,o = FGCyrel)_ Wz o X (a)zrel x (_ LocXra = Foc Ve ))
Yoc Y

- X GC - X . . . .
Where, a,. = ; ap = i | and Z. is the vertical axis, then doing the cross
GC

product:
Xoe) (X . {sin(@) —~ cos(@)} 0% L, — @ *Fg
?GC Y cos(@) sin(@) +0 % Fo.—a” %L,
Combining at equations 2.21 and last equation it results
m 0(X s sin(0) —cos(0)) -0 * L. — @ * F,. (Fy
0 m|\Y cos(H) sin(é’) +@*F,.—o" * L. B F,

Introducing the acceleration formula of equation 2.19 in last equation, replacing the
forces at the absolute frame by using equation 2.20, and calling sin(0)=S, and

cos(0)=C:



FV
C S |(u S —-Cilu S -C Zl w —@*L. . —w'*F
N N _ i m GC GC
-S Cl\v Cc S v c S iF; +9*FGC_(02*LGC

sin() cos(@)

—cos(@) i (0)}, next equation is

Pre-multiplying both sides of last equation by {

found

(o o LS 5T

4
r 2
ZE.X+9*LGC*m+a) * F . %m

s c T s -c|&

—c s|c s |& ., i
Y Fy—0%Fsxm+a® * Ly *m
=1

1

Expanding:
SC-SC C*+S? (uj C*+S8* SC-SC (uj
m*| @ * + =
—C*-8* sc-sc|\v) |sc-sc c*+S8*|v

4
[C2+S2 SC—SC} ZFX FOnlocemy s Focem

_ 2 2 || 4
SC=SC C+S* ) S g _gup wm ot wly em
i=1

Using trigonometric identities

4

] 2
ZE.X+9*LGC *m+@” *F . *m
i=1

01 |(u 1 Offu I 0“4
QG O
Y Fy—0*Fy #m+a® * Lo *m

i=1
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Reducing:
3 2
!
N | D Fy 0% Lo xm+ @’ % Fyoxm
u P v
m* = —m*@*
5 4 _
(VJ F! g*F * 2 *L * ( uj
Z v e *¥m+ao gc *m
i=1
the general movement equation of motion is:
4
2 Fi
_ Sl 4% L+’ *F . —w*v
u m
(VJ 4 Eq.2.23
2. F
i=1 7 2
" —O0%F, . +®° *L.. +0*u

Equations 2.17 and 2.23 govern the platform rotational and translational dynamics.
One disadvantage of the dynamic method is that the forces at each wheel must be
known. That not only implies the knowledge of the tire and caster models, but also
accurate knowledge of the caster and tire properties needed by those models. Since no
information was available from the manufacturers, some experiments were carried out
to quantify these parameters. Next section simplifies the previous model to apply it in
the lateral and forward translational modes. Hence, one of the objectives of this thesis

is to study the applicability of the simplified dynamic model in control design.

2.3.2 Forward and Lateral Motion Mode

The main control objective for these cases is to keep the subject-platform distance
within certain values. That is keeping the tracking error distance lower than a certain
value L while the platform and subject run over a straight line. The value of L can be
set as an example at 0.1 meters. Although, there is not a defined value for L;

minimizing it, would reduce the work done by the joint tracking control. Varying the
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speed of the wheels the forces applied will be modified to cancel the total moment
respect to the center of gravity, and then make the yaw rate null. Thus, no steering
would be necessary and no lateral force would appear in the wheels. In the case the
angular moment is not null, lateral forces velocities appear, longitudinal velocity will
be altered and an orientation error would occur. Since the system has no device to
measure that orientation error, then there is no clue of how to steer the wheels. Hence,
steering would not be applied. Finally, experiments will show the orientation errors
generated when this method is applied, and then check how well were balanced the
wheel forces to get a null moment. Another assumption to be checked by experiments,
is considering the caster wheels as ideal ball bearings, and then frictionless. Even the
caster wheel model is not extremely complicated, considering it for the system
modeling would imply knowing the casters’ speed and yaw rate, and ultimately
installing potentiometers and encoders on them. Figure 2.21 shows the simplified

dynamic model, considering perfect moment balance.

Figure 2.21 Translational dynamic model



Equation 2.19 is still applicable:
) ol o) w o) e

Applying the conservation of angular momentum law at point CG:

Fl'x *(Lr_LGC)_F3’X *(Lf+LGc)
IGC

9:

Eq. 2.24

Applying conservation of movement law to point P of the platform: from Eq. 2.23.

F! F(
X 3X 2
+6’*LGC+a) *Fo.—wo*v

[uj= m Eq.2.25
Y —O*F +@ %Ly +@*u
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Equation 2.24 and 2.25 are under the assumption of frictionless caster wheels and no

lateral force over driving motor wheels. The necessary condition to follow the subject

in a straight line is to make the yaw rate ®=0. To achieve that, the yaw acceleration

must be 0 at every moment. The traction (friction) forces at the wheels, F’;x and F’;x,

depend on the platform and wheel speeds, as next chapter explains. Therefore, the

main idea of the control system is to set dissimilar speeds to each wheel

accomplishing a null yaw acceleration, and a platform speed such to keep platform-

subject distance error at minimum.

From equation 2.24 to get null acceleration the condition is:

Fy * (L” _LGC): Fyy * (Lf + LGC) Eq.2.26

If yaw acceleration is always 0, then the yaw rate, ®, is 0 too, and 6=90. This fact and

equation 2.19 leads to:

R HE AR
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Also operating at equation 2.25, it leads to:
u X F/\ +F,
m |=m = Eq. 2.28

These equations finish this section. Chapter three extends this approach adding the tire

model.
2.4 PLATFORM SET-UP

The tracking fluoroscope system is being designed for laboratory floor surfaces.
Recall that two translational modes will be provided. Translational forward mode, case
1, is a back/forward platform movement, while in translational lateral mode, case 2,
the platform moves to its left and right directions. The system is going to be operated
in restricted areas with specific motion corridors. A setup routine has been developed

to rotate the platform in place for different modes of operations, Figure 2.22.

To make the platform rotate in place the instantaneous center of rotation must be a
point on a line that connects the powered wheels, and it must be placed somewhere
between those wheels. Without loosing generality the instantaneous center of rotation
is placed at the midpoint between wheel 1 and wheel 3. In any platform rotation, every
platform point will rotate around the ICR. To execute the setup movement, wheels
must be steered 90-f degrees respect to the home position, relative X-axis, as Figure

2.23 shows. Angle B is defined by the wheell-wheel3 line and the relative X-axis.



JI XS
A lla.

Case 1 Case 2 Case 2

Figure 2.22 Platform set up

Figure 2.23 In place platform rotation.
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Assuming no slipping and referring to Figure 2.23, for any rotation angle, y, each point

P will travel a distance d,,:

d,=p,*y ppisthe distance from the ICR to P Eq. 2.29
Hence, wheel 1 and wheel 3 travel:
di=p *y,d;=ps*y Eq. 2.30

Defining the wheels radius as RW, the distance traveled for a driving wheel rotation,
¢ and @3, is:
d, = RW * ¢, d, = RW * @, Eq. 2.31
Then, for an anticlockwise platform rotation of angle y, from equations 2.30 and 2.31,
the driving wheel rotation can be found:

d,=p *y=—RW*g, d,=ps*y=RW * ¢,

__P*Y _ Pty
@ RW 2= R

Eq. 2.32
Finally, @1 and @3 are used as servo set point changes for the wheel 1 and wheel 3
drive servos to execute the setup maneuver. Table 2.2 shows the values of some

platform parameters and the value of @1 and ¢3 for y=90 degrees.

Table 2.2 Platform setup
RAD DEG
90-4 0.83 47.5
Y 1.57 90
INCHES | METERS
P1=P3 45.52 1.16
d1:d3 71.5 1.816
RAD DEG
01= 03 48.4 2775
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Chapter 3. Servomotor and Tire models

The objective of this chapter is to present the servomotors and tire models needed for
the kinematic and dynamic control models. The first section presents the load and
servomotor models, the second section presents the servomotor closed loop control,

and the last section presents a tire model.

3.1 LOAD AND SERVOMOTOR MODELING

The TFS has two powered omni-directional wheel drive units with two DC
servomotors on each wheel, one for driving and the other for steering, for a total of

four servomotors. Figure 3.1 contains 3 different perspective pictures of the unit.

The motor shaft is connected to a load with inertia J, which includes the motor rotor
inertia and the reflected load inertia. A traction/friction force is applied to the load
causing an external friction torque applied to the motor shaft. Drag force is also
considered in the model. Table 3.1 reviews the nomenclature for the servomotor load

model.

Table 3.1 Load model

T is the motor shaft torque D is the drag coefficient

Tex 18 the external friction torque | r is the gear box ratio

J is the total inertia (motor+load) | RW is the wheel radius

o is the angular shaft speed
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Figure 3.1 Driving and steering unit
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3.1.1 Motor load dynamic model

Figure 3.2 shows the Load model and Figure 3.3 illustrates the Simulink model of the
load.

Applying the conservation of angular momentum law to the load and motor shaft:

79 v 1 _piw Eq. 3.1
dt
RW . .
where 7, , = F,, *——, being F the traction force.
r

A DC servomotor is a motor with a DC input voltage. Its stator and a rotor can be
represented as a resistance and inductance in series. The DC servomotor can be either
field-controlled or armature-controlled, depending on which variables are controlled.
Since armature-controlled model is normally used to approximate PM-DC brushless
motors, only this kind is considered, and it is based in [6]. Field-controlled servomotor

model is presented in Appendix B.

a)TDr
o\)\;-@ I et
J ] -

~—r

RW

Figure 3.2 Load model
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Wi >’—» ;_
Friction Force
Radic/ratic 1/inertia Integrator
w
D
Drag

Figure 3.3 Simulink load model

3.1.2 Electric circuit model for armature-controlled dc servomotor

Table 3.2 reviews the nomenclature for the servomotor electric model.

Applying the first Kirchoff law to the electric circuit:

em Eq.3.2
i /
In this case the servomotor torque is proportional to the armature current.
T=K,*i, K is the servomotor torque constant Eq.3.3

The back electromotive force voltage is proportional to the servomotor shaft speed,

then:

Vo =K, *@ K. is the servomotor electromotive constant Eq.34

Substituting i, in Eq. 3.2 by Eq. 3.3 and V., by Eq. 3.4;

Va—L" *d—T+R *1+K * @
K, dt K

t t
Figure 3.4 displays the electrical model for an armature-controlled motor model.
Figure 3.5 shows the Simulink model correspondent to that model. Finally Figure 3.6

includes the load model and the servomotor model in a single Simulink diagram.



Table 3.2 Armature-controlled motor model

R, is the motor armature resistance

1, 1S the motor armature current

L, is the motor armature inductance

V, is the input motor armature voltage

Veme 18 the back electromotive force

Figure 3.4 Armature-controlled motor model

) .

CURRENT TORQUE
Mator
voltage ke -
Motor
Maotor Wemnf - 1/resistance TORQUE torque
Shaft constant CONSTANT
du/dt e}
Derivative

inductance

Figure 3.5 Simulink armature-controlled motor model
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Vermnf
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ANG
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NET
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o

Motor
wvoltags

ANG
SPEED

w

Derivative

inductance
Lol Drag
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Force Radioiratic

Figure 3.6 Simulink armature-controlled motor + load model

3.2 SERVOMOTOR CLOSED LOOP CONTROL

In the previous section, the DC servomotor model was presented, and it was shown
that the servomotor’s input voltage relates to its shaft speed and position. Therefore,
by varying the servomotor’s input voltage, speed and position can be controlled.
However, this open loop control architecture cannot precisely control the variables.
Thus, closed loop control architecture is imperative for accurate control of the process
variables. To go from an open loop to a closed loop, some devices have to be
incorporated to the loop, including feedback sensors to measure position and speed,
and a controller. Controllers usually don’t have enough power to drive the servomotor
so its output signal is sent to an amplifier after restraining to high and low limits. This
process drives the servomotor. The servomotor closed loop control showing feedback,
controller and amplifier is given in the next two Figures. Figure 3.7 shows a
servomotor speed closed loop control, and Figure 3.8 shows a servomotor closed loop

control with both speed and position controllers.
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Figure 3.7 Servomotor speed closed loop model
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Figure 3.8 Servomotor position and speed closed loop model

In the previous figures the amplifier was represented as a device with a constant gain,
in other words it was considered as a linear amplifier. However, the servo amplifiers,
utilized in the TFS use a pulse width modulation (PWM) technique. The amplifiers are
of the 4-quadrant type, allowing precise control of acceleration and deceleration in
both directions. The main difference between a linear amplifier and a PWM amplifier
is that the first one changes the input voltage of the motor. On the other hand a
switched amplifier uses constant DC motor input voltage but switches it on and off to
control power. The switching frequency, normally 20 KHz, is much higher than the
servomotor mechanical frequency response. Thus, what the servomotor sees is a
variable input power. Therefore, the inclusion of the dynamic response of the PWM
does not make sense for the dynamic system simulation, and then a linear amplifier is
considered for the driving motor. This example clarifies this functional aspect. For the
current research the servomotors nominal voltage is 24v DC and the controller output
is £10v DC. A linear amplifier for this system would have a gain value of 2.4.

Therefore, for a 5v controller output, the servomotor input voltage would be 12v. In



40
the PWM amplifier case, the input servomotor voltage is always either 24v or Ov
depending if the switch is on or off. For example a 5v controller output would mean

50% of the time on and 50% off, which represents 50% of the power.

3.3 TIRE MODEL

Tire modeling has received much attention in recent years. Friction is the factor that
allows torque transfer, which generates movement. As a matter of fact, two realistic
applications of friction models are anti-lock braking system (ABS) and traction control

in the automotive industry [7], [8].

Empirical data can be easily acquired in labs, however, to obtain accurate analytical

tire/ground friction models consistent with the empirical data, has been difficult.

Tire friction models commonly assume that the normalized tire friction coefficient p

- F, Eq. 3.5

is a nonlinear function of the slip between the ground and the tire, the longitudinal

wheel velocity, and ground and tire properties.

Curves shown in Figure 3.9 are empirically based on steady state (constant linear and
angular velocity) experimental data in highly controlled lab environment with
specially designed test vehicles. Therefore, under those particular conditions,
experimental data for tires match curves shown in Figure 3.9. However, the friction
phenomenon is dynamic and steady state is not commonly reachable in real vehicles

and environments.
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Figure 3.9 Tire friction coefficient as a function of slip, speed, and tire/ground
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Before going into further details, some definitions and a review the dynamic model of
the wheel should be addressed. Figure 3.2 and equation 3.1 have to be completed with
the addition of the tire friction model, represented by Figure 3.10.

Except for F,, all the variables described in Table 3.3 are known. The aim of this
section and the tire model is to find the friction force. For a given ground and tire, the
friction force depends only on the speed and the slip. Since the platform will move at
low speeds, friction curves similar to 3.9 will not change. Hence, the friction force will
only depend in the wheel-platform slip. Slip, noted as s, is defined as follows:

(V—w*RW)
s =
maxQV a)*RW\)

Eq. 3.6

2

It is worth mentioning that the longitudinal velocity V" is equal to the platform velocity
if and only if the platform yaw rate is null.
The relative velocity v, is defined as:

v, =V —-w*RW Eq. 3.7

Table 3.3 Wheel dynamic model parameters

T is the Motor torque after gear box V' is the wheel velocity in its longitudinal direction

Fy is the normal force measured by weight scales | @ is the angular velocity of the wheel

F, is the friction force RW is the wheel radius

accelerating braking
W*RW >V @*RW <V

Figure 3.10 Wheel dynamic model
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For positive relative velocities, the wheel is braking, the slip is positive, and the
friction force is negative making the platform decelerate. For negative relative
velocities, the wheel is accelerating, the slip is negative, and the friction force is

positive making the platform accelerate.

Four more cases need to be described.
sign(V') # sign(w) then s="1 sliding
V=0 w#0 then s='1 spinning

Eq. 3.8
=0 V#0 then s='1 sliding

V=w=0 then s=0 stopped

Several tire models have been developed to predict how the friction force depends on
the tire-ground parameters and particularly on the slip, s, Burckhardt, Kiencke and
Daiss, Dugoff, LuGre. For a comprehensive discussion about static and dynamic
friction models refer to [9]. Among them, the most used is the “Magic Formula”
developed by Pacejka [10]. The friction force equation for this model is:

F(s)= D #*sin[C *arctan(B s — E B * s — arctan(B * 5 )])] Eq.3.9
Parameters B, C, D and E are defined in Table 3.4.

These static friction models are good for steady state conditions at the linear and
angular velocities. This steady-state circumstance is seldom real, especially when the
vehicle goes through continuous acceleration and braking phases, like in the platform
case. Recently, dynamic friction models, which predict the friction force for unsteady
speed conditions, have been developed as an alternative to the static friction models
[9]. Either static or dynamic models are highly complicated and require precise tire

and ground parameters identification, which is beyond the scope of this thesis.

Table 3.4 Magic formula parameters

B stiffness factor | D peak factor

C shape factor | E curvature factor
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Therefore, a linear tire model is going to be considered, similar to simplification done
in [5]. The linear tire model will give us a first approach to use at the system dynamic
model. This first approximation will let us compare the dynamic versus the kinematic
control approaches with minor tire properties knowledge. Subsequently, the

advantages of the dynamic control model can be compared to the kinematic.

Then, the force characteristic equation for low slip ratios is:

—F,*C*s
F=—_—"N =" <|S
' Suax for 1o <Sund Eq. 3.10
F. =—F,xC*sgn(V —w*RW) for ‘s\>‘SMAX\

The constant C is determined by the actual tire-ground environment and is named
“platform friction coefficient” for the purposes of this thesis. Hence, the friction plot

as a function of the slip looks like Figure 3.11.

Figure 3.12 and 3.13 show the Simulink models for the slip and friction force

calculation in accordance with equations 3.6, 3.8, and 3.10.

v

0 Smax 1

Figure 3.11 Friction vs. Slip



-

Slip

Friction

Saturation Foroe
Figure 3.12 Friction Simulink diagram
Al MinMax ~
max +
4>| '—p X -
Abton o Legical Data
WHEEL s il Operator  Convetion
LONGITUDINAL =latic
sPeeD Sign Crear "
mis
D =N Loz
S Fe ]
=
Sign1
P1
ROS LO1
"‘.IHEEEL OIcs
HC';'ATICNAL AND | OR - Is'u—t;': »
SPEED
W RW mis
Loz

AND

Figure 3.13 Slip Simulink diagram

Saturation

45

Slip



46

Chapter 4. System control

The objective of this chapter is to describe the control architecture proposed for the
system. Kinematic and dynamic models presented in chapter 2 are put together with
the servomotor and tire models in two single kinematic and dynamic control

architectures.

4.1 LINEAR TRANSLATIONAL MODE CONTROL

In the previous sections, DC servomotor model, load, speed and position closed loops
were presented. Subsequently, a tire model was introduced. This section presents the
control loop for the forward translational mode and lateral translational mode tracking
schemes showed in Figure 4.1, implementing the dynamic and kinematic control

models studied in Chapter 2.

To finally complete the tracking system control loop, two new devices must be
introduced to the system; a device to sense the distance from the platform to the

subject, and a controller to keep that distance close to its set point value.

“| [,

Figure 4.1 Translational modes
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4.1.1 Kinematic control

In the kinematic control, the distance controller output is the servomotors’ speed set
point. The distance controller adjusts the servomotors’ speed to control the subject-
platform distance to the distance set point. This model assumes no slip, which implies
that the wheel speed is equivalent to the platform speed, v=w*RW. This statement has
two main consequences. The first one is that since this assumption is not accurate, the
controller will have to overcome this error. It is worth mentioning that commonly, slip
value is between 0% and 10%. Thus, we can consider a mean error of 5% in the speed,
which represents the model deficiency that the controller has to overcome. The second
consequence only affects the simulation. Since the slip is null, the friction at the wheel
is 0, which means that the motor has no load and only has to overcome the inertia. To
fix this situation, only for simulation purposes, a constant friction value will be set.
Friction is linear with slip and slip varies as time passes. Assuming slip has a mean of
5% and considering the tire model represented by Equation 3.10, the friction model for
the motor load will be modeled as:

F.=—F, xCx0.5%sgn(V) Eq. 4.1

Figure 4.2 shows the kinematic system control loop for the translational mode. It is
worth mentioning that the only difference that may exist between wheel 1 (top section
of Figure 4.2), and wheel 3 (bottom section of Figure 4.2) models is the normal force
at the wheel. In the case of unbalanced normal forces or different wheel linear

velocities, the generated friction forces will be different.

Finally, Figure 4.3 shows the functional architecture for the kinematic closed loop
control. Three controllers compose the system. One central stand-off distance
controller is used to control the subject-platform distance, and two extra controllers are

used for speed control of each servo wheel.
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4.1.2 Dynamic control
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For the dynamic model, the system model also includes the direct and inverse

dynamics diagrams described subsequently.

First the longitudinal velocity at each wheel must be computed in order to calculate

the slip at each wheel. From this point forward, if acceleration, speed and position do

not show a sub index, then they refer to point P. The speed of any point R at the

platform can be calculated as a function of its distance to the reference point P, the

platform yaw rate and the reference point velocity.

Ve=V,+az A(R-P)

Designating wheel 1 as W1, wheel 3 as W3 and considering distance given in Figure

2.20:
or -
= |+
Vi v —w*Fr
e
Vs Y w* Ff
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If steering is not considered, then the longitudinal velocity of each wheel is in the
direction of X, and then the longitudinal velocities at each wheel are uw; and uws;
respectively.

Vi=u, =u+w*Lr

Eq. 4.2
V3=uy, =u—-—w*Lf

e Inverse Dynamics

The main idea of the control system is to vary each driving wheel rotational speed to
accomplish null platform yaw rate and acceleration, and to keep platform-subject

distance error at minimum.

Operating at equation 2.26, to achieve null yaw acceleration:

Fy * (L” _LGC): Fyy * (Lf + LGC) Eq.2.26

Writing the friction force at wheel 1 as a function of the friction force at wheel 3:

(Lf + L)

F'. =F]
X 3x ¥ (Lr—LGC)

Eq. 4.3

Similarly, writing the friction force at wheel 3 as a function of the friction force at
wheel 1:

' ’ (LF_LGC)
F!l =F' %—  ~—6¢/ Eq. 4.4
3X IX*(Lf+LGC) q

Operating at equation 2.25 with null yaw acceleration, the accelerations in the forward

and lateral direction are:

i 7EX+F3X+COZ*FGC—(0*V
= m Eq.4.5
;

2
O * Lo +o*u
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In the forward direction, the friction forces are replaced with equations 4.3 and 4.4,
and the next equations are obtained respectively:

F';X * (Lf+LGC)+FI

3X
i = (Lr = Lyc) +@’ *F.—*v Eq. 4.6
m

By o (= )
u= (Lf+LGC)+a)2*FGC—a)*v Eq. 4.7
m

Writing the friction forces as a function of other parameters:

m*(u—a)z*FGC+a)*v)

P Eq. 4.8
F;X 1+(Lf+LGC) 1
(Lr—LGC)
m*(u—a)z*FGC+a)*v)
P Eq. 4.9
Fix +(Lr_LGC) 1
(Lf + Loc)
Operating again and using equation 3.12 (F, = —F, *C*5/8§,,,, ):
. 2
—F3N*C*s3_m*(u—a) *FGC+a)*v)*(Lr—LGC) Eq. 4.10
Suax Lr+Lf o
—Fy*Cxs,  m#(i—a *Fye + 0% v(Lf + Ly ) Bq. 4.1

Sy Lf +Lr

Replacing the slip at each tire by its analytical representation, equation 3.6, the
following equations are obtained:

— By xC (Vs — @, * RW) _ m*(u—a)z*FGC+a)*V)*(Lr—LGC)
Sax maXQV3

Eq. 4.12
o, * RW|) Lr+Lf

b

~Fy*C (h-@xRW) _mx(a-0®*Fy+oxvLf + L)
, * RW|) Lf +Lr

Eq. 4.13

b

Shax maXQ 4
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Writing the wheel rotational speed as a function of the other parameters:

_ v, +m*(u—a)2*FGC+a)*v)*SMAX*(Lr—LGC)*maXQIQ,@*RW‘)
*RW F,, *C*(Lr+ Lf )« RW

o +m*(u—af*FGC+a)*v)*SMAX*(Lf+LGC)*maxQVl,a)l*RW\)
' RW E, *C*(Lr+ Lf)*x RW

Writing all the constants as a single constant K; and K3 respectively
Vs

@, =
RW
V.

+K3>l<(u—a)2>I<FGC+co>l<v)>l<maXQV3 a)3*RWD Eq. 4.14

2

1

W, =
RW

+ K, # (1 — 0> * Fye + 0% v)xmax(¥;], o, = RW]) Eq. 4.15

The rotational speed at wheel 1, ®;, and wheel 3, s, defined by equation 4.14 and
equation 4.15, accomplish null yaw acceleration and desired platform acceleration. To
compute the rotational speed, the previous rotational speed value is utilized. Writing

equation 4.14 and 4.15 in Simulink, Figure 4.4 is built.

¥

wi

Aleiud ) MinhMax SET POINT
w1 Abs{v1) rad/s
E—t——sfu}—» D
wiRW max >
g Rato

¥
+

. _
Azl — w

Math - 1 3 Producti
Function L

udot

(G

w —

e =
Product2

v

e

e Abs{v3)

s} ]
]|

max

2
MinMax1 Product2 B ’ e

6 Ratic  SET POINT
radls

Abs{w3r)

h 4

Figure 4.4 Inverse platform Dynamics
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e Direct Dynamics

Direct dynamics is shown by directly applying equations 2.24, 2.25 and 3.10:
_ Fly *(Lr_LGC)_F;X *(Lf+LGC)

0 Eq.2.24
IGC
F. +F
i MJrﬁ*LGCJra)z*FGC—a)*v
Y —O*F,.+a* %L, +o*u
—F x(C=x
F=—tn"2" Eq. 3.10
SMAX
Operating the last equations:
g = —Fy #C*s, *(LV—LGC)+FN3 *Ckosy >k(Lf‘*‘LGc) Eq. 4.16

IGC >l<SMAX

— % % — % &
i Fy*Crs = Fy *C B O L+ @ *Fyp— v
= m*S, . Eq. 4.17
—O*F o+ * L. +@*v

Writing these two last equations in Simulink, Figure 4.5 is built. Figure 4.6 shows the

dynamic system control loop for the translational mode.

In Figure 4.6 the PID block multiplies the error distance, computing the necessary
forward acceleration to minimize the distance error. A saturation block to limit the
desired platform acceleration is placed after the PID stand-off distance controller. The
reason to limit the desired platform acceleration is that the traction force developed by
the tire-ground surface is non-linear as showed by Figure 4.2. Thus, the traction force
has a maximum value inherent to the ground conditions for a given tire type.
Therefore, the platform force in the forward direction also has a maximum, and then a
maximum platform forward acceleration. If the desired forward acceleration computed

by the PID controller is greater than the maximum platform acceleration achievable
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then the rotational speed computed by the inverse dynamic algorithm will not be able
to develop the desired force. Consequently, neither the desired acceleration nor the
null yaw acceleration would be attained. The next equations describe this fact. From
equation 3.10 and equation 2.25 the maximum forward acceleration achievable by the

platform is when the slip is 1:

:FiN*C+F;N*C+9*LGC+QJ2*FGC_0)*V Eq418
m*S,, .

Upnax

Since the terms in function of the yaw rate and acceleration are null or much smaller

than the traction forces, the maximum achievable acceleration is:

F, +F
Uppx :( w 3N)*C Eq. 4.19

m*S, .

Figure 4.5 includes a subject position block to generate diverse subject walking
patterns, and also includes a conversion block diagram which converts the motor shaft
rotational speed into the wheel rotational speed in meters per second. Both block
diagrams are detailed in Figures 4.7 and 4.8 respectively. The other block diagrams

shown in Figure 4.5 were previously illustrated.

Finally, Figure 4.9 shows the functional architecture for the kinematic closed loop
control. Three controllers compose the system; one central controller is used for the
subject-platform distance, and two extra controllers for speed control of each servo

wheel.
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Chapter 5. Simulation results and analysis

Previous chapters introduced the dynamic and kinematic models of the system. The
objective of this chapter is to present the simulation results carried on in Simulink to
see the response of the system control design. This chapter first presents results for the
kinematic control scheme for the linear translational mode. Finally, the results for the

dynamic control scheme for the linear translational mode will be presented.

5.1 SIMULATION APPROACH

Models were developed and run in Simulink. Due to the existence of nonlinear
elements, the model was run with a fixed step size and continuous solver. The step
size was decreased until no variation of the output variables was observed, since a
greater decrease in the step size only results in computing-time increment. A Simulink
model specifies the time derivatives of its continuous states but not the values of the
states themselves. Thus, when simulating a system, Simulink computes continuous
states by numerically integrating their state derivatives by an ordinary differential
equation (ODE) solver. The step size was established at 0.001 for the kinematic
scheme and 0.0001 for the dynamic scheme since the latter needed a smaller step size.

The solver chosen was Simulink’s most accurate, ode5 Dormand-Prince.
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5.2 SIMULATION RESULTS FOR KINEMATIC CONTROL OF THE LINEAR
TRANSLATIONAL MODE

The Simulink model used for the simulation is the one represented in the last chapter

by Figure 4.2, reviewed in Figure 5.1.

Model parameters like motor inductance, wheel radius, etc. are illustrated in Chapter
6. Subject movement will now be considered. At time 0 the subject begins walking at
a constant speed of 0.5 m/s until time is 10 seconds, when she/he stops. Figure 5.2 is

the subject movement showed as a distance-time plot.

The kinematic model simulation predicts the system response shown in Figure 5.3

when the subject movement pattern is the one shown in Figure 5.2.

Figure 5.4 shows the motor speed set point and the motor and wheel speed, which are
related by the gear ratio and the wheel radius. It can be seen that after the subject stops
walking after 10 seconds, the speed set point position goes to 0. However, plots show
that the servomotor speed oscillates between —100 RPM and 100 RPM. In Figure 5.1 it
can be observed that the motor external load and tire friction force, was assumed to
have constant value with direction opposite to wheel speed. Behavior shown in the last
figure is the cause of this friction modeling. In fact, when the stand-off distance error
goes to 0, the speed set point also goes to 0. The modeling deficiency happens when
the servomotor speed, almost 0, inverts direction. At that time, the external load also
reverses, applying full load to the motor and producing a new speed and distance
tracking error. The error is again reduced to 0, but if the wheel speed switches
direction, even at infinitesimal speed values, the full load is again applied to the
servomotor shaft in the reverse direction, generating a new speed error and the cycle

repeats indefinitely.
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Figure 5.4 Motor speed set point, and motor and wheel speeds

Figure 5.2, 5.3 and 5.4 show the system response for given controller parameter
values, Ki, Kd, and Kp. Those parameters were chosen after various simulation runs
considering fast responses, stability and no-bumping conditions. It is worth
mentioning that during simulations both servomotors ran at the same speed, even
having different friction forces applied to them. Finally, the system simulation shows

that the system could track the subject to within 3/4 inches, much better than required.

5.3 SIMULATION RESULTS FOR DYNAMIC CONTROL OF THE LINEAR
TRANSLATIONAL MODE

The Simulink model used for the simulation is the one represented in the last chapter
and showed by Figure 5.5. The subject movement pattern for this simulation is the
same as the pattern used in the last section. The dynamic model simulation results are
presented in Figure 5.6, which shows subject and platform movements and in addition

to the tracking error.
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Figure 5.7 shows the motor and wheel speed, which are related by the gear ratio and
the wheel radius. Figures 5.6 and 5.7 show that while the subject is walking, the
tracking error is kept at values lower than 0.1 meter. After the subject stops, the
platform maintains the tracking error at reduced values. However, plots show that the
platform never stops moving. The cause of this behavior is the friction/tire model

considered. In previous chapters the tire model was defined by equation 3.10 as:

—F x(C=x
r =0 Jor s <8,y
Sy Eq. 3.10
F. =-F, «C*sgn(V —w*RW) for s>8,,¢

The slip s is defined by equations 3.6 and 3.8

g= V-wxrW) Eq.3.6
max (V.o * RW))

sign(V') # sign(w) then s="1 sliding

V=0 w#0 then s=_1 spinning Eq.3.8

=0 V#0 then s='1 sliding
V=w=0 then s=0 stopped
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The reason for this behavior is that when the subject stops, platform speed V and
wheel speed w*RW decrease. While both speeds are positive, the model simulation
result is correct. However, at some moment the error has decreased and both speeds
are close to 0. Some time after that, one of the speeds switches direction. Then, by the
slip definition given by equation 3.8, the slip becomes 1 or —1. Thus, by equation 3.10,
full load is applied to both platform and motor. This high and sudden load makes the
platform and motor accelerate and then increases the tracking error. The cycle repeats
indefinitely, finally producing the steady state error shown in Figure 5.6. To exemplify
the fact previously addressed, Figure 5.8 shows the slip at one of the wheels. The
kinematic model in the proximity of null speeds also showed similar behavior.
However, in that case, the load was only applied to the motor, while in this case it is
also applied to the platform. It is worth mentioning that such behavior is not expected

as real since it is a product of a deficiency of the model at reduced speeds.

Finally, one of the problems encountered during the simulation of the dynamic model
was in the first steps of the model. The dynamic control loop sets the wheel speed as a
function of the actual wheel speed. Hence, if at any instant, V3 and ®; are null, then

the set point speed will be null as well.

o, = RV;V +K3 *(L'[—C()z *FGC +a)*v)*maqu/3 RIoX *RW‘) Eq 4.14
o, = RI;V +K3*(u—a)2*FGC+a)*v)*maXQVI,a)1*RW‘) Eq. 4.15

The simulation begins at time 0, and at the initial step, V1, 1 and V3, 3 are 0. Thus,
it does not matter how much the stand-off distance controller sets the desired platform
acceleration, since the wheel speed set point will be 0. To overcome this problem a
small modification was introduced at the inverse dynamic algorithm, which computes

the driving wheel set point speeds. A kinematic term was incorporated, which only
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acts when the dynamic speed set point is less than 0.1 m/s and the tracking error is
greater than 0.05 m. Under these conditions, the kinematic term adds a term to the
dynamic speed calculation that is directly proportional to the actual distance tracking
error. The reason to add the kinematic term for speeds lower than 0.1 m/s and not only
when the speed is null, is that the actual speed term is always multiplying the
acceleration term as showed in equations 4.14 and 4.15. Hence, for small speeds the
dynamic term is always negligible, likely generating an undesirable system response.
This modification was also considered for the LabView control algorithm code

implemented for the tests. Figure 5.9 shows the new implementation.
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Chapter 6. System implementation

This chapter describes tracking fluoroscope system components. First section presents the
general overview of the hardware, software, and a hardware diagram of the control
architecture. Subsequently, each component is described. Section 6.3 contains the system
control and power wiring diagrams, and deals with the signal conditioning for the
encoder and potentiometer. Finally, last section presents the system control software

developed in LabView.

6.1 SYSTEM ARCHITECTURE

The tracking fluoroscope control system is a complex mechanism with 2 wheeled-
servomotor for driving and 2 servomotors for steering. Every servomotor has a driver or
amplifier that supplies it with the necessary power. Such power is obtained from eight
twelve volts batteries connected in series of two such that they generate twenty-four
volts. That is, four batteries banks connected in parallel; where each battery bank consist

on two batteries connected in series, as Figure 6.1 and 6.2 show.

Drivers are controlled by an eight-axis motion card, which is installed in the main
computer that is placed in the platform. To control the drivers the main computer has five
main feedback signals, as listed subsequently in table 6.1. Figure 6.3 shows the control

system architecture including power and control signals.

Control algorithms were developed in LabView. Code is actually running under a
Windows XP platform, but it is expected to run under real time once all code is finished.

Main system control tasks run in the National Instruments PXI computer, host PC.
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Table 6.1 Feedback signals
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Device Measures Type of signal
Encoder Left Rear Wheel (LRW) Wheel position and Two wires with high
driving speed frequency pulses.
Potentiometer LRW steering Wheel steering angle Analog

Encoder Front Right Wheel (FRW)

Wheel position and

Two wires with high

driving speed frequency pulses.
Potentiometer FRW steering Wheel steering angle Analog
Laser distance sensor Subject-Platform RS232
distance
National Instruments PXI computer
Amplifier Amplifier Amplifier Amplifier
24y —— 24y —— 24y —— 24y ——
E E E E
ov —— N ov —— N Oov —— N ov —— N
C C C C
M 0 M 0 M 0 M 0
0 D 0 D e} D 0 D
T E T E T E T E
0 R 0 R e} R 0 R
R R R R
F F F F
Laser P E P E P E P E
0 E 0 E e} E 0 E
w D w D W D % D
E B E B E B E B
R A R A R A R A
C C C C
K K K K
Motor Motor Motor Motor

Figure 6.3 Hardware architecture
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The subject machine interface HMI, which actually also run in the PXI computer, is
controlled from the Dell computer, remote PC. Once the PXI computer goes to real time,
the HMI will have to be readapted to run only in the remote computer. A wireless link is
established to maintain the remote PC updated. From the remote PC the operator is able
to start and stop the system. Operator can also change set points, choose among different
operational modes, automatic translational mode, platform rotation, wheel steering and
platform manual driving, that are explained later on in the chapter. Figures 6.4 to Figure

6.6 show the host computer, the remote computer and the wireless router respectively.

6.2 SYSTEM DESCRIPTION

6.2.1 Main processing unit

This computer is a National instrument PXI8186 model, with a processor Intel Pentium 4
that runs at 2.2 GHz and with a ram memory of 1 GB. The computer has 8 slots with
different PXI cards. The tracking system uses an analog output card, PXI6071E, to
operate the driving servomotor brake, and a PXI7538 motion card for the driving and
steering functions. The motion card is an eight-axis servo motion controller with
quadrature incremental, single ended encoder inputs, +-10v, 16-bit resolution, analog
inputs, and +-10v, 16-bit resolution, analog outputs for servo command. The PID update

rate range is 62.5 to 500 ps/sample.

The remote computer, showed in Figure 6.5 is a Dell workstation PWS650, Xeon™ with
a CPU of 3.06 GHz and 1GB of ram. The wireless link is established by a wireless 4
ports broadband router type g, band of 2.4 GHz and transfer rate of 54 Mbps. The

wireless router is showed in Figure 6.6, and it is a Linksys brand, Model wrt54G.



Figure 6.6 Wireless router
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6.2.2 Driving-steering servomotors units

Driving-steering servomotor unit is the composition of a DC driving servomotor-in-wheel
plus a DC steering servomotor. When the steering servomotor runs, the driving
servomotor rotates along the axis perpendicular to the ground. To measure that rotation
angle, steering angle, the system has a potentiometer. On the other hand, to measure the
position and speed of the driving servomotor, system uses an encoder. Figure 6.7 shows
system components, but not showed in the pictures is an internal gearbox that connects
the servomotor axis to the wheel axis, with a gear ratio of 9.9. In the case of the external
gearbox, the ratio is not needed for position calculation since the potentiometer moves
respect to the outer gear instead of the servomotor gear. The potentiometer is 10 K, and
the encoder is a Baumer electric quadrature incremental encoder model BHF16.24K with
1000 pulses per revolution. It also has a fifth wire that gives one pulse per revolution.

Finally, table 6.2 shows the servomotor parameters as given by the manufacturer.

Table 6.2 Servomotor data

Driving servomotor

Resistance (QQ) 0.14
Inductance (€ /s) 0.0005
Torque constant (N.m/A) 0.06
Electro-motive constant (V.s/rad)|0.074
Gear Ratio 9.9
Wheel radius (m) 0.075

Motor and wheel inertia

(seen by motor) Kg.m*
Steering servomotor

Steering speed (deg/s) 90

2.15E-4




Electromagnetic spring pressure brake

¥ 9 :
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Figure 6.7 Driving-Steering servomotor units
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6.2.3 Servomotor amplifiers

The FSA23 Danaher Motion servo amplifiers used in the system operate by the chopper
principle for precision control of DC motors. They can be either used with tachometer
feedback as well as armature feedback. However, they don’t allow encoder feedback and
that is the reason to close the speed loop at the motion controller card instead of at the

servo amplifier. Table 6.3 resumes the operational data of the driver:

The servo drives are of the four-quadrant control kind, and can therefore precisely control
both acceleration and deceleration in both directions. Its typical efficiency exceeds 90%.
It has short circuit protection and power transistor overload protection. Figure 6.9 shows

the drivers already mounted and wired in the platform.

Table 6.3 Servo amplifier operational data

Type FSA23

Supply voltage
(24v/48v systems) 15-70v
Power consumption 1.2 W
Control voltage range + 10 v
Chopper frequency 21 KHz
Voltage drop in FSA 0.12
High current limit (adjustable) 23 A/3s
Low current limit (adjustable) 10 A
Continuous current 10 A at 40°c
Minimum motor inductance 100 uH
Trigger temperature for over o

; . 70°
heating protection
Weight 0.7Kg
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Figure 6.9 Servo amplifiers

6.2.4 Laser distance sensor

The laser distance sensor is a Sick model DME 3000-2. It has 1 mm resolution, selectable
response time from 20 to 200 ms. It transmits data trough a RS422 channel at a transfer
rate of 38.4 Kbps maximum. The system has a RS422/RS232 converter that sends data to
the computer communications port. That signal is read by a LabView code that
configures the computer port. Figure 6.10 shows the laser mounted and table 6.4 gives

the laser accuracy.

6.3 POWERING AND CONTROL SIGNALS

6.3.1 Wiring diagrams

Next pages show the wiring diagrams for the tracking fluoroscope system. Power and
control electric wiring diagrams are presented. Next section introduces the signal

conditioning.



Figure 6.10 Laser distance sensor

Table 6.4 Laser accuracy (from manufacturers manual)
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Accuracy (for measuring distance) | 1 m 2 m 4 m 6 m 8 m
White 90 % +5mm [£5mm |+ 10mm|+20 mm |+ 30 mm
Grey 18 % +5mm |+ 10mm |+ 30 mm

Black 6 % + 10 mm |+ 20 mm

Figure 6.11 shows the laser RS422/RS232 converter power connections and the encoder

power and signal connections. The encoder signals had to be transformed, as it will be

explained in next section, to do that a voltage divider was made. Last Figure also shows

the encoder motion card digital grounding and encoders fuse. Figure 6.12 illustrates the

potentiometer input signal and the analog output connections to command the servo

drives.

Finally, next diagram includes all power wirings. Figure 6.13 includes two steering, and

two driving servomotors with its electromagnetic brakes, remote switch for emergency

stop, fuse circuit protection, screw terminals, relays, diodes and batteries.
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6.3.2 Signal conditioning

The tracking fluoroscope system is a complex electric system with different voltages.
The system has 5v, 12v, 24v DC and 115v AC. Furthermore, it has 8 servo amplifiers
which work sending high frequencies to the motors. Besides the DC servomotors also
create a magnetic field in its surroundings. All those factors contribute to noise
interference at the control signal level. Thus, the system has to be properly wired and
grounded. For the wiring, special caution was taken to have control and power lines as
separated as possible. In addition, control and power lines were crossed at 90 degrees
at lines intersections to avoid noise due to the magnetic field created by the power

wires.

Even the precautions taken, noise was found at the potentiometer signal. Large peaks
appeared generating the control algorithm of the steering motor to operate when the
motor was correctly positioned. Hence, a capacitor of 105 mF was placed to reduce
the noise. The potentiometer is power with 5v from the motion card. The capacitor

was placed between the motion card analog ground and the potentiometer signal wire.

The baumer electric encoder needs a minimum power supply of 10v and a maximum
of 30v. The output channels of the encoder, A and B, have a voltage that is 2v less
than the encoder input voltage. The motion card encoder input is 0-5v. Then, it is easy
to see that even powering the encoder with the minimum of 10v, its output A/B would
be 8v, what is greater than the maximum voltage at the motion card encoder input, 5v.
Consequently, a voltage divider is placed at the encoder output to reduce the voltage to

less than 5 volts.

The motion card encoder input has a pull up resistor of 3.3 KQ value. The motion card
considers a low state of the encoder when A/B channel the voltage is less than 0.8v,
and considers a high state when voltage is higher than 2v. Figure 6.14 shows the

voltage divider configuration to accomplish the motion card requirements.
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CHA _
0-22v

RPUP:3 3 KQ

R2
Ov

Figure 6.14 Encoder voltage divider

In the case of a peak the voltage at channel A is 22v, then for a high voltage with the
showed resistors configuration the voltage, V, at the input point relates to the other
variables by equation 6.1. By Kirchoff law the current flowing in and out of a node is
null, then applying it to the motion card input:

2-V 5-V_TV
Rl R,, R2

Eq. 6.1

Operating, the value of V can be found in function of the resistors R1 and R2.

_ R2#(5%R1+22%R,.,) Eq. 62

MG R1% R2+ R1% R, + R2% R,

In the case of a valley the voltage at channel A is Ov, then for low voltage with the
showed resistors configuration the voltage, V, at the input point relates to the other
variables as follows:
-V N 5-V _V

=— Eq. 6.3
Rl R,, R2
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Table 6.5 Resistors for voltage divider

R1 | R2 | Vlow | Vhigh
2.00 1 0.70 | 0.68 | 5.61
2.00 | 1.00 | 0.84 | 6.94
2.00 1 0.50 | 0.54 | 4.46
5.00 [ 1.00 | 1.01 | 3.94
1.00 | 1.00 | 0.66 | 10.21
1.00 | 2.00 | 0.84 | 13.04
1.00 | 3.00 | 0.93 | 14.37
1.00 [ 0.50 | 0.46 | 7.12
1.00 | 0.20 | 0.24 | 3.73
2.00 1020 | 026 | 2.16
0.60 | 0.19] 0.21 | 4.97

Operating, the value of V can be found in function of the resistors R1 and R2.

5

Vo =
Lo Lo r s RI+R2
PUP\ R1% R2

Table 6.5 was built varying R1 and R2. In this case, the values of R1 and R2 chosen

Eq. 6.4

were:
R1=600 Q
R2=200 Q

6.4 LABVIEW CODE

Next pages present the software code developed in LabView. Four codes were
developed, platform setup code, dynamic code, kinematic closed loop, and kinematic
open loop. Those codes may be integrated in a common single program in the case the

platform desires to be controlled by the different tracking control algorithms.
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6.4.1 Platform setup software code

The platform setup algorithm is designed to rotate platform 90 degrees respect to its
original position. The program does a platform rotation in two steps. The first step is
to steer the wheels, the second one is to run the driving wheels. Figure 6.15 is the
operator screen, or human machine interface, from where the operator controls the

system. Please refer to that figure for the next description.

The first step is to steer the wheels, steering can be operated manually or
automatically. The main steering button, placed next to the emergency stop button,
turns on the steering algorithm. If PID button is off, manual voltage can be applied to
the motion card output. If the PID button is on, then a PID controls the steering angle
for correct positioning. Using the selector placed under the PID button, steering angle
can be set manually to each wheel, or automatically to both wheels steering them to 0
or —47.5 degrees. To rotate the platform 90 degrees wheels must be steered —47.5
degrees as defined in previous chapters. Steering angle is always showed to the

operator by the charts.

The second step is to run the driving motors. The main driving button, placed in the
left bottom side of the picture, turns on the driving algorithm. The operator should
select “automatic speed”, release the brake, and then write the platform rotation angle.
If the operator wants to do it manually, he/she needs to select manual voltage.
Operator should choose between translation and rotation modes. In the translation
mode, the wheels go in the same direction and then the platform translates, while in
the rotation mode they go in opposite direction. The operator should later release the
brake and change the voltage as desired, using the colored gauge in the bottom of the

screen.
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Figure 6.15 Platform rotation HMI screen
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Figure 6.16 shows the LabView code for the platform rotation. Since most steering
and driving code developed here is used later in the other codes, they are only

explained here.

The code has a main while loop, which runs every 30 ms.. It contains all the code on
it, except for the initialization of the motion controller and the resetting of the motion
card output. The sequence structure, at the right side of the figure, is the one which
resets the output when the while structure is stopped with the emergency stop bottom.
Two main case structures selectable with the buttons showed in Figure 6.16 are used,
one is used for steering and the other one for driving. Figure 6.16 shows the two case
structures in the ON state. When they are in OFF state, the code loads 0 volt to the
motion card outputs that go to the motor amplifiers. In a similar way, in the case
structure to choose between manual voltage steering or automatic PID steering, only
the second one is showed in Figure 6.16. Figure 6.17 shows that case structure in the
“Manual voltage” steering case. Once again, in the case structure to select among
manual angle, 0 deg, and —47.5 deg, only the last one is showed in Figure 6.16. Figure
6.18 shows the other two states of the case structure. The last case structure is the one
to select between automatic rotation and manual output voltage, only the automatic
speed rotation is showed in Figure 6.16. Figure 6.19 shows the case structure for the
manual voltage state, including the translational mode and rotational mode selector.
Finally, Figure 6.20 is an operation chart that shows all the functions that the operator

can do and its operation order.

6.4.2 Dynamic control software code

In this program, the steering code is almost the same as with the one developed for the
platform rotation. Since this algorithm is not intended for platform rotation, the code
does not include different angle for each wheel and also replace the —47.5 deg steer
angle by 90 and —90 deg needed by the lateral translational mode cases. This HMI

screen includes both wheels’ speed in conjunction with platform speed and is showed
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in Figure 6.21. Besides, it adds the distance set point input, distance tracking error plot
and subject position graphic. Figures 6.22, 6.23 and 6.24 show LabView code for the
dynamic model. Figure 6.25 illustrate operations chart to easily understand operator

tasks availability.

In the case structure to select among manual speed, automatic speed or manual
voltage, only the automatic speed is showed in the Figure 6.21. Figure 6.22 and 6.23
show the other two cases. The automatic speed case structure contains the equations
developed in previous chapters to calculate wheel 1 and wheel 3 speeds in function of
their actual speed and desired acceleration. The algorithm also contains the adaptive
control algorithm explained in the control chapter that adds a kinematic term when the

platform and wheel speed terms are small.

6.4.3 Kinematic control software code

In this case the steering code is exactly the same as for the dynamic model. The only
difference with the dynamic model is that for the automatic speed, the speed set point
is set to the output of the distance PID controller. However, in the dynamic code, the
inverse dynamics algorithm calculates the desired speed in function of the desired

acceleration that is the distance PID controller.

Figure 6.26 shows the operator screen, or human machine interface. Figure 6.27 and
Figure 6.28 are equal but they are written with different LabView functions. When
using the motion card functions, there is no need to use a PID controller to control the
motor speed. That controller is built-in at the motion card function. As it can be seen,
the motion card code seems to be easier and neater than the other; besides acceleration
and speed margins can be established. However, it has some disadvantages. The first
one is that the PID gains have to be defined in the motion card configuration software,
outside of LabView, and then with a difference interface that can only be programmed

at the host computer. That software does not tolerate tuning the internal PID controller
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for the two driving servomotors at the same time. Hence, the tuning process has to be
done one motor at a time, and then with the platform lifted. Subsequently, when doing
the tuning process, the load at the servomotor is not the real load that the servomotor is
going to have when moving the platform. The second disadvantage is that the motion
card output voltage cannot be controlled. Thus, if the brake is pressed when the speed
set point is not null, the motion card output goes to £10 v, and then full power is
applied to the servomotor with the brake on. Finally, the motion card functions are
only designed for encoder inputs, then the steering servomotors can only be controlled
using the motion card output as an analog signal, like done by code showed at Figures
6.22 and 6.27. Finally, Figure 6.29 shows the operation chart for the Kinematic closed

control loop model.

6.4.4 Stand-off distance controller software code

In this case the steering code is exactly the same than for the dynamic and kinematic
closed control loop models. This screen and code are much simpler than the previous
models’ screen since this model does not need a controller for the speed. The output of
the distance controller is the speed set point. Finally, it is worth mentioning that since
there is no controller for the speed, the platform cannot be manually moved at a
certain speed. In this case, the platform can be moved at a certain motion card output
voltage, which has a direct relationship with the speed. Figures 630, 6.31 and 6.32
show the human machine interface, the LabView code, and the operations chart for the

stand-off distance controller model.
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Chapter 7. Tests results

This chapter describes the tests developed with the tracking fluoroscope system to
check the efficiency of the various tracking control algorithms. The first test is carried
out to find the platform friction coefficient, C. The second section presents the
translational mode tests results, which includes the second, third and fourth sets of
tests. While the second and third tests are performed using the dynamic and kinematic
algorithms developed in previous chapters, the fourth test uses stand-off distance
control architecture. Finally, last test measures the performance of the platform setup

algorithm that makes the platform rotate 90 degrees.

7.1 TEST PLANS

In the first test the platform is moved from point A to point B, 4.8 meters, as shown in

picture 7.1. Various trials are done at diverse speeds and accelerations.

In the second, third and fourth tests a person walks from point A to point B and the
platform follows the person keeping the tracking error as low as possible, as Figure
7.2 shows. The last test is the platform setup. The platform is automatically rotated 90

degrees and rotation precision is measured as showed in Figure 7.3.

Figure 7.1 Friction test
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7.2 FRICTION TEST

In this test the platform is moved with different speeds and accelerations in order to
find out the friction coefficients. It was previously stated the relationship between the
platform acceleration and platform slip is:
Fy+F, .,
X Iy Px L+ @ *Fy %V

o[
Y ~O*F, . +a" %L, +o*u

In the case of null yaw rate and acceleration:

u FVIIX +F3,X
v

0

The friction model is represented by the next equation as previously addressed:

—F, *Cxgs
F=—N —""° <|s
’ Shax for ‘S‘ ‘MAX‘ Eq. 3.10
F. =—F,xC*sgn(V —w*RW) Jor |s| > |8,

From this last equation and equation 7.1:

uz_(FNl*S1+FN3*S3)*C Eq.7.2

m*S,,.,

Writing equation 7.2 in terms of C:

—u*xm=*S, .

Fy #s,+ Fy; %5,

C= Eq.7.3

Then if the platform slip is maintained in the linear zone, the friction coefficient C can

be computed by equation 7.3. After measuring platform speed and acceleration, and
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both servomotor wheel speeds, the friction coefficient C is computed. The platform
speed and acceleration are computed by differentiating distance measured by the
scanner with respect to the time. Wheel-servomotor speeds are obtained from encoder
readings. The objective of the test is to compute the value of the friction coefficient C
and observe its variations as a function of the speed. Tests consist of moving the
platform at various speeds and accelerations. Figure 7.4 shows C plots and mean

values recorded and computed during the various tests.

It is worth mentioning that at every time during trials 2-6 the slip ratio was between
0.1 and -0.1. In the case of the first trial, the margins were larger, -0.30 to 0.30.
Consequently, doing analogy with the plots presented at chapter 3, Figure 7.5 is built.

In simulations presented in chapter 5, a friction coefficient value of 0.4 was used

based on the previous plot, since the subject walking speed was 0.5 m/s.

7.3 LINEAR TRANSLATIONAL MODE TEST RESULTS

The functional architectures previously addressed are tested for the linear translational
mode. It is important that the control system be able to follow the person with a
smooth movement. The performance of the control system is going to be evaluated by
some quantitative and some qualitative indicators. Those indicators include the settling
time, maximum error, steady state error, tracking error, platform rotation, spinning and
sliding, and smooth movement. Settling time is defined here as the time needed by the
control system to decrease the tracking error to below 0.1 meters. Steady state error is
the tracking error before the subject starts walking, and the tracking error after the
subject stops walking. Two facts are of fundamental significance, the first one is that
the tracking dynamic error needs to be kept at small values, and the second one is that

the platform movement must be smooth enough to the eyes of the walking subject.
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Finally, the settling time and the initial error are also significant since they affect the

performance of the fluoroscope system at the initial steps of the subject.

7.3.1 Dynamic control

In this test the subject stands at point A, after some seconds he/she began walking for
a distance of about 4.5 meters, and then he/she stops. Figures 7.6-7.9 show the system
response using a controller parameter configuration with proportional gain, Kp=50,
integral time Ti=0.01 and null derivative gain. Two tests were carried out with these
parameters, the first one with a subject speed of about 0.55 m/s, and the second one at

a subject speed of about 0.8 m/s.

The length of the room was an important disadvantage presented during the test since
the subject can only walk for 4.5 meters from one wall to the other. This distance
limits the ability to run the control system algorithm for more than a few seconds,
especially at speeds greater than 0.5 m/s. During the test, it was observed that a
subject’s walking speed is not constant. This means that the test results are not directly

comparable to the ones obtained with the simulation.
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Figure 7.6 illustrates both servomotor wheel speeds and Figure 7.7 illustrates the
tracking error generated during the test for a subject speed of 0.55 m/s. BLWS means
back left wheel speed, while FRWS means forward right wheel speed.

Figure 7.8 illustrates both servomotor wheel speeds and Figure 7.9 illustrates the

tracking error generated during the test for a subject speed of 0.8 m/s.

Some observations need to be discussed. Firstly, the greater the subject speed, the
greater the initial tracking error and settling time. Secondly, while the subject is not
walking, until time is 23 seconds in test 1 and time is 32 seconds in test 2, the platform

oscillates with amplitude of 0.05 m and a frequency of about 1.4 s.

Thirdly, after the subject stops walking, at time = 33 seconds in test 1 and time = 38
seconds in test 2, the platform corrects the tracking error and the wheels also stop.

This was not predicted in the simulation when to the friction model was utilized. The
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fourth observation, of special importance, is that slip in the form of sliding occurred to
a lesser degree than when running the kinematic algorithm presented in the next
section. Thus, the platform rotation generated by the sliding phenomenon is much
smaller than when running the kinematic algorithm. Nevertheless, it was still
appreciable. The settling time is the time required by the control system to reduce the
error to small values. The fifth observation is that the settling time for the 0.55 m/s
case was 1 second, while it was 1.5 seconds for the 0.8 m/s case. Finally, the tracking
error after the settling time is mostly between 0.05 and 0.1 meters. The joint tracking

algorithm can absorb this error, but improvements are still desirable.

7.3.2 Kinematic closed control loop

In this test the subject stands on point A. After some seconds he/she began walking for
a distance of about 4.5 meters, and then he/she stops. Various tests were done to tune
the system. The following figures show the system response using a controller
parameter configuration with proportional gain, Kp=15, integral time Ti=0.005, and
null derivative gain. Among various parameters configuration, this one was chosen for
having a small settling time and minor steady state error. It is worth mentioning that in
the kinematic closed loop control, the steady state error is not zero due to the presence
of wheel slip at reduced speeds. Appendix C includes system response for other

controller parameters configuration.

Figures 7.10 and 7.11 show that the control algorithm accomplishes its task of keeping
tracking error at low values. Particularly, about two seconds after the person began
walking, the tracking error is kept at values lower than 0.05 meters. However, it was
observed that the wheel slipped during the tests. After subject has stopped, slipping

causes the platform to move back and forth indefinitely.
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This not only generates an oscillating tracking error, but also causes platform rotation.
Slipping was greater in the rear left wheel than in the front right wheel due to the small
friction force attributed to a reduced normal force. Slipping appeared in the form of
spinning at low speeds when the tracking algorithm changes the wheel driving speed
direction to reduce the tracking distance error to zero. In fact, the tracking algorithm
changes speed much faster than platform stopping speed. For instance, when the
platform is still going forward, the algorithm changes the rotational direction of the
wheel and makes it go in reverse. The servo amplifiers vary the servomotor speeds
quickly. However, the high platform inertia makes it decelerate slowly and spinning
occurs. Limiting the controller output, controller output rate, and wheel acceleration
would reduce this slipping phenomenon. However, this is a trade off since reducing
them would also decrease the system performance, particularly by increasing tracking
error while the person is walking. An adaptive controller, which adjusts gains
depending on platform speed, could be a solution. An easier solution found, was to
establish a control architecture that does not set the wheels’ speed. This architecture’s
LabView code was presented in section 6.4.4, and is proposed and tested in the next

section.
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7.3.3 Stand-off distance controller

The test results presented in previous sections showed the system performance using
the kinematic and dynamic control algorithms. While those tests showed acceptable
performance, slipping was observed during the tests due to fast speed changes. Thus, it
is observed that a control architecture, which does not fix the wheel servomotor speed,
would not produce such fast changes. Stand-off distance control architecture with no
speed control is proposed and tested in this section. The only different between this
control architecture and the kinematic closed loop control architecture is that the speed
loop is not closed. Figure 7.12 shows this control architecture, and it shows that the
servomotor wheel feedback is not considered. The only feedback used by the system is
the distance measured by the laser. Then, a voltage signal is sent to the FSA but motor
speed is not controlled, and therefore left in open loop. Subsequently, this section tests

the tracking fluoroscope system running with a stand-off distance control architecture.

Human
Position
NI computer
Laser
7\ Distance PID
System Plat
controller atform
4 .. L
Position
Distance
Setpoint
Distance measured by laser

Figure 7.12 Stand-off distance controller
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The control system was tuned varying the distance controller gains. After tuning the
system, its response was checked for various subject speeds. The following figures
show system response to various subject speeds. PID parameter configurations achieve
the best results for the current control architecture. System response to similar tests

carried out with different stand-off controller gains are presented in Appendix C.

The controller gains are:
Proportional gain Kp=0.03
Integral time Ti=0.015
Derivative time Td= 0.01

Three tests were performed with the current controller configuration. In the first one,
the subject walks at a speed about 0.42 m/s and the motion card output signal is
controlled between -5v and 5v. In the second test, the subject walks at a speed of about
0.36 m/s and the motion card output signal is controlled between -8v and 8v. Finally,
in the last test the subject walks at a speed of about 0.63 m/s and the motion card

output signal is again controlled between -8v and 8v.

Figures 7.12-7.21 show that this control architecture has improved response than the
previous control algorithms. In the first and second tests, the error is always kept
under 4 inches, then there is no settling time. Only in the last test is there a non-zero
settling time of 1 second. In the other two tests, the error is never greater than 0.1
meters. The dynamic error is much smaller than with the other control algorithms.
Furthermore, the steady state error is null and the maximum error is smaller than tests
performed in previous sections. Spinning and sliding are not observed at low speeds,
so no platform rotation exists. In addition, the platform movement was much smoother
than with the other tracking control algorithms. Finally, a qualitative observation is
that from the subject’s point of view, the platform feels more stable, comfortable, and

safe than in both previous cases.
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7.4 PLATFORM SETUP TEST

In this test the system ran the setup code presented in chapter 7. The platform rotated
exactly 90 degrees in 7 seconds. However, due to small wheel slipping, the center of
rotation, defined as the middle point between wheeled servomotors, suffered a
translation of almost 10 inches with respect to its original position. The main objective
of the platform setup was to rotate it 90 degrees to make it possible run the platform in
the longest room dimension or corridor direction. Therefore, this small translation
does not affect tests performance. There are, however, various solutions to reduce the
center of rotation translation that can be explored in future work. For example, wheel
position control and wheel speed control can be applied. Also, the output signal
voltage of the motion card can be saturated or the wheel steering angle could be

varied.
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Chapter 8. Conclusions and future work

8.1 CONCLUSION

The objective of this thesis was to determine the best control architecture and control
algorithm for the Tracking Fluoroscope System. To accomplish that objective, this
thesis presented the kinematic and dynamic models of the tracking fluoroscope system
for the free and for the translational motion modes. Both models were developed,
simulated and tested for the translational motion mode. The kinematic model was
based in the rigid body calculations, while the dynamic model incorporated a tire
friction model that calculates the friction force in function of the wheel slippage. A
platform setup algorithm for the platform rotation was also presented and tested.

During that test, the platform rotated exactly 90 degrees in 7 seconds.

Simulation carried out in Simulink predicted that the kinematic and dynamic control
system would keep the tracking error at values smaller than 0.15 m. Simulations
showed steady state error, after the subject stops walking, produced by a deficiency of

the friction model at null speed neighborhoods.

Several tests were implemented to study the system response. First, the platform
friction coefficient, C, was determined. A series of tests were carried out at various
speed and platform accelerations to compute the value of C. During the tests, the slip

remained at low values, and then the friction force was always in its linear region.

Secondly, the dynamic control system was tested. The control system reduced sliding
and spinning with respect to the kinematic control system. However, not all sliding

and spinning was eliminated; platform rotations continued to a limited extent. The
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settling time for the algorithm is on the order of 1.5 seconds, but it depends slightly on
the subject speed. The initial steady state error is around 0.05 meters, and the final
steady state error is null, contrasting the steady state errors predicted in its simulation.
The tracking error (error after the settling time) has peaks of about 0.1 meters but it is
usually around 0.05 m/s. Finally, the maximum error for speeds of 0.8 m/s is 0.2

meters, while for medium speeds of 0.4 m/s is 0.15 meters.

A third set of tests was completed using the kinematic control system. This control
architecture exhibited high sliding and spinning at null subject speed. This condition
induced a platform alternate movement combined with platform rotation. The settling
time for this algorithm is 2 seconds. The initial and final steady state errors were in the
order of 0.05 meters. Furthermore, the maximum error was worse than the dynamic
case, about 0.22 meters. Despite these disadvantages, this algorithm exhibits better
performance than the dynamic control observed in other indicators. For example, the
tracking error is smaller than the one obtained by dynamic control, and its peaks never

surpass 0.05 m.

Finally, even though dynamic and kinematic control systems showed satisfactory
results, a stand-off distance controller was introduced to overcome the disadvantages
presented by these control systems. The stand-off distance controller showed no
sliding or spinning unless high speeds were combined with sudden stops. Neither
platform oscillations nor platform rotation were observed. The settling time was null
for small speeds since the error is always below 0.02 meters, which showed the great
performance of the algorithm. For higher speeds, the algorithm had a settling time of 1
second. The initial and final steady state errors were insignificant. The tracking error
for high speeds was smaller than the dynamic and kinematic speed closed loop
algorithms and its peaks never overcome 0.05 meters. The maximum error for high
speeds was 0.15 meters, while for reduced speeds it was 0.05 meters. This method

seems to be more stable and smoother than the other control schemes from the subject
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point of view. In conclusion, the stand-off controller scheme showed enhanced

performance, and it is the preferred control method for use at TFS.

8.2 FUTURE WORK

The future work can be directed in two main areas—improvement for current systems,
and expansion to a new free motion control system. For the current stand-off
controller system, no straight-forward implementation is necessary since its results are
remarkable. However, if the results obtained by the dynamic and kinematic control
systems require enhancement, various improvements may be implemented for those

control systems.

First, a wheel friction test under controllable conditions would give an accurate
friction model of the motor-in-wheel units, and subsequently improving the dynamic
model. Also related to that, better traction properties at the wheel would strongly
increase the performance since current units have low friction/traction properties.
Another improvement that can be done related to the friction force is to equalize the
wheel normal force. Normal force at the wheels is currently unbalanced since the
weight distribution cannot be varied from back to forth. To solve this situation, the
motor can be dissembled, and then the plate that holds them to the platform can be
machined to reduce its thickness.

Second, replacing the old free wheel, used in the dynamic control system test to
measure the platform speed, would improve dynamic control system performance,
since its encoder signal was not very consistent.

The third option for system improvements would be the inclusion of two controlling
tools to eliminate the steady state errors. The incorporation of an adaptive controlling
strategy would reduce them. Varying distance controller’s gains at low speeds and low

tracking error, respect to the distance controller’s gains at high speeds, can definitively
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minimize the steady state errors, also minimizing the settling time. This process was
manually done by decreasing the controller gains when the platform was moving back
and forth, and the platform stopped. In addition, the inclusion of a slip observer would
increase system performance since that real time information could be used to modify
speed commands being sent to the drivers.

In fourth point, a complete dynamic model considering lateral wheel forces and caster
wheel models will provide a better understanding of the system dynamics. It is worth
mentioning that to carry out that control system, potentiometers and encoders will

need to be installed at the caster wheels.

Finally, for the free motion mode implementation, an orientation gauge device needs
to be integrated to the TFS. Various devices can be used to measure the orientation
between the platform and the subject. Among them, the laser scanner and the stereo
vision camera are the most plausible. The kinematic and dynamic system equations
developed for free motion mode in chapter 2, only need to be integrated with the

platform orientation and stand-off distance controllers.
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Appendix A - Unique rigid body yaw rate.

To show that the yaw rate of a rigid body is unique, let consider the acceleration of a

point P of the rigid body and the acceleration of the center of gravity of the rigid, CG.
The yaw rate at points P and CG, wp and ocg respectively, are assumed dissimilar.

The vector d is the one that goes from CG to P as Figure A.1 shows.

dp =lpg + g xd + Doy x (00 xd)
ac =, ( ) wX(@ (~a))

Combining last equations

ap =c7P+('D’P><(—c7)+@Px(d)’Px(—c}”))+('D’CG><c7+(I)’CG><<@CG><c7)

Operating

—

0= (g — @0y )xd — @, x (@, xd )+ Do x (@05 x d)

Doing the cross product at the last two terms of the right side of last equation:
N ~ 5\ _ 2 . 3

@, x(cop xd)— —@, *d
— —x N 2 N

Wcg X (a)CG d ) W *d

Replacing them in the previous equation

—

0= (o — 0y )xd + (0} — 0}y )+ d
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Since vectors of last equation are in different directions:

0= (o —0p)xd
0= (a),f —a)éG)*&”

Finally, since d is not null

Deg = Op

O = Wp

Figure A.1 Rigid body and points acceleration
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Appendix B - Electric circuit model for field-

controlled DC servomotor

This chapter presents the electric circuit model for field-controlled dc servomotor, as
an extension of the armature-controlled dc servomotor model presented in chapter 3.

Table B.1 includes servomotor parameters showed by Figure B.1.

Applying the first Kirchoff law to the electric circuit:

e

di, '
=L, " +R, *i, Eq. B.1

dt

For a constant armature voltage, the torque developed by the dc servomotor is directly

proportional to the current, then:

T'=K,*i, K; is the motor torque constant Eq. B.2

Table B.1 Field-controlled motor model

R is the motor field resistance | iris the motor field current

L is the motor field inductance | V¢ is the input motor field voltage

Figure B.1 Field-controlled motor model
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Substituting ir in Eq. B.1 by Eq. B.2;
L, R, =T
v, =" ar &y rh
K, dt K

t !

Figure B.2 shows the Simulink model of a field-controlled DC servomotor. Figure B.3

includes both, motor and load models together in a single Simulink diagram.

CURRENT TORQUE
Maotor
voltage Maotor

1/resistance TORGQUE torque
CONSTANT

du/dt —

Derivative

inductance

Figure B.2 Simulink Field-controlled motor model

CURRENT I: TORQUE

Maotor
voltage
1/resistance TORQUE
COMNSTANT
dusdt a——
inductanoce Derivative
MET ANG ANG
+ TORQUE ACCEL SPFEED
RWir - >{ 114 > ;_
Friction Force -
Radio/ratic 1/inertia Integrator
w
D
Drag

Figure B.3 Simulink Field-controlled motor + load model
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Appendix C — Test results for additional controller

parameters

This appendix includes several controller parameters configuration for the control
model proposed, showing the system response to diverse subject speeds. Figures C.1
to C.18 show the system response for various controller parameters configuration.

= Kinematic close control loop

Kp=5 Ki=0.01 Kd=0.001

08 Kp=5 Ki=0.01 Kd=0.001 Kp=5 Ki=0.01 Kd=0.001

0.6 0.05
gm % o%@%&\gﬂﬂn%ﬁﬂ%%h
§.0.2 5, o053 8 | o Vg
£l LA 2 VA
=, 4RIHEE gg R s IHBIEEE 5o U

-04 0.2
—_BLWS ——FRWS ‘ Time (s) Time (s)

Figure C.1 Wheels speed 7 Figure C.2 Tracking error distance 7

Kp=20 Ki=0.01 Kd=0.001 (Increasing Kp respect to last test)

Kp=20 Ki=0.01 Kd=0.001 Kp=20 Ki=0.01 Kd=0.001
0.8 0.05
- 0 -l ) AN A A NN
206 B @ —"dVs @ w o % @ ® ™ N~ = ©
£ S00%2 86 0 F° 5,3 2 EgeNg
5 0.
204 - 2
2 £ 011
" 0.2 A a
S 5 0.15
T WAL | §
A A I N R R ISR AR R 021
022 B35 B B8 B3T3 88 =R 0.25
—BLWS  —FRWS | Time (s) Time (s)

Figure C.3 Wheels speed 8 Figure C.4 Tracking error distance 8
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Kp=15 Ki=0.001 Kd=0.001 (Decreasing Ki and Kp respect to last test)

Kp=15 Ki=0.001 Kd=0.001 Kp=15 Ki=0.001 Kd=0.001
1 0.1
05 lan I

T vT - nnm AN
£ 8 ey A [ _ T
§ 0.4 - §-

@ 02 3

: i AAANAALI|S
Togidirgler s JREIILR "

04
—BLWS —FRWS | Time (s) Time (s)

Figure C.5 Wheels speed 9

Kp=15 Ki=0.005 Kd=0.001 (Increasing Ki

Figure C.6 Tracking error distance 9

respect to last test)

Kp=15 Ki=0.005 Kd=0.001 Kp=15 Ki=0.005 Kd=0.001
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Il 0.05 4
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Figure C.7 Wheels speed 10

= Stand off controller

Kp=0.03 at slow speed

Figure C.8 Tracking error distance 10
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Figure C.9 Wheels speed 11

Figure C.10 Tracking error distance 11



Kp=0.03 at higher speed
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Kp=0.03

0.2
0.15
0.1
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-0.3

Error Distance (m)

Time (s)

—— Distance (m)

Figure C.11 Wheels speed 12

KP=0.03 KI=0.01 at high speed
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Figure C.12 Tracking error distance 12
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Figure C.13 Wheels speed 13

Figure C.14 Tracking error distance 13

KP=0.03 KI=0.001 KD=0.01 at medium speed

Speed (m/s)

KP=0.03 KI=0.001 KD=0.01

-0.1

TN NN NN N NN MMM Mmoo M ™

Time (s) | — BLWS —— FRWS

KP=0.03 KI=0.001 KD=0.01
0.02

-0.02
-0.04
-0.06
-0.08

Error Distance (m)

-0.1
-0.12
-0.14

Time (s)

—— Distance (m)

Figure C.15 Wheels speed 14

Figure C.16 Tracking error distance 14
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KP=0.03 KI=0.001 KD=0.01 at higher speed
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Figure C.17 Wheels speed 15

Figure C.18 Tracking error distance 15
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