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ABSTRACT

DYNAMIC MODELING AND SIMULATION ANALYSIS OF AN AGV

(CONCIC-2 AGV)

Min Huang

Dynamic modeling and simulation analysis of CONCIC-2 AGV is presented
in this thesis. The complete procedure of modeling the AGV system, and the
different possible variation in its construction are discussed. A detailed
study of the guidance system and velocity servo control loop together with
the effect of these parameters on the AGV performance characteristics is
conducted. "Optimal settings" of the tracking controller of CONCIC-2 AGV are
proposed. The results of the simulation analysis are validated by the
experiment::zl data obtained from the on-board data acquisition facility of
the CONCIC-2. The model is implemented in a Silicon Graphics Personal IRIS
UNIX work-station, and gives visible realistic simulation resuits via the

animation program.

A general procedure has been developed to formulate the motion equation
for various types of wheel configurations. This is included in an appendix.

Two specific cases of wheel configurations are discussed in detail.

iii
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OMENCL E

a: Acceleration constant of velocity-profile generator.

a fx.a,y: Accelerations of front caster along X and y axis.

L Accelerations of rear caster along x and y axis.

Ca : Lateral stiffness of the tire of driving wheel.

d‘ ) Offset of the casters (for front caster and rear caster).

D: Viscous damping constant of the driving motors.
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i = r for rear caster;

J = t for tractive force;

Case
"

f for rolling resistance;
J = c for cornering force;
Jj = n for side-friction force;

’,

FU: Reaction forces from caster i =f for front caster;
i = r for rear caster;
J = x for the vector along x axis;
J = y for the vector along y axis;
g: acceleration of gravity.
Ix. Iy. Iz: Moment of inertia about x,y,z axis of AGV body.
l“' 2 Current of driving motor (motor 1 and motor 2).
I, T (or Ic): Polar inertia of front and rear casters

about their pivot axle.

KDA ¢ Gain of D/A converter.
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kl, kz: Coefficient of rolling resistance of driving wheels.

k kc K Coefficient of rolling resistance of casters.

c’

kp, kl, k ~ Proportional, Integration, and Derivative gains for
PID filter of LMé628 chip.

kt: Torque constant of driving motor.

kn: Side-friction coefficient.

kc: Cornering force coefficient.

kr: Coefficient of rolling resistance.

ke: Voltage constant.

k: Wheel-base of CONCIC-2 AGV.

&: Wheel-span of CONCIC-2 AGV.

m, m: Mass of the casters.

m: Mass of the Wheel-Drive unit.

m : Mass of the AGV main frame.

m : Total mass of AGV.

N: Normal reaction.

Na(x,z)’ Normal reaction at driving wheels (left and right).

N,-' Nr: Normal reaction at front and rear casters.

p: Angular velocity about x axis.

ny. sz. Pyz: Products of inertia about ox,oy; ox,0z; oy,oz.

q: Angular velocity about y axis.

r: Angular velocity about z axis.

T Radius of driving wheel.

R: Resistance of driving motor.

T". T o’ Resistive torque at driving wheels.

T‘: Torque generated by motor.
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Tlm. sz: Torque generated by the motor.
Tn' Tz'.: Tractive torque at driving wheels.
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U: Linear velocity of the origin of moving reference along x axis.
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Vm: Control voltage to the motor.
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front caster.
Vrp, V": Velocity vector along and veertical to the principle plane of
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w: Linear velocity of P point along 2 axis within moving reference.
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IX, LY, ¥Z: The total external forces along x, y and z axis.
X, §, Z:the base reference system.
a: Sliding angle.
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CHAPTER 1 INTRODUCTICON

1.1 The background

The Automated Guided Vehicles (AGVs) were first introduced in 1950s.
According to the definition proposed by Milller in [31], the AGV  system
embraces all transport systems which are capable of functioning without
driver operation. As a result of the continuous development, it was first
possible in 1954 to use driverless battery-driven tractors in USA with
inductive steering. In the following two decades, the AGV industry has been
very successful in Europe and Japan.

Since 60s to the late of 70s approximately .0 AGVs, with total of
approximately 1,300 induction-controlled vehicles, have been installed
within the Federal Republic of Germany. As well as high shelf storage
techniques, considerable development in the automation of internal logistics
has been achieved. Most of these vehicles were used for transporting the
parts between the assembly lines. Others were installed in the public
services, such as post office and airport [31].

According to the 1986 Survey of Automated Guided Vehicle in Japarese
Factory, the first AGV in Japan was developed in 1963 by Daifuku Ltd. in
Osaka [43). Following the above Daifuku AGV, five famous companies were in
this field. They were Shinko Electric, Murata Machinery, Nippon Yusoki,
Tokyo Unpanki Ltd and Matsuda Kosan. Upto 1986, over 30 companies have
worked on the AGV field, and over 15 companies made AGV in commercial base.

Today, after U.S. companies have noticed their successes with AGVs and
given this technology another chance, the vehicles are finding uses in

assembly and service in addition to material handling. AGVs now come in many



sizes and styles, ranging from large assembly platforms for heavy
manufacturing to small experimental vehicles for flexible manufacturing. The
largest employer cf AGVs are still the automakers. GM's operation in
Oshawa, Ontario, houses the world’s largest concentration of AGVs. But the
vehicle can also be found in electronics manufacturing, the postal service,
hospitals, transportation systems, and newspaper publishing. The Denver
Post, Los Angeles Times, and Newsday, a New York City metropolitan area
daily newspaper, are either using or planning to use AGV systems in their
facilities. Newsday is also considering installing an AGV system in a future
mailroom [8). AGV systems are growing rapidly because they complement the
manufacturing trend towards flexibility. Unlike a conveyor line, an AGV can
be sent to any station in the system’s route, in any sequence, at any time,
though the current generation of driverless transportation still follow
mapped routes, they are easily reconfigured to meet changing production
needs [46).

AGVs can be standalone or an integral part of a manufacturing system.
Originally designed for horizontal transportation of palletized material,
the current varieties of vehicle parallels that of industrial robots.
Improved load movement is complemented with computer tracking of material.
At the sophisticated end of the spectrum, an AGVs closes the traditionally
open loop of material tracking on the shop floor. At the unsophisticated
end, AGVs replace traditionally labor intensive fork-lift truck or manual
movement of material.

Almost all the AGVs have these four characteristics: they are
driverless, battery powered, automatically guided, and automatically

positioned. Beyond these features, there are substantial variations in the




forms, functions, and controls of automatic guided vehicles. The main
description of an AGVs is the vehicle style, and secondarily the control
system. Other attributes include the type of guidance employed and the load
adaptation [3].

According to the means of guidance implementation, AGVs can be
classified as those which follow a continuous guide path, and those guided
by a reference other than a continuous guide path. The latter case is
sometimes called free ranging AGVs.

At present, The majority of AGVs in use belong to the first class, in
which two sub categories can be defined:

@ wire guided AGVs
® optically guided AGVs

Being the oldest and more established technology, wired guided AGVs are
widely used in industry. Lack of path flexibility and the high cost
associated with the wire path installation and maintenance have limited
their commercial feasibility. The guide-paths consist of wires embedded in
the factory floor. Each carrier has an antenna or coupler that detects the
magnetic fields surrounding the guide wires which are energized at low
voltages. The antenna generates an output signal corresponding to its
location within the guide-path’s magnetic field. To keep the antenna (and
thus the vehicle) centered over the path, a control system on the carrier
reads antenna signal strength and adjust the vehicle's steering mechanism to
maintain a constant signal. There is a physical limitation to the magnetic
field so generated fundamentally because of the inverse-square law.
Consequently there is a physical lower limit to the deviation between the

vehicle and the wire, therefore a lower limit to the highest speed



attainable by the type of guidance.

Optically guided AGVs follow lines on the floor, which can be painted
or taped in order to define the path. Different ways of implementing optical
guidance have been developed, such as camera vision guidance and
photosensors based control.

In the photosensor based control, a photosensor tracks a fluorescent
line on the floor. The AGV carries an ultra-violet light emitter to energize
the guidance path that is previously prepared on the fleoor. This type of
implementation suffers from the similar limitation as the magnetic coupler
in the wire guidance in its limited path tolerance. AGVs of this type are
more popular as slow-moving (less than 0.5 m/s) inter-office mail delivery
carts.

Also in this category, camera vision guidance has more flexibility and
higher speed using the technology of microprocessor (the highest speed can
be more than 1 mss). In these case, the path to be followed is prepared by
taping or painting, the typical sensors may take the form of CDD cameras and
‘cameras’ employing light sensitive DRAMs (dynamic random access memory
chip), etc. An on-board computer samples the deviation of the AGV related to
the path sensed by the sensors, and steers the vehicle as to reduce the
deviation. The main advantage of this guidance technique over wire guidance
is that paths can be installed quickly and are easily alterable requiring
less overhead. Another characteristic which distinguished optical guidance
from wire guidance is the complexity of information that can be offered by
the path. While a wire-track carries an AC signal or a fluorescent path
which only defines the position of the path, an optical track can also

provide additional information encoded in visual cues which can be




interpreted via appropriate software.

The study of free-ranging AGVs has been growing rapidly from early 80s.
They are still poorly represented in the industry because of their low
position accuracy and/or complex sensing and large data processing.
Free-ranging AGVs use one or more of the following guidance techniques:
Dead-reckoning

The vehicle in this category calculates the position by keeping
track of the rotational displacement and by referring to the (nitial
position and orientation.

Reference Beacons

The vehicle travels within a field of operation which is defined
by a network of reference beacons. As the vehicle moves it utilize a sensor
to detect the location with respect to the beacons.

Dynamic optical targeting

The AGV emits a scanning optical beam, which is vounced back from
an identifiable reflector. This is used in a triangulation process by which
the relative position of the vehicle is determined.

Inertial navigation

The AGV uses gyroscope technology in order to navigate a
predetermined path. This consists of setting up the gyroscope to detect the
accelerations (linear and angular). The accelerations are used to compute
the heading position of the AGV. Then the deviation is corrected by a servo
mechanism. Because of the speed and acceleration limit of AGVs, the noise to
the signal, as well as the high cost of the gyroscope make it difficult to

be used in practice.



Mapping by camera vision or ultrasonic means

This technique consists of generating a reference map of the
surroundings in which the position of the vehicle is known. The vehicle
periodically generates an updated map of its surroundings, by using a camera
or an ultrasonic device to delineate various objects and obstacles. These
are compared with the reference map to estimate the position of the vehicle.
Techniques using imaging of the surroundings suffer from complex and time
consuming analysis which limits the speed of the vehicle. Also this type of
system is often limited by the need for a easily analyzed environment.

In the above methods, the dead-reckoning is easiest to implement, but a
slippage of the drive wheel or any random disturbance may lead to a
cumnulative position error.

The principle of the navigation is always an automated steering back on
course based on the current position and the reference path (off-board
physical path or memorized path and dynamic gererated path). Thus, it
becomes important to understand the dynamic effects of various design
parameters on the steering action. Besides the means of guidance which are
discussed above, there are other two critical parameters affecting the
steering action of a AGV:

® Wheel configuration of AGVs
e Control strategy

In the early days, many AGVs were derived from industry trucks by
adding sensor and controls. Now AGVs have been designed and built in
factories and research laboratories with different type and different size
in order to meet the application purposes. Propulsion and steering

configurations for AGVs may be broadly categorized into two classes,




steer-drive and drive-drive or differential driving steering [33].
Steer-drive system rely on steering one or more of the wheels, which may or
may not also function as drive wheels. The rotational speed of the driving
motor is independent of the steering action. Drive-drive systems rely on the
differential velocity of the two motorized wheels to provide steering.
Typical examples of these are illustrated in Fig. 1.1. Fig. l.1a presents a
tricycle configuration, it can be found in [33) (28] [(13] [18]. And Fig.
1.1b shows a differential configuration, the AGVs which are presented in
{34] {21] [6] belong to this category. Sometimes variations on the geometry
are made to meet certain application purposes, such as putting more casters
in order to have better support of the vehicle or having the two driving
wheels at bacx and two casters at the front in the case of drive-drive {17].

For industrial applications, the ability of the vehicle to turn in a
small radius is an asset since this requires less turning area. With
steer-drive configuration, the geometry of the vehicle poses a limit on the
minimum rac'us of turning. It is not so with drive-drive configuration where
the vehicle can turn on a spot literally.

The control strategies may be classified into two categories according
to the two major classes of guidance methods. For free-ranging AGVs, the
control strategy is usually made of two parts. One of them is the part
called path planning. In the case of mapping by camera vision or ultrasonic
means, the path planning part generates the reference map and decides the
next destination. For the other cases in free-ranging AGVs, such as dead
reckoning, dynamic optical targeting, and inertial navigation, this part of
the control strategy calculates the current position of the vehicle using

the message from the sensor. The path planning needs a computer system with
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a high computation speed, and it limits the highest speed of the AGVs. The
another part of the control strategy of free-ranging AGVs is the guidance
controller. In this case, the guidance controller steers the vehicle from
the current position towards the destination or the target. Since the
free-ranging guidance always has a destination point, the control is
sometimes called destination-control. This type of control strategy are
experienced in [34), [18), [23), [22], [18), [33). For these AGVs which are
guided by the continuous path, the control strategy only has the guidance
controller. Since the sensor provides the deviation between the current
position and the reference path, the guidance controller tries to eliminate
the deviation. This type control is also called tracking regulation.

Many AGVs have been developed in the past 40 years. Some of them have
been implemented in the real application, especially the wire-guided AGVs.
Others are still in the research laboratory. These AGVs are built in
different size, using different means guidance, and with different
configurations. But little has been done on the investigation of the
dynamics of this kind of system. In this thesis, a procedure is proposed for
modeling the entire AGV system. Arnd a intensive study on its dynamics, its

guidance system, and its servo control are presented.

1.2 Description of CONCIC-2 AGV and the scope of the paper

In 1985, the Center for Industry Control within the Department of
Mechanical Engineering, Concordia University developed the first AGV named
CONCIC-1. The CONCIC-1 is a light-duty, high-speed AGV which is guided by
camera vision and follows a floor guide path. It can be used as an

automatic tractor or a unit load transporter. A schematic view of the



vehicle is shown in Fig. 1.2. The CONCIC-1 has a triangular wheel-base
configuration with one drive-steer wheel in the front, and two caster wheels
at the back. The major functions of the vehicle are summed up in Fig. 1.3.
® System Management involves user interface implementation.
Analysis and evaluation of the functional parameters and
operations governing the system.
® Sensing insures guiding path perception, feedback signals
acquisition and obstacle detection.
® Motion control guides the vehicle motion with a space time
frame.
e Data Acquisition is an optional function used for experimental
and research purposes.

These functions have been implemented as shown in Fig. 1.4 [3). The
controller has been designed and built as a modular structure comprising
three microprocessors. These execute specific operations such as motion
control or analysis of the guide path image. The use of a specialized
processor working in parallel greatly improves the overall efficiency of the
controller.

CONCIC-1 AGV worked well in various types of paths. But the tricycle
mechanical configuration limits the turning radius so that the tracking at
the corner of the path or the intersection becomes very difficuit and more
complex. The operation system which was written in the assembly language is
not ‘friendly’, it is not easy to modify and study.

The Center of Industrial Control designed and built a second AGV called
CONCIC-2 in 1988. This vehicle has a very flexible mechanical design which

can develop a series of working prototypes of AGVs for the purpose of
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1. Operator console: a Z-80 based, Northstar
Advantage microcomputer which acts both as
:entra1 controller and 2s operator inter-

ace,

2. Digita) camera: a Micron Eye optic-ram
camera whicn senses the optical quiding
path.

3. Vision Subswvstem Controller: a custom built
image processor unit wnich contains the
hardware necessary for camera interface,
jmage analysis and communication with the
central comouter.

4, Yenicle Mozion Controller: conz2ins nine,
wire-wrarpec electronic compcnent cards with
one microprecessor, logic circuits, power
supplies, anc ntermediate power stages,
that implement motion control and other
funceions.

§. Drive mechanism: made up of a 0.6 H® DC
motor which is enoage¢ to the drive wneel
via a belt and chain transmission.

6. Steering mechanism: meae up of a 0.1 HP DC
gearmotor whicn drives the steering axis
via a chain grive.

7. Power circuitry: contains all the hardware
for the drive switching power supply
amplification stage, the steering motor
linear amplifier and power distribution,

8. Power pack: made up of four 6V Tead-acid
industrial batteries connected in series,

9. Chassis.

10. Lignts: a pair of €lood light bulbs (rated
@ 20 watts each!.

Fig. 1.2 The schematic view of CONCIC-1 AGV
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Fig. 1.3 The summation of major functions of CONCIC-1 AGV

CONCiC-1
OPERATION CONSOLE
(CENTERAL COMPUTER)
|
I |
VEHICLE VISION
MOTION SUB_SYSTEM
CONTROLLER CONTROLLER
———— ——T
Speed Steering Camera Camera
Control Control Interface lnterface
Power Drive Steering Digital Digital Brake
Supply Motor Motor Camera camera

Fig. 1.4 The implementation of CONCIC-1 AGV functions
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meeting different industrial needs by easy relocation of the wheel
components. This flexible mechanical structure is also very useful for
intensive investigation of the dynamic performance of AGVs for different
wheel configurations.

The photograph in Fig. 1.5 shows the latest development. It features a
chassis fabricated from aluminum tubing, to which are mounted two motorized
wheel sets at mid-length, and casters in the fore-and-aft position. An
on-board microcomputer unit serves at the main controller. Each motorized
wheel is controlled by a velocity servo loop, and the loop is built with a
LM628 servo controller, a DAC, and an amplifier. An optical camera is
mounted at the front end of the vehicle, which is used to recognize the
location of a taped track on the ground as well as a set of road junctions.
There are additional features of interest, such as the ultrasonic sensors
to detect obstacles, and a wireless device to communicate with the control
station.

The -control scheme of CONCIC-2 is shown in Fig. 1.6, the detail
description is given in chapter 2.

This thesis presents a procedure of modeling an entire AGV system. The
model consists the vehicle dynamics, and all the components in the servo
control loop and the guidance system. It has a realistic structure as the
real system, and presents the behavior of the system accurately. This model
does not only demonstrates the dynamic behavior of the vehicle under
different control parameters and wheel configurations, it also produces all
the detailed information of the system during the operation. For example,
the external forces, the motor currents and voltages, the final or midway

control signal of the system. This information provides an efficient way of
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designing and studying an AGV system since the model has been validated by
the real system. An intensive study on some design operation variables is
also presented in the thesis, such as the optimization of the controller,
the location of the camera sensor, the location of the virtual steering
whee], and the acceleration constant of the LM628 chip. In the simulation
program, a complex system is modeled in many blocks according to their
physical function, it is easily alternated to become a new model of a new
designed system.

The thesis is organized as follows.

Chapters 1 to 5 deal with the background of the AGV technology and
modeling of CONCIC-2 AGV under the current configurations. In chapter 2 a
review of vehicle dynamics is given, and the motion equation of the AGV is
developed by applying the same method. Chapter 3 presents a study of
external forces. Chapter 4 and chapter 5 give the model of the servo control
loop and the guidance system respectively.

Chapter 6 presents the simulation and analysis of the results. The
simulation has been carried out in the Personal IRIS UNIX work-station using
"C" programming language, and the flowchart of the program is given. The
study of the AGV with the simulation has been applied to different design
and operation variables. The validation of the model is first done with only
the servo loops, then with the completed control of the AGV. Using this
realistic model, the study of the guidance controlier, the location of the
camera sensor, the location of the virtual steering wheel, together with the
study of the servo loops and wheel configuration have been presented. An
animation program makes it possible to have a visible performance of AGV

simulation. The conclusion of the thesis is given in chapter 7.
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Appendix A presents a generalized way to develop the motion equation of
an AGV of different wheel configurations. The vehicle system is considered
to have three degrees of freedom (forward, yaw and roll). Two applications

of this generalized procedure are presented.
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CHAPTER 2 MopELING oF CONCIC-2 AGY SYSTEM

2.1.1 Description

The Center for Industrial Control of Concordia University has developed
a series of working prototypes of AGVs for the purpose of meeting different
industrial needs, and also for intensive investigation of the steady state
and dynamic performance of AGVs of different mechanical, and control
parameters.

The details of the physical description of the latest development --
CONCIC-2 AGV is given in Fig. 2.1. CONCIC-2 AGV has a rectangular prism body
equipped with an autonomous system, including batteries, two motorized
wheels, two casters, main controller (computer), optical camera sensor and
servo system. The two casters locate in the front and rear to provide
support of the weight of the vehicle and lead the direction. The caster has
a molded rubber tire. The offset between the contact patch with the floor
and the pivot point provide a moment to rotate the caster, and the bearing
on the caster at the pivot point allows it to rotate freely. Two integral
driving units are employed in CONCIC-2 AGV to power the two motorized wheels
at the sides. These unit. are known as the motor-in-wheel-drive units (or
simply called as motor-wheel unit). Each unit has a dc motor, a hardened
rubber wheel, and a speed reduction gear arrangement with a gear ratio of
9.9:1. It also has a steering motor with speed reducer, and the gear ratio
for the steering motor is 62.7:1. Each of the motorized wheel is controlled
by a servo velocity control loop. The loop consists a LMé628 chip, a DAC,
and an amplifiers. The vehicle is steered by running the two motorized

wheels at different speeds. The tracking control of the AGV is taken care of
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by the main controller (12Hz 80286 AT compatible) with the implementation of
camera vision technique. The track to be followed by CONCIC-2 AGV is
prepared on the floor by taping or painting. A IDETIX digitizing camera is
used in CONCIC-2 AGV as the navigation sensor to detect the AGV's position
related to the guided path. The ’camera’ employs a IS32 optic Ram developed
by Micron Technology, and has the ability to sense the image and translate
into digital signals. The IS32 optic Ram consists of 65,536 light sensitive
elements arranged into two arrays of 128 rows and 256 columns. When the
reflected light from an object falls on a particular element, a capacitor
which is connected to that element is discharged to zero volts. These
capacitors are precharged to 5 Volts before the elements are exposed to
light. The capacitors which have zero-charge are white pixels and are
regarded to have logic 0. On the other hand, the non-discharged capacitors
are black pixels with a logic value of 1. A controller board comes with the
‘camera’ communicates with the 8088, 80286 or 80386 processor. Pixel
information is transferred from the controller to the PC memory using the
Direct Memory Access (DMA). The image received from the pixels is about 30 m
deep and 128 mm wide for CONCIC-2 Vehicle. The path width is 30 mm and this
corresponds to 30 pixels approximately in the image window. The on-board
computer samples the deviation of the vehicle relative to the path by this
image, and steers the vehicle so as to reduce the deviation (position and
orientation).

Fig. 2.2 shows the load distribution of CONCIC-2 AGV. The mass of each
components is listed in Table 2.1. The components are arranged so that the
mass-center is situated very closely to the geometrical center of the

vehicle. In this case, the normal force endured by the four wheels are
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Fig. 2.2 Load distribution of CONCIC-2 AGV

Item Quantity Mass (kg)

Lower level frame 1 14.0
Upper level frame 1 5.4
Batteries with the holders 2 57.5
Wheel-drive units 2 16.0
Caster 2 2.7
Wheel mounting brackets 2 5.4
Computer 1 14.8
Servo-amplifiers 2 1.8
UPS—-power supply 1 6.8

124.4

Total mass

Table 2.1 The mass of the components of the CONCIC-2 AGV

21




assumed to be identical. The normal reaction at the wheels and floor is

calculated by
weight of the vehicle body
4

where the subscript i presents the location of the wheels:

Nl = + Weight of the wheel (i)
i =1 for the left motorized wheel;
i = 2 for the right motorized wheel;
i=Tr for the front caster;
i = r for the rear caster.

At this stage of development, CONCIC-2 is designed to work indoors in a
typical manufacturing environment. Most of the time, the working surface is
good enough to prevent side slip or longitudinal slip at the wheels. In
another words, there exists enough friction between the wheels and the
ground to prevent the vehicle from sliding. At the current configuration,

CONCIC-2 AGV can be operated at the linear speed as high as 1.2 m/s.

2,1.2 Assumption for the dynamic modeling

To develop the motion equations of the system, CONCIC-2 AGV is
considered as a collection of 3 interconnected rigid bodies. i.e. the AGV
body (plus the two motorized wheels which are rigidly mounted to it) and the
two casters. When the floor is assumed to be perfectly flat, and also can
provide enough friction to prevent the Ilongitudinal and side slip at the
wheels, the AGV body can be considered as a rigid body with two degrees of
freedom -- the forward translation and the yaw rotation. The casters have
one more degree of freedom since it can rotate freely about the pivot axis.

For each of the rigid bodies, resistance (friction) forces act at the

contact patch between this rigid body and the floor, and reaction forces
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between adjacent rigid bodies. In the case of motorized wheel, the tractive
force also exists between the wheel and the floor. The resistance (friction)
is dependent on the characteristics of the tires and the condition of the
floor. The reaction forces are the links between the rigid bodies. And the
tractive forces are dependent on the characteristics of the motor in the
motorized wheel. A detailed discussion of these forces will be given in
Chapter 3.
From the above discussion and from section 2.1, the assumptions for
developing the dynamic model of CONCIC-2 AGV system are made as follows:
o the vehicle body is considered to be a two degrees of freedom
system,
e the vehicle has a symmetrical structure about the vehicle
for-and-after plane,
e the location of the center of the mass coincides with the
geometrical center of the vehicle,
o the weight support of the vehicle is equally distributed to all
the wheels and casters,
e the wheels and casters roll without longitudinal or side slip,
o the casters take about 17 of the total mass, therefore their
mass is considered negligible,
o the image window is assumed to have no limit in simulation,
e there is assumed to be no friction in the bearings of the
casters,
® two casters are considered to have the same characteristics,
o the two motor-wheel units and their servo systems are considered

to be identical.
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2.2 A review of vehicle dynamics

Fig. 2.3 represents a body-centered system XYZ of a rigid body.
Consider a typical point P(x, y, 2) within the system moving with linear
velocities u, v, w, in the X, Y, Z direction respectively. Let U, V, W be
the instantaneous velocities of the origin in direction X, Y, Z and p, g, r
be the rotational velocities about X, Y, Z. The direction of the angular

velocities are defined by the right-hand rule.

The velocities of the point P can be presented as follows [7l:
u=U-r-y+qz
veV=-pz+rx
w=W-qx+py (2.1
Differentiating equations (2.1) with time, the acceleration U, Vv, and
W are :
u= du/dt = U - Pey-rey +4'z + q'z
v=%/at =V - pez-pez o+ fox 4k
\ivadw/dtnv‘l-ﬁ-x-q-:‘:+;’)-y+p-y (2.2)
Substituting equations (2.2) with x = u, y = v, z = w,
ﬁaiJ- Pey-rev+qz+qw
v =\.f- Prz-pw¢ix +reu
W = W - §'x = Q- u+py+pv (2.3)
Replacing u, v, w in the equation of U by equations (2.1):
a= U -r(V-prz+rx)-ry+q(W-qx+py+qz
= U ~-rV+qWerep-z-~ rz-x -fy - qz~x + pqy + 42
= U -rV+q-W- 2 + qz)-x +(pq=-r)y+ (rp+ q)z

(2.4)
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Hence equations (2.3) can be shown to be as follows:
u= U “rV+qWe-(g+r)x+(qgp-r)y+(rp+q)z
V= V -pW4+rU- (p2 + rz)-y + (r.q - p)z+ (pq+i)x
W= W- QU +pV-(p2+qiz+ (pr-qgrx+I(qr+pry
(2.5)
Equations (2.5) defines the accelerations of the point P(x,y,z) in a
rigid body in terms of the accelerations and velocities of the origin of the
body-centered system. Applying D'Alembert’s principle, the equations of

motion of the rigid body are:

Y8 m 0 = TX, the total external force in X direction.
I6 m v = JY, the total external force in Y direction.
Y6 m w = ¥Z, the total external force in Z direction.
36 m (y*w - 2:¥) = JL, the total external moment about x axis.
Y6 m (2:04 - x*w) = }M, the total external moment about y axis.
26 m (x-v - y-u) = JZ, the total external moment about z axis.
(2.6)
The moments and products of the inertia of rigid body are defined as
L= zltSm(y2 + 2)] = moment of inertia about OX
L= yI8m(x® + z°)] = moment of inertia about OY

L= zlam(yz + x°)] = moment of inertia about 0Z

l"yz = }(dmyz) = product of inertia about OY and 0Z

P." Y(3mxz) = product of inertia about OY and 0Z

ny = }(dmxy) = product of inertia about OX and OY
(2.7)
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If the origin of the body-centered system is defined to be at the
center of the body, then
L(dmx) = ¥(dmy) = ¥(5mz) = O (2.8)

Substituting the equation of ¥M in equations (2.6) by (2.5):

IM = Jidm(z-0 - x*W)]

M = 2[6m(z-(l) -rV+qW- (q2 + 10)ex + (q'p - 1)y +
(r'p + q)-2) - x-[‘;l ~-qU+pV- (p2 + qz) z+
(prr - q)x+(qr+ i))yl)]

™M = (6mz2)-U - [(mz)-r-V - [(6mz)-q'W - (> + r9)f(mxz) +
(q*p -F)Y(8mzy) + (r'p +c‘;)2(6m22) - Z(amx)ﬁl + Y(8mx)-q-U -
L(6mx)-p-V + (p? + QO)L(dmzx) - (p'r - §)T(dmx?) -
(q:'r + p)YL(Smxy)

Collecting the terms in (2.7), and using equation (2.8), the external
moment of a rigid body about Y axis M with a body-centered system located
at its mass center can be written as:

M= - (qz + Pz)sz + (q'p - r)sz + (rp + q)Z(amzz) +
(pz + qz)sz - (p'r - q){:(amxz) -~ (q'r - p)ny
Thus
IM =14 - (-Llper+ 0% rIP_~ (qor + P+ (q-p - #IP_
(2.9)

By following the same procedure, all the external forces and moments of

a rigid body wfth a body-centered system located at its mass center can be

obtained as:
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X = m(iJ -rV+qW

Y = m(\.l - p'W + r-U)

YZ = m(\il - qU+ pV)

L= lxl'? - (ly° lz)q'r + (r2- qz)Pyz- (p.q + r'-)Pn+ (p'r - q)ny

IM=14- (- Llper + (p= P - (q'r + PP+ (qp - FIP_

IN=Lf-(-1)qp+ (q*- p’)ny- (rp + @ _+ (rq - PP
(2.10)

When there is no overhead in the z axis, W W = 0. Equation (2.10)

becomes:
FX = m(U - rV)
LY = m(V + r-U)
D= Lp - (I-1)qgr+ (r?- qz)Pyz- (prq + FIP,+ (pr - QP
M= Iyt'; - (Iz- Ix)p-r + (pz- rz)sz- (q'r + ia)ny+ (q'p - i‘)sz
IN=1Lf - (L-1)qp + (g*- pz)ny- (rp + QP _+ (rrq- PP
(2.11)
Furthermore, for a 3 d-o-f rigid body moving along x, y, and rotating
about 2z, then the moments about x, and y axis are also considered to be
balanced. Correspondingly p = p = 0, q = 4 = 0. The motion equations are:
X = m( - r-V)
IY = m(\.l +rU)
IN = Izr'- (2.12)
Similarly for a 2 d-o-f rigid body moving along y and rotating about z,
then U=I:J=0. From equations (2.12), the equation for 2 d-o-f are:
jY = m-\.l
IN= lzq" (2.13)
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2.3 Equations of Motion for CONCIC-2

The CONCIC-2 AGV is a 2 d-o-f interconnected rigid body system. The
equations of motion are derived by applying the vehicle dynamics in section
2.2 to the three independent rigid bodies, the AGV body with two motorized
wheels mounted on it rigidly, and two casters which can rotate freely about
the pivot axis. For the convenience, the following definitions are used in
the later discussion. Main body of the vehicle is defined as the AGV without
the four wheels. AGV body is referred to the main body of the vehicle with
two motorized wheels.

Fig. 2.4 presents the entire AGV subject to all the external forces.
These forces act at the contact patch of the two motorized wheels and the
two casters. The forces can be classified in three categories:

e friction forces including rolling resistance and lateral forces;
e tractive forces;
e normal reaction forces.
The notation for the first two categories is FU' where the first
subscript i stands for the location of the wheels or casters:
1 for the left motorized wheel;
2 for the right motorized wheel;
f for the front caster;
r for the rear cater.
where second subscript j stands for the type of force:
f for the rolling resistance;
n for the lateral force;

t for the tractive force.
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For the normal reaction forces, the following notation is used:
N1 for the left motorized wheel;
N2 for the right motorized wheel;
N R for the front caster;
Nr for the rear caster.
A more detail discussion about the location of the forces and the
reaction forces between the rigid bodies is presented in the following

sections.

2.3.1.1 The AGYV body
Fig. 2.5 presents the AGV body with the 2 casters replaced by reaction
forces at their pivot points. A body-centered system xyz is located at the
center of mass of the AGV body which is coincident with its geometric
center. The y axis of the system is defined along the longitudinal axis of
the vehicle body, and it is also the direction of AGV’'s travel at the mass
center. The z axis is normal to the floor (Fig. 2.5), and the x axis is
obtained by the right hand rule. Vy is linear velocity along y axis, and Qz
is the angular velocity about Z axis. The direction of the angular velocity
is also defined by the right hand rule.
For a 2 d-o-f rigid body, using equations (2.13), the equations of
motion for AGV body are:
m Yy =7Y
19 =TN (2.14)
where TY is the total force at the direction of travel of AGV, }M is the
total moment of the AGV body about the vertical axis z passing through the

mass center. m is the mass of the main body of the vehicle with the two

30




N

A-\icw

Fig. 2.4 CONCIC-2 AGV with body-cenetered system

and all external forces

x meg

U,
VN

View from the back

View from the top

Fig. 2.5 AGV body subject to all the external forces

K)|



motorized wheels (the AGV body), and the Iz is the inertia of it about the z

axis.

2.3.1.2 The forces on the AGV body
The forces on the AGV body act on:
e the 2 locations of which casters are pivoted on the AGV body;
e the contact patch between the motorized wheels and the the
floor.

Since the friction at the bearing is negligible, the reaction forces at
caster pivot are transferred from the casters to the AGV body. The reaction
forces include the normal reaction between the body and the casters, and the
forces caused by the rolling resistance and the lateral forces at the
caster. The normal reaction N;v, N:v at front and rear casters respectively,
are equal to quarter of the weight of the main body of the vehicle. The
reaction of the rolling resistance and lateral forces of the caster are
presented in two forces vectors F:x. F:y along x and y axis respectively
(i=f for front caster, and i=r for rear caster).

At the contact patch of each motorized wheel, two kinds of forces are
in action. A tractive force (Fu) is generated by the motor. It provides the
driving and steering motion. This force acts in the direction of the wheel
heading. Resistance force l"lf and l-'zr are caused by the friction and the
deformation of the wheels at the contact patch. It happens in the opposite
direction of the wheel heading (Fig. 2.5).

From the external forces described above, the total externa! forces

along the y-axis and the total moment about the z-axis can be obtained as:
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zY'Fu*th-Fu-Fzr*Fry’Fry
’ [
M= (F, -F)+(F -F)t+(F -F )k (2.15)
where the ¢ is the wheel-span of the vehicle, and k is the wheel-base.
Substituting equations (2.14) by (2.15), the equations of motion of the

AGV body are obtained as:

. '] ’
m-\ly = Fn + Fz'. - Fxr - Fzr + ny + Fry

Iz'ﬂz = (th - F“)l + (F" - Fzr) L+ (F"_x - F") k (2.16)

2.3.2.1 Casters

The casters have 3 d-o-f motion: the translation along x and y axis,
and the rotation about z axis corresponding to the body-centered system at
the AGV body. As shown in Fig. 2.6, the caster moves by following the
pivot-point (the center of the axle which moves with the AGV body) and a
rotation about the pivot-point.

Consider the case of the caster at the front, a system XYz which is
parallel to the system at AGV body is located in the center of mass of the
front caster (xryrzr for the rear caster). The center of mass is usually
located somewhere between the center of the caster and pivot point. Let A be
the distance between the origin of the system and the pivot point. Let the
linear velocities along x, and Y, be V”, Vyf. and the angular velocity of
the caster about z, be 6 K The equations of motion of the front caster is
derived from equation (2.12):

X =m(V - a‘-vyt)
LY £ mr(‘.,yr* 3f.vxf)

N =138 (2.17)
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where m is the mass of the caster, and lzt is the moment of inertia of the
caster about z. }:xr is the total force along x, Y . is the total force
along the ¥, and the ﬂ\lr is the total moment about the z, axis.

Similarly at the rear caster, let the linear velocities along X and v
be Vm_. Vyr. and the angular velocity of the caster about z be :Sr. The

equations of motion of rear caster are:

)
"

m(V -8V )
r xr r yr

2
"

m(V +8-V )
r yr r xr

IN =135 (2.18)
where m is the mass of the front caster, and the Iz|~ is the moment of
inertia of the front caster about z zxr is the total force along X, EYr

is the total force along the Yo and the ﬂ\lr is the total moment about the

2 axis.
r

2.3.2.2 The forces on the casters
The forces at caster act at
e the pivot point which is connected to the AGV body through the
pivot axle.
e the contact patch between the caster and floor.
As it is discussed in the section 3.2.1.1, the reaction between the
caster and the AGV body at pivot point is also presented in three
components,

’

N o the normal reaction from the AGV body to the front caster;

4

F o the reaction force at xf direction;

F fy: the reaction force at Y, direction.
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Similarly for the rear caster,
’
N": the normal reaction from the AGV body to the front caster;
’
Fxr: the reaction force at xr direction;
[

Fyr: the reaction force at y, direction.

Friction forces act at the contact patch between the caster and the
floor. In the case of the front caster, the patch has two degrees of motion
at the level plane. The linear velocity at the contact patch is presented by
two velocity vectors, V fp is the vector along the direction of the caster
heading, and the vector V‘V is the vector vertical to it. When the direction
of the caster heading is parallel to the velocity of pivot point, va is
zero, and there will be no lateral friction along this direction. Otherwise
friction an occurs in the direction against va vector. The rolling
friction F" lies in the opposite direction of Vrp.

The angle between y c axis and the caster heading is defined as 6{. the
positive sign of the angle is defined as the clockwise. (Fig. 2.6). The
angle between the Y, axis and force an is presented by B o and

B‘ = 6!_ + n/2 (2.19)

Thus, for the caster:

D‘,‘ - l-‘“ sin(af) - F“-f an sin(Br)
)'_’Yr- - F" cos(G‘) + F‘n cos(B,) - ny

IN =F, -(d-2)+ [F_, cos(8) - Fyf sin(,)]-A (2.20)

Substituting equations (2.20) into (2.17), the equations of motion of

front caster are:
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mf(V”- 5r-vyf) = - F‘" sin(af) - Fu+ an sin(ﬁf) (2.21a)

. . ’
mt(Vy‘-o a,-v") = - l-'" cos(éf) + an cos(Bf) - ny (2.21b)
o0 , ’
l’,z 6‘,-% Fm-(d - A) + lFxr cos(&t) - Fyr sm(éf)]'A
(2.21c)

For the rear caster, the equations of motion can be obtained similarly

m(V -8V )=-F sin()-F +F sin(B) (2.22a)
r xr r yr rf r rx m r
. . ’
m(V +8V )=~F cos(8)+F cos(B) -F (2.22b)
ryr r xr of r rn r ry
1 8=F +«(d-A)+[F cos(d)-F sin(d)]-A
rz r rn xr r yr r
(2.22¢)

The mass of caster is considered to be negligible in this analysis.
mf=mr=0. The left hand of (2.2la, b), and (2.22a, b) are all zero. Therefore

the reaction forces between these bodies are as follows
fo = - F‘“ sm(Gf) + Fm sm(Bf)
’

ny =-F, cos(af) +F_ cos(Bf)
F;x =-F_ sln(sSr) + Fm sin(Br)
F:y =-F, cos(&r) +F cos(B ) (2.23)
Substitute equations(2.23) into (2.21c)
1,8, =F, (d-8)+IF_ cos(s) - F;f sin(3, )]
= I-‘m(d -4) +[- F"sln(af)cos(ﬁf) +F sin(Bf)cos(Gf)

+ l-‘f . cos(af)sin(ar) - Fm cos(Br)sin(Gf)l-A

Thus

Ifz 6’, = Fm(d - A) + Fm[sin(Bf)cos(af) - cos(Bf)sin(cS‘)l-A

(2.24)
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Substituting the equation (2.19) into (2.25) becomes

Iu ar = Fn.(d - 4) + Fm[cos(at)cos(af) + sin(af)sin(éf)l-A

= Fm(d -4) + FmA

Ifz af = Fﬂ;d (2.25)
Similarly to the rear caster, the equation for the rotation about z
axis is
I 8 =F -.d (2.26)
r rn

rz

2.4 The equation of motion for the entire AGV

’ ’

. 4
Substituting the reaction forces F_, F_, F , and F_ of equations
rx' "y’ rx ry
(2.23) into equations (2.16), the motion equations of the AGV main body can
be obtained in terms of all the external forces acting on the vehicle.
m ( Vy + Qz~ Vx) =F + th -F,. - th - F" cos(6f) +
an cos(ﬁf) - Frf cos(&r) + Fm cos(Br)
lzﬂz = (th - Fn)-l + (F“ - Fzr)'z + (Fl_n sm(ﬂr)-

F" sin(ar) - Fm sin(Bf) + Fff sin(af))-k

(2.27)

where & o :Sr may be determined by the following equations.

Lz 8= Fppd

1 8=F -d (2.28)

rz r rn
and the angles 5, and Br are calculated by

B .= ar + n/2

B =8 +wn/2 (2.29)

r |
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For a base reference system which is shown in Fig. 2.7, the coordinate
of the AGV within it, is presented as
X=X + (v coste - 90°) + V + cos(8)ldt
0 0 x y
Y=Y + (v esine - 9% + V « sin(e)ldt
o 0 x x

t
0 = 90 + J‘o det (2.30)

39



ADV Jo waisks palajuad-Apoq pue wWIIsAS ajeulpJood aseq L'Z 314

FRN

40



CHAPTER 3 FORMULATION OF EXTERNAL FORCES

To generate analytical formulae to those external forces of vehicle may
be the most difficult work for the dynamic modeling. As it was mentioned
before, many external forces are dependent on the characteristics of wheels
and floor. The formulae for these forces varies according to the wheels. All
the external forces contributing in the motion equation of CONCIC-2 AGV are
in three categories: tractive forces, lateral forces (cornering force and
side-friction), rolling resistance. The following sections will give a

detailed investigation of these three forces.

3.1 Tractive force
3.1.1 Formulation of tractive force

According to the configuration of differential drive-steering, the
whole effort of the motion is provided by the forces between the two driving
wheels and the working surface. The tractive force is the force which the
motor can provide to the vehicle. And it is the only force which depends on
the motor characteristic, but not the characteristics of the wheel and the
floor.

The dc motor in the motor-wheel unit is a permanent magnet dc motor.
From the torque-current curve [Appendix BJ], the torque generated by the
motor ’I" can be calculated in the following formula:

'l“ = ktl (3.1)
Where 1 is the motor current, and kt is defined as torque constant.
Fig. 3.1 gives a motor and load system. where J is the moment of

inertia of motor referred to the motor shaft (with the wheel as the load in
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the case of CONCIC-2), D is viscous damping factor, ’l‘f is the static
friction torque, Tm is the load torque from the motor shaft, and @ is the
angular displacement of the motor rotation.

The dynamic equation of this system is written as

2
d"e de
T‘ =] N +D 3 * T,- + Tm (3.2)
Substituting T in equation (3.1) into equation (3.2)
: d% do
Tm = kt 1-1J dzt -D gt T‘_ (3.3)

The torque transferred to the wheel from the motor shaft is

Tf nTm
where, n is gear ratio. And the tractive force at wheel and floor will be
nT

m

l:‘t = Tt/ r,= -

2

n de de

= —r' (ktl -1 -D -—d-t—- - Tf) (3.4)

d dzt
where r 4 is the radius of the motorized wheel.

3.1.2 Tractive forces of CONCIC-2 AGV
For CONCIC-2 AGV, the tractive forces at the left motorized wheel(wheel

1) is obtained from equation (3.4)
2

nl d 9l del
e v k=, ——=-D,—— - T,

1d d't
where n, is the gear ratio, L the radius of the wheel, Jl the moment of

inertia of the motor and wheel about the motor shaft, Dl is the viscous
damping factor, and the T" is the friction torque for the left motor-wheel
unit.

Similarly for the right wheel (wheel 2), the tractive force is
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n2 de 2 de2
F,.=—— (k1 -1 -D -T.)
2t rz d 2t 2 2 dzt 2 dt 2f
where nz, r, " ka. "z’ Dz. and Tzr are defined as same as above, but for

wheel 2,

Since the two motor-wheel units are assumed to have the same

characteristics. Let

n= n =n

1 2
Fa® Toa = Ty
ku = kzt = kt;
Jx = Jz = J;
Tlf = Tzr = Tr‘
Therefore
2
de de
= - L L
Fu “r (kt lx J 2 D dt Tr)
d dzt
de de
n 2 2
F‘2t - (k‘ I2 J -D 3T Tf) (3.5)

d d*t
Let V1 and V2 be the linear velocity at the contact point of motorized

wheel 1 and wheel 2. Then

de‘ Vl
=N (i = ln2) (3-6)
dt rd
The accelerations are

2
d el ndV,

— = (3.7)
dt rddt

From the geometry of the vehicle
V=V -&
1 y z
V=V +4 (3.8)
2 y z

Where ¢ is the wheel-span of CONCIC-2 AGV. Then
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d%e .
e 2 (v-m)
d§2 rd y z
de . .
=2 +m) (3.9)
4at2 r, v z
Substituting equations (3.9)and (3.8) into (3.5), the tractive force of are
n Jn ; Dn
F“ = r [ktll - T—(Vy - mz) - (Vy - mz) - Tf]
d d d
= n - —ill- Y . - —2—’-‘— -
th i [ktl2 r (Vy + m; T (Vy + mz) Tfl

(3.10)

3.2. Rolling resistance (rolling friction)

A perfect solid wheel has a point-contact with the hard floor at any
given instant., The contact point has no relative motion with respect to the
floor, the wheel eliminates the large friction which would arise if the load
were in direct contact with the ground. In practice, however, it is not
always the case. The contact of the wheel with the floor is rather a patch
than a point because of the deformation at the wheel and the floor. Some
resistance to the motion of the wheel exits. This resistance has two
distinct causes. It is due

(1) to the fact that the wheel and ground may deform, with the
result that the contact between wheel and ground takes place not at a single
point, but over a certain patch,

(2) to a combined effect of bearing friction.

The rolling resistance is the friction caused by the second reason.
Rolling resistance is a force highly dependent upon the characteristics

of the wheel and the condition of the floor. For a wheel with a rubber or
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pneumatic tire, the rolling resistance of tires on hard floor is primarily
caused by the hysteresis in tire material due to the deflection of the

carcass while rolling [45). Friction between the tire and the road caused by

sliding, the resistance due to air circulating inside the tire in the case

of pneumatic tire, and the fan effect of the rotating tire on the outside

air also contribute to the rolling resistance of the tire, but they are
secondary importance. For a solid wheel on a hard and smooth floor, the
rolling resistance is caused by the displacement of the point of
instantaneous rolling of the wheel because of the deformation of the wheel
and the floor.

The ratio of the rolling resistance and the downward force at the wheel

is usually defined as the coefficient of rolling resistance kr.

R
ke =—w—
The following gives more details for the three different types of wheels on

the hard floor.

3.2.1 A metal wheel on a metal rail

In this case, the rolling resistance is caused by the deformation of
wheel and track producing a elastic deformation, as shown in Fig. 3.2. This
deformation causes the point of instantaneous rolling of the wheel to be
always ahead of the point geometrically directly under the center axle of
the wheel. The result is that the downward force to the surface and the
normal reaction at the wheel exert a retarding torque which is known as
rolling resistance torque. It is also can be presented as a horizontal force
which is generally known as rolling resistance at wheel-road contact patch

when tractive force is involved. The displacement of the instantaneous
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center of rotation can be measured from experiments or calculated from some
predicting formula [37].

The numerical value of the rolling resistance torque is the downward
force between the wheel and road, which in steady state is the weight of the
wheel plus its share of the weight of the vehicle, multiplied by the
displacement of the instantaneous center of the rotation. Consequently, the
resistance force is calculated as

Weight x Displacement of the intantaneous center
Resistance force = Radius of the wheel

The coefficient of rolling resistance may be obtained as

Displacement of the instantaneous center
Radius of the wheel
The displacement of the instantaneous center may be measured

Rolling coefficient =

experimentally. For iron-iron contact, it is within a range of 0.002 mm to

0.005 mm.

3.2.2 Rubber tires

If the tire of the wheel is made elastic so that it can change shape
sufficiently during passage over an obstacle, the motion of the wheel center
may not be perceptibly affected, and the mass subjected to impact may be
localized to the neighborhood of the point of contact. Thus, the use of
rubber tires on an ordinary road greatly reduces the amount of energy
wasted. Again, the rubber tire being elastic, instead of sinking into a
road, it is flattened out. The area of contact with the floor being much
larger, the pressure per unit area is less.

Resistance to rolling of a rubber tire is cf the same nature as
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discussed in the previous section. The amount of compression of the tire in
contact with the ground being much greater than in the case of metal wheel
on a metal rail, the rolling resisitance is also greater. Archibald (1]
introduces a formula to predict the rolling resistance in the form of

R= ki(l +k, V)W (3.11)
where kl and k2 are constants, V is linear velocity at the wheel, and W is

the weight of the wheel and its share of the weight of the vehicle.

3.2.3 Pneumatic tires

A pneumatic-tired wheel rolling on the road exhibits more significant
characteristics compared with the steel wheel on rails or the rubber wheel
on the hard road. The flattening of the tire over equivalent distance b
(Fig. 3.3) is greater for pneumatic tires, and therefore a much greater
rolling resistance is observed.

A number of factors affect the rolling resistance of a pneumatic tire.
The tire construction has a significant influence on its rolling resistance.
Fig. 3.4 shows the difference of a conventional cross-ply tire and a
radial-ply tire at various specds [47]. Thicker treads and an increased
number of carcass plies tend tc increase the rolling resistance because of
greater hysteresis losses. The materials of the tires also affect the
rolling resistance. Tires made of synthetic rubber compounds generally have
slightly higher rolling resistance than those made of natural rubber. Butyl
rubber tires, which are shown to have better traction and road holding
properties, have even higher rolling resistance than conventional synthetic
rubber ones [45).

The surface condition is another important factor. On hard, smooth, dry
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Fig. 3.3 Rolling resistance of a pneumatic tire [45]
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Fig. 3.4 The rolling resistance for conventional bias-ply and

radial-ply tires at various speeds [45)
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surfaces, the rolling resistance is considerably lower than that on a
worn-out road. On wet floor, a higher rolling resistance is usually
observed.

The inflation pressure of the pneumatic tire affects its deforming
ability and thus the rolling resistance. On hard surfaces, the rolling
resistance decreases slightly with the increase of the inflation pressure,
as shown in Fig. 3.5 [45]). On deformable surfaces, such as sand, high
inflation pressure results in increased of ground penetration work and
therefore higher rolling resistance. Conversely, lower inflation pressure,
while decreasing ground losses, increases the deflection of the tire and
hence hysteresis losses. Therefore optimum pressure exists for the
particular surface condition. Rolling resistance is also affected by linear
speed at the wheel, because of the increase of energy in deforming the tread
and of vibration in tire carcass with the increase of speed. The influence
of speed on rolling resistance of a conventional cross-ply tire and a
radial-ply tire is already illustrated in Fig. 3.4.

Other factors, such as operating temperature, tire diameter, and
tractive forces also have an effect on the rolling resistance. For example,
Fig. 3.6 [45]) presents the effect of tire diameter on the coefficient of
rolling resistance.

The complex relationship between the design and operating parameters of
a tire and its rolling resistance make it extremely difficult, if not
impossible, to develop an analytic method for predicting the rolling
resistance. The measurement of a rolling resistance, therefore, relies
almost entirely on experiments. Based on experimental resuits, many

empirical formulae have been proposed for calculating rolling resistance of
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tires on hard surfaces. For instance, the coefficient of rolling resistance
kr for passenger car tires on concrete pavement may be calculated from the

following formula introduced by Wang [45]:

25
A4
160~ (3.12)

Where V is speed in km/h, and coefficients f° and f. depend on the inflation

k =f +f1(
r -] )

pressure and may be taken from Fig. 3.7.

In many cases, it is sufficient to consider the coefficlent of rolling
resistance to be a linear function of speed. For the most common range of
inflation pressure (around 179 kPa or 26 psi), the following equation gives

the coefficient of a passenger car tire on a concrete surface [45}):

A
160

According to Wang, the coefficient of rolling resistance kr predicted

kr = 0.01(1 + ) (3.13)
by the above formula has a acceptable accuracy for speeds up to 128 km/h (80
mph).

Sometimes, even the effect of the speed can be ignored. For an example,
Johnson [17] indicates there is a speed limit V . for rolling resistance,
under this limit rolling resistance is a function of velocity, beyond that,
the effect of the speed can be ignored.

Table 3.1 lists some average value of k. [47].

3.2.4 Rolling resistance of CONCIC-2 AGV
The case for CONCIC-2 AGV is that four hard rubber wheels run on a
hard, smooth concrete surface. Referring to the discussion above, the
coefficients of rolling resistance of the wheels may take the form of
kr = kx(l + sz) (3.14)

The coefficient of rolling resistance of motorized wheels and casters
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Fig. 3.7 The curves for fo and f . [45]

Coefficient of rolling resistance

Road surface

Coefficient of
rolling resistance f

Tires on
large paving stone
small paving stone
concrete, asphalt
rolled gravel
tarmacadam
dirt road
arable soil
Off-highway wheels on
arable soil
Caterpillar tractor on
arable soil
Wheel on rail

0.018

0.015

0.015

0.02

0.025

0.08

0.1 ... 0.3%

o. 1‘ aee o.z‘

0.07 ... 0.12
o.ool L 11 00002

Table 3.1 Coefficient of rolling resistance [46])
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of CONCIC-2 are not available from the manufacturer. For this thesis, these
figures are estimated from the knowledge to reduce the deviation between the
simulation and experiment results.Referring to Table 3.1, the coefficient of
rolling resistance of metal wheel on rail is 0.001 - 0.002, and pneumatic
tire on concrete road is 0.015. As a wheel with hard rubber tire, k1 is
chosen to be the average value as 0.007, and kz is taken as 0.01. The value
of l:l and k 2 effects the motor voltage and current of the drive-motor at
steady state. Higher l:l and kz required higher current and voltage, and the
detailed illustration is given in chapter 6.

It is assumed that the four wheels of CONCIC-2 AGV have the same
characteristics of rolling resistance, thus the formula of rolling
resistance of the wheels of CONCIC-2 AGV is

F, = 0.007(1 + ().OlVl)-Nl (3.15)
and the notations are referred as the definition before.

Substitute Vl and \.’2 of equation (3.8) into equation (3.15), The
rolling resistance for the motorized wheels are

1
sz = kl 1+ k2 Vy + lcz-l-t'!z)-N2 (3.16)

Fr = kl 1+ kz Vy - kz°l'ﬂz)'Nl

3.3 Lateral force

Lateral force is a force which acts perpendicularly to the wheel plane.
It is created when the wheel tends to slip sideways (side-slip) or when the
wheel is steered. The lateral force which is caused by the side-slip is also
called side-friction, and that caused by the steer-action is usually called
the cornering force. Lateral force is caused by friction and deformation at

the contact patch between the wheel and the floor. Thus, as in the case of
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rolling resistance, lateral force also varies with different type of wheels.

3.3.1 Side-friction force < *

When a vehicle negotiates with a relatively high speed or is subjected
to other side disturbances, a horizontal force Fn is exerted on the wheels
to prevent the vehicle sliding sideways. The force acts at the direction
perpendicular to the wheel plane. When l-"n is smaller than the active force
F‘, the vehicle will slip sideways. This slipping is often experienced in
greasy asphalt and smooth concrete at high speed.

The side-friction depends on the downward force on the wheel and the
coefficient of friction kn between the wheel and the floor. It is calculated
by the following formula:

Fn = kn'N (3.17)
where N is normal reaction at the wheel.

The coefficient of friction kn varies with the material of wheels (or
tires), the condition of the floor and the wheel (or tire), and other
factors such as the downward load, etc. [32]. Table.3.2 lists some the
coefficients of friction for different materials [49).

The side-friction affects the lateral stability of the vehicle. For
example, on a hard, smooth, concrete surface, because of the greater
deformation at the contact patch of the pneumatic tire, it provides greater
side-friction than solid tires and hard rubber tires, thus the vehicle
exhibits more lateral stability. But on soft mud roads, the pressure per
square inch on the larger surface of a pneumatic tire in contact with the
ground being much smaller, the tire is unable to force the mud from beneath

it. It has no actual contact with the ground, but floats on a very thin
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layer of mud. the coefficient of friction at this case is very small, a

sharp turn may cause side slip.

3.3.2 Cornering force

The cornering force is caused by the steering action of the wheels. In
the case of a solid tire on a hard surface, the cornering force is very
small because of the small contact area (point contact). The resistance of
the steering action is in the form of a small friction moment, and it is
considered to be negligible.

When the plane of a wheel with a pneumatic tire is steered not tc be in
line with the path of motion, a deformation and displacement of the contact
patch occurs which gives a lateral force and a moment which attempt to
realign the wheel in the direction of wheel heading. And the front portion
of the contact patch is parallel to the direction of motion and eventually
slides to the center line of the wheel and at rear portion of the patch
(Fig. 3.8). For a small steering angle, the whole contact patch is
substantially parallel to the direction of rolling, but as the angle
increases that portion moves forward until at an angle of 12° to 15° the
whole area is sliding and the lateral force reaches the maximum. The
distribution of the forces between the tire and the road are shown in Fig.
3.8. It is seen that the lateral force increases from the front to the rear
of the contact length for some angles, and the offset of the resultant
lateral force produces the aligning torque about the vertical axis. The
offset is called the pneumatic trail, and the resultant lateral force |is
defined as cornering force. The product of cornering force and pneumatic

trail determines the aligning torque. The aligning torque helps the steered
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tire return to the original position after negotiating a turn. At large
angles of steer the lateral forces are progressively limited by the sliding
which occurs at the rear part of the contact path.

The relationship between the slip angle and the cornering force of
various types of tires under a variety of operation conditions have been
investigated quite extensively. Fig. 3.9 shows some typical plots of the
cornering force as a function of the slip angle for bias-ply tire and a
radial-ply tire. It is seen that for slip angle below certain value, such as
4° in Fig. 3.9, the cornering force is approximately proportional to the
slip angle. Beyond the angle, the cornering force increases at a lower rate
and reaches the maximum value where the tire begins sliding laterally. That
angle (as 4° in the example) is defined as limit-angle in this thesis. In
order to compare the cornering behavior of different tires, a parameter
called cornering stiffness Ca is used, which is defined as the derivative of

the cornering force Fc with ar‘F‘espect to the slip angle a [17].
Cu = 3@ —
or
Fc ] Ca-a 0 < « < limit-angle (3.18)
A number of factors affect the cornering behavior of pneumatic tires.
The most important are the normal load and the inflation pressure of the
tire. Fig. 3.10 and Fig. 3.11 show these changes for a small car tire [7].
The cornering stiffness is obtained through experimental data.
Table.3.3 lists some cornering stiffness for different tires in different
conditions [44].

Rubber tires have properties that lies between the solid wheels and the

wheels with pneumatic tires. When the tire is made of hard rubber, it
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Fig. 3.8 The cornering force for a pnaumatic tire (7]

3000

)
o
o
o

1000

Cornerinf force (N)

road adhesion limit

radial tire

- - o=

/
l/’
1 | ! N
0 4 8’ 12° 16°
Slip angle

Fig. 3.9 The cornering force for conventional bias-ply and

radial-ply tires at various slip angles [45]
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behaves like a solid tire with a greater friction. But a softer rubber under
relatively more load also exhibits deformation at the cor.act patch. It has
similar characteristics to a pneumatic tire, and the cornering force can be

calculated Ly the formula (3.18).

3.3.3 The lateral force of CONCIC-2 AGV

The motorized wheels of CONCIC-2 AGV are located in the lateral center
line of the AGYV, and the vehicle is steered by varying the velocity of these
two wheels. There are no steering action involved in these two driving
wheels. The cornering force are therefore zero. Since the racdel assumed no
side-slip at the motorized wheels, side-friction is assumed to balance the
centripetal force at any time.

The casters are located in the longitudinal axis of the vehicle. When
the velocity vector at the pivz* point is not align with the wheel plane of
the caster, the pivot point led the caster sideways as well as forward. As
the results, a side-friction acts at the contact paich to prevent side-slip.
The offset of the caster and the side friction results a torque to force the
caster to rotate about the pivot point until its plane is in line with the
velocity vector of the pivot point.

The side-friction of the casters can be calculated by using the formula

(3.17).
=k N (3.19)

In n 1
The coefficient of friction of the casters is not available from the
manufacturer for CONCIC-2, it is chosen as 0.01 thoug!. the validation of the

model. From the definition of side-friction, the direction of the force is

always oppositely to the trend of side-slip and to align the caster to the
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direction of the velocity vector at the pivet point. Referring to section
2.3.2.2, the positive direction of side-friction is defined along the angle
Bn' or in other words, the positive direction of Fn is to have the caster
rotate clockwise about the pivot point (é > 0). When the angle between the
+Y axis and the velocity vector at pivolr point is defined as «, « is

1
calculated by (3.20) for CONCIC-2.

- k'R
« = arctan( v zZ )
y
kQ
« = arctan(————m—) (3.20)
r Vy

and the difference between the velocity vector of the pivot point and the
caster heading is
(al - 81)

When (ml - 61) > 0, then I-"ln acts in the positive direction (Fig. 12).
Otherwise, F‘n acts in the negative direction when (¢:Ll -61) < 0. In the case
of (aLl - 61) = 0, there is no side-friction on the caster since the caster
is in line with the velocity vector of the pivot point. Thus the sign of the
lateral force is calculated by the following formula:

- ke
_——Vy ) - 3, (3.21)

where k is the wheel-base of the CONCIC-2 vehicle.

arctan(

So the formula of the side~friction of casters of CONCIC-2 AGV may be

written as
- k-ﬂz
F_= kn-Nf-sign[arctan( Vy ) - srl
k-ﬂz
F = kn-Nr-sign[arctan(-—vy-——) - arl (3.22)
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Fig. 3.12 The side friction force at caster
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3.4 The equations of motion of CONCIC-2 AGV system with formulated forces

The external forces on the motorized wheels are summarized in the

follows:

vy
n

n n o . Dn

— kI - v -&n) -

rd t1 d y z 4

n Jn o : Dn

l'— [ktlz - (Vy + m; - —r—-(Vy + mz) - Tl'l
d d d

= kx (1+ kz Vy - kz°t'ﬂz)'Nl

v -&)-T)
y z {

"
]

F_= kl 1+ kz Vy + kz-t-ﬂz)-l"l2 (3.23)
_where kl = 0.007, lt:2 = 0.01.
Substituting the above equations into equations (2.27), the equations

of motion of the AGV body are

2 . nk 2

m+—223 3y oot 1 +1) -2 _LokkNY
2 y 1 2 2 12 d ¥y
r r r
d d d

-2 klNd- F“ cos(Gf) + an cos(B‘_) - F'rf cos(ar) + Fm cos(Br)

2,2 . &'n-k 2

a +—22% o = ta-1) - 2D o kN

z z 2 1 2 12 d 2z

Ta Ta Ta

+ k-[l-‘rn sin(Br)- Frr sin(&r) - an sin(Bf) + F“ sin(af)l
(3.24)

The external forces acting at casters are:

- k-ﬂz
y

- k.nz
—-v—-——) - ar]
y

l-‘m = kn'Nr' signlarctan(

F = kn'Nr-sIgn[arctan(
Frt = kl(l + kzvfp).Nf
F", = kx“ + kzvrp).Nr (3.25)

Substituting the above forces into the equations (2.28), the equations of
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e

RN Yy

motion of casters are:

. - k-Q
. z -
I, 8= k ‘N, d-signlarctan( vy ) 8,]
*e - k.n’
1,8= kn-Nr-d-sign[arctan(——v;——) - 6‘_1

where I::l = 0.007, kz = 0.01, and kn = 0.01.
And 3, and Br are calculated by
[-]
ﬂf = af + 90

o
pr-6r+90
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CHAPTER 4 SERVO CONTROL SYSTEM

4.1 Introduction

Closed-loop velocity control (velocity servo control loop) provides
smooth vehicle operation and consistent performance of the guidance control
software. A typical speed control loop is shown in Fig. 4.1. It includes a
servo controller, a power amplifier, the servo motor, and the speed sensor.
The servo controller is used to eliminate the error between the speed
set-point and the real speed which is detected by the speed sensor. When a
digital controller is used as the servo controller, the digital signal is
converted to an analog signal by a DAC. This analog signal is amplified by
the power amplifier in order to drive the servo motor. Servo controllers are
now available on the market. These controllers usually have an independent
processor, and some interface to the host computer and amplifiers. LM628 is
a servo controller which is used by CONCIC-2 AGV, and more details about the

chip is given in section 4.2.1.

4.2 Servo control system of CONCIC-2 AGV

CONCIC-2 AGV servo control system consists a LM628 chip, an DAC and a
amplifier (Fig. 4.2). The host processor communicates with LM628 through an
1/0 port to facilitate programming a trapezoidal velocity profile and a
digital compensation filter. The DAC output of LM628 interface with an
external D/A converter to produce the signal that is power amplified and
applied to the motor. An incremental encoder at the motorized wheel provides
feedback for closing the servo loop. The trapezoidal velocity profile

generator calculates the reference velocity. During the operation, the LM628
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Fig. 4.1 Typical speed control for AGV
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Fig. 4.2 Servo loop of CONCIC-2 AGV
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subtracts the actual velocity from the reference velocity, and the resulting
velocity error is processed by the digital filter to drive the motor to

desired speed.

4.2.1 General description of LM628

The LM628 is a precision motion controller manufactured by National
Semi-conductor Corporation. The LM628 is a dedicated motion-control
processor designed for use with a servo motor and servo mechanisms which
provides an incremental feedback signal. The chip includes elements such as
host-interface, PID filter, and position feedback processor. These elements
perform the intensive real-time computational task required by a fast
performance digital motion control. It can be operated at both velocity and
position modes. The host control software interface is facilitated by a
high-level command set. The chip also provides a real-time programmable host
interrupts (Appendix C). It has 32-bit position, velocity, acceleration
registers. The trapezoidal velocity profile generator has a programmable
acceleration downloaded from host processor. The coefficients of PID filter
are also programmable. An incrementzl encoder is installed on the shaft of
the motorized wheel. Three inputs are provided: two quadrature signal
inputs, and an index pulse input. The quadrature signals are used to keep
track of the position of the motor. The output from the LM628 to the DAC can
either a latched eight-bit parallel output or a multiplexed 12-bit output.
The 8-bit can be directly connected to a non-in or out-latching D/A
converter, the 12-bit output can be demultiplexed using an external 8-bit
and a input latching 12-bit D/A converter. As an external servo controller

from the host processor, the LM628 operates at a high sampling time as 341
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us. It also decreases sample time for the overall control by removing the

servo controller from the host computer, so as to improve the performance of
the overall control which is carried out by the host processor.
Table 4.1 provides a brief summary of the specifications offered by

LMé628.

4.2.2 Modeling the servo system of CONCIC-2 AGV

Since the dynamics of electronic parts are much smaller than mechanical
parts. so the dynamic responses of the electronic parts in the CONCIC-2 AGV
servo system are neglected in the modeling.

The functions of the electronic parts and the control software in the
servo control system are obtained through experiments. The mid-way control
signals are measured to derive the functions. The experiment results and the

mathematic formulae for CONCIC-2 AGV servo system are presented.

4.2.2.1 Trajectory Generator

The trapezoidal velocity profile generator computes the reference
velocity of motor versus time. The motor accelerates to the command velocity
at specified acceleration rate and maintains the value until command to
change to a new velocity.

This function is executed at each sampling interval. the specified
acceleration value js added to the current desired velocity to generate a
new desired velocity (unless the command velocity has been reached).

w(n) = w(n - 1) + a . T" (4.1
Where w(n) is the motor velocity at sampling time n, a is the desired

acceleration, and T“ is the sampling interval of the servo control loop.
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This can be illustrated in Fig. 4.3.

The acceleration a is a programmable parameter from the host computer.
Larger acceleration gives faster response but higher starting current. In
chapter 6, a more detailed discussion of choosing acceleration of trajectory

profile generators is presented.

4.2.2.2 Model for PID filter:

Having over 50 years of history, PIDs are still the most popular
controllers in the field of industrial control. A typical control system
with PID controller is presented in Fig. 4.4.

The transfer function of the controller is

K
1

G{s) = K + + K s (4.2)
P d
There are several way to implement PID controller into digital computers.
The LM628 uses a digital Proportional Integral Derivative (PID) filter
to compensate the control loop.
The following discrete-time equation illustrates the control performed

by LM628 (Appendix C)

n
Cli] = kp eli] + kl):e[il + kd(e[i] -eli - 1]} (4.3)
o

Where Cli] is the motor control signal output at sample time i, e[i} is the
velocity error at sample time n and kp, kl, kd are the discrete-time PID
controller gains. Again, kp. kl. k q are also input from the host computer,
and proper values for the three -arameter have to be tuned to get the best
performance of the servo system. The parameters of CONCIC-2 AGV are chosen
as kp = 100, kl = 225, and ka = 50 by experiments. Another important

parameter, integration-limit, is introduced to minimize integral or reset
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"wind-up” (an overshooting effect of integral action). The Integration-limit
constrains the contribution of the integration term
n
kL e(x)
x=0

The limit of CONCIC-2 is 30.

4.2.2.3 Mode] for DAC:

A Digital Analog Converter (DAC) functions a linear data conversion
from digit data to analog signal. The servo system contains a 8-bit DAC. The
8-bit digital control signal from the LM628 is converted into analog voltage
signal by this converter. The input-output relationship of a 8-bit DAC is
represented in Fig. 4.5. The converter gives a linear voltage output of a
range of -9.2 to +9.2 volts. Corresponding to the 8-bit digital value which
starts with the minimum value (0) to the maximum value (256). The output
voltage will be zero at the digital value of 128, which means if the control
voltage from the servo system is zero (output from the power amplifier), the
output digital value to the DAC has to be 128, and this simple data
converting is taken care of by the operation software in the host computer.
The mathematical models of the above relationships may be written as

Digital value input of DAC (x) = Output from Amp. (Cn) + 128
Voltage output of DAC (y) = 0.0725'x - 9.2
So the conversion coefficient of DAC (KD M:) which is defined as the ratio
between y and Cn is derived as
y = 0.0725*x - 9.2
y= 0.0725-(0n +128) - 9.2 = 0.(')725-(‘:n - 0.08

y
KDAC = _E:—- & 0,0725 (4,4)
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4.2.2.4 Model for Amplifier:

The output of DAC is amplified by a power amplifier in order to drive
the motor. The gain of the amplifier takes a important part in the servo
system. Since the output of the amplifier is the input voltage of the servo
motor, and the range of input voltage of the motor is from - 24 V to + 24 V.,
Therefore the amplifier has been chosen for the servo loop in order to let
the motor work within this range.

Fig. 4.6 presents the characteristic of the power amplifier.

As shown in the graph the relationship between the input voltage and
the output voltage is not linear. To develop the mathematical expression for
it, we use three pieces of straight lines to fit the curve in the range of
-24 volts to +24 volts.

The linear approximation is made as

V =45V V. s 1.28 (volt)
m in in

V =6.74(V. - 0.39) 1.28 < V. = 2.5 (volts)
m in in

V. =9(v -1) V. > 2.5 (volts) (4.5)
m in in

where Vln is the output signal from DAC, Vm is the voltage signal to the

motor.

4.3 The model of drive motor

The two driving motors of motor-wheel units are permanent magnet (PM)
brush type 24 volts dc motors. An equivalent circuit is proposed by the (48]
as Fig. 4.7. The motor is approximated by the resistance R, the inductance
L, and the internal generated.voltage E‘ which is proportional to the motor
speed w, or

E=k ‘v (4.6)
g e
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Fig. 4.5 DAC-08 calibration curve
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Fig. 4.6 Servo amplifier gain curve
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Thus the electrical equation of the motor may be written as

dl
dt

Substituting equation (4.6) into (4.7), the electrical equation of the motor

V =1L + R1+E 4.7
m [ 4

is obtained as §

dl
dt

V = L. +RI+k- 0 (4.8)
m ]
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CHAPTER B GUIDANCE SYSTEM

5.1 General description

The objective of a guidance system of an AGV is to steer the vehicle
back on course base on the derivation between the current position of the
vehicle and the reference. As in the definition introduced in chapter 1, the
guidance system includes the sensor and the control strategy. Various
control strategies (or control laws) have been developed based on the
different implementation of guidance. Base on the survey, the control
strategies can be classified into two categories. For free-ranging AGVs, the
control strategy includes path planning and the guidance controller of
destination control. And the control strategies of the AGVs which follow a
continuous reference track have only the guidance controller of regulation
tracking.

In destination control, the control varjable for the overall loop is a
point of the reference path. This method directly controls the trajectory of
the vehicle. It is often seen in a guidance system with a non-continuous
reference path. But in regulation tracking, the control variable for the
overall system is the deviation between the vehicle and the reference path
(track). This method attempts to eliminate the errors between the vehicle
and the tack without time or distance limitation. It dose not required a
specific trajectory for the AGV to approach the guide track. It is often
seen in the guidance of the AGV with a continuous guidance track.

The guidance of the vehicle (either destination control or regulation
tracking) is finally carried out by the corresponding servo control loops of

different configurations. For example, the servo variables are the steering



angles for tricycle configuration, and the two differential speeds of the
two motorized wheels for differential drive steering. The guidance
controller is defined to be present the relationship between the servo
variables. The output of the guidance controller can be either directly or
indirectly servo variables of the vehicle. The destination control needs to
control all the servo variables of the wvehicle in order to control the
trajectory. And the regulation tracking only needs to control some of the
servo variables since the continuous reference track provides a continuous
message to regulate the vehicle. Compared with the destination control, the
guidance controller of regulation tracking is much simpler. The following
gives some examples for a tricycle configured vehicle using both destination

control and regulation tracking.

Destination control.

In [21), Y. Kanayama et al. introduced a control law for AGV control by
using PID controller. Assuming the current position and the reference
position of a vehicle are pc(xc. Yo Oc) and pr(xr. Yo er) respectively,
then the error vector between them is defined as

e = (xr - xr)cosec + (yr - yc)sine‘=
e =(y - ylcose + (x - x)sin@
y r r c r c c
°e = el- - ee
The classic PID filter is used to generate vehicle’s forward velocity and

angular command velocity with the error vector. The guildance controller is

presented in following equations:

81




c:iex
vcy = kx'ex + kzjex'dt tk—3r —

dey dee
wcz = k-ey + kJey-dt + ks'_d—t— + k_,-ee + k8 ee-dt + k9 at

Regulation tracking
A linear controller was proposed by Cheng et al. for the CONCIC-1
vehicle in 1984. This controller is designed based on tricycle configured
vehicle with a optical camera as sensor. It may also be applied to other
type of AGV which follows a continuous path and has the capability to
provide the deviation between the vehicle and track. The guidance controller
is presented as follows
¢ The deviation between the vehicle and track is presented into
two terms:
the position offset ¢ o is defined as the perpendicular
distance between the track and the center of the sensor
(camera in the case of CONCIC-1).
the orientation error g is defined as the angle between the
longitudinal axis of the vehicle and the tack.
o The steering angle e' for a tricycle is
6. = Gx'cd + Gz-ee
where the Gl and G2 are constants.

5.2 Guidance system of CONCIC-2 AGV
CONCIC-2 AGV employs a relatively inexpensive camera vision technique.

An optical camera was installed at the head of the vehicle to pick up the
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deviation of the vehicle related to the reference track or the signals on
the ground. The track to be followed in this case is prepared on the floor
by painting, taping or fabricated in loops or circuits linking all possible
sources and destinations which vehicles are to serve. The sensor is IDETIX
digitizing camera from Micron Technology with an 1S32 oftic ram. A czinera
controller board provides the interface from the camera to the 8088, 80286,
or 80386 microprocessors. Pixel information is transferred from the
controller to the PC memory using the Direct Memory Access (DMA). Also on
the controller board there is a 63701 micro controller which has a 8 bit
port for transferring data between the PC and internal memory of 63701.
There are 18 bytes data to be downloaded to the micro controller from PC to
determine the size of the image window and the other parameters for the next
image [35]. This type of sensor has the advantages of being able to focus on
the path, while having a controllable width of view by changing the distance
between the camera and the ground. The deviation of the vehicle from the
track is calculated by the PC using the image, and a digital controller is
implemented in the on-board computer to steer the vehicle so as to reduce

the deviation (position and orientation) together with the two servo loops.

5.2.1 The measurement of deviation (image analysis)

The IS32 optic ram has two ariays of 128 rows and 256 columns of light
sensitive elements. The upper array of 64x256 elements is used only for the
CONCIC-2 navigation. The image received only from the alternate elements in
a row and hence the image window is actually 64x128 pixels. The camera is
fitted with 8 mm lens. The distance between the lens and the ground is

approximately 200 mm. At this distance, the actual size corresponding to the

83




image window is about 30 mm deep and 128 mm width. In other words, one pixel
stands for about 1 mm in the width and about 0.5 mm in depth. The track is
about 30 mm in width and about 30 pixels in the image window.

The track of CONCIC-2 AGV can be straight lines, circles, and any kinds
of curves. Since there are limit speeds for the two motorized wheels, the
radius of curvature of the track also has a limit. The smallest radius of
curvature for experiments of CONCIC-2 is about 1.75 m. The image window of
the camera is about 30mm deep, it is reasonable to approximate the track
seen by the camera as a straight line (see Fig.5.1). So the location and the
orientation of the track within the camera window can be presented by an
equation in the form of

y=mx+c (5.1)
where y and x are the coordinates of the image window in meters [35]). This
coordinate system is parallel to the body-centered system of the AGV body
since the camera is mounted on the longitudinal axis of the vehicle. m is
slope of the image of the track, and c is offset the center line of the
image of the track. The deviation of CONCIC-2 AGV form the guidance track is
defined by two errors €, and €g (position error and orientation error), and
their definitions are as follows:
Position error €, It is defined as the perpendicular distance
between the center line of the track and the
camera image window center line along the lateral
center line of the camera image window.
Orientation error €g: It is the angle between the direction of

travel of the vehicle and the direction

pointed to by the track.

84



eJowed 3y} jo mopuim adewny ayl 'S 314

i

]
7

P
alewyy yowa)

(nﬂ-ﬂa o3
> e nm & —7 N o fopdia STe
L]
.J

A

85




§

Referring to the equation (5.1) and Fig. 5.1, the position error €, and
the orientation error o have some relationship with m and c in the equation
of the image of the track. ¢ 4 equal to x in the equation (5.1) when vy

equals to zero, and the €g is the arctagent of the slop of the image 1/m.

€ = - —
4 m
cg = cotan(1/m) (5.2)

From the above, it is seen that the deviation of the vehicle from the
track is calculated from the image of the track in the camera window. Thus
the location of the camera is an important consideration. Chapter 6 presents
some simulation experiments about the effects of camera location on the

dynamic response of the vehicle.

5.2.2 The guidance controller of CONCIC-2 AGV

CONCIC-2 AGV uses a regulation tracking method in its guidance. The
guidance controller attempts to eliminate the deviation of the vehicle from
the track. In other words, the outputs of the controller are the variables
to steer back the vehicle to the track base upon ¢ 4 and g detected by the
camera sensor. The direct approach is to regulate the two speed of the two
motorized wheels based on the deviation. CONCIC-2 uses a indirect approach
which is discussed below.

For a tricycle configured vehicle with a steering wheel in the front,
the direction of vehicle travel is determined by the steering wheel with a
certain steering angle. If the vehicle is found off the track, it can be
eventually driven back to the track by steering the front wheel towards the
track. This approach is used by the CONCIC-2 vehicle. The guidance

controller presents the relationship between the deviation and the steering

86




angle as in the following formula

8“ = Gl-c‘ + Gz-e (5.3)

(2]
where Gl and G2 are called as the offset gain and orientation gain of the

controller respectively.

In the control of CONCIC-2 AGV, a steering wheel is considered to be
located virtually somewhere on the longitudinal axis of the vehicle. This
steering wheel is defined as virtual steering wheel. In the current design,
the virtual steering wheel is assumed to be iocated in the position of the
front caster [Fig. 5.2]. Thus the CONCIC-2 AGV can be considered as a
tricycle with a steering wheel at the location of front caster and two rear
wheels at the location of two motorized wheels. Then at a steering angle as
e“. the corresponding angular velocity of the vehicle is calculated as
follows.

V :tané
y cs

w_ T (5.4)

where Vy is the linear velocity at the geometrical center of the vehicle,

and the L is the wheel-base of the equivalent tricycle-configured vehicle
(the distance from the contact point of the steering wheel to the center of
the two rear wheels). Since the caster have a off'set between the pivot point
and normal axis through the center of the caster, the wheel-base will be
changed. Hence the eqguivalent wheel-base for CONCIC-2 AGV is as:
fae = k - d(1 - cos® ) (5.5)
s
where k, d are defined as before.
Then the control angular velocity of the vehicle is
V -tané
y cs

w = —Ty—— (5.6)
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Being a differential drive steering configuration, the angular velocity
of CONCIC-2 is obtained by varying the speed at two motorized wheels. To
obtain a angular velocity as wcz. the speed at two motorized wheel of the

vehicle are calculated by equations (5.7) from the geometrical relationship

of the AGV.
V =V - ¢ (5.7
cl y cz
V_ =V +0 ¢l (5.7
c2 y [ 4

In summary, the control strategy of CONCIC-2 AGV is as follows:
1) Obtain the equivalent steering angle from the deviation
e = Gl-cd + Gz-t:e (5.8)
2) Calculate the corresponding angular velocity of CONCIC-2 AGV

lae = k + d(1 -~ cos® ) (5.9)
V -tané e
w_= —-’11-——2 (5.10)

3) Calculaie the control velocities for the twe velocity servo

loop
V. =V 0w ¢
cl y cz

V =V +0w - (5.11)
€2 y cz
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CHAPTER 6  SIMULATION AND ANALYSIS

6.1 Simulation program

A simulation program has been implemented in a personal IRIS computer
using C programming language. The AGV system consists of mechanical and
electrical components, and there is also a combination of continuous and
discrete time systems. Thus in the program, both logic and timing control
have to be considered.

The timing control of the program presents the property of the multi
sample digital control of the system. In the CONCIC-2 AGV, there are two
important. sample intervals for the two types of control systems. The two
velocity servo loops which are built with a LM628 motion controller, a DAC,
and a power amplifier have relatively high sampling rates. The LM628 chip
provides a sampling rate of about 341 pus which ensures the fast performance
of the servo loop. The regulation tracking loop which includes the image
processing, the guidance controller, and the velocity servo loop has a much
lower sampling rate. The sample interval for the regulation tracking loop is
about 50 ms, which is almost 170 times longer than that of servo loops. And
the image processing takes the major part of this 50 ms. These two sampling
intervals are implemented by two feed-back counters in the simulation
program as two zero-order-holds. The basic timing of the simulation is the
integral step for solving the dynamic equation in a digital computer. All
the feed-back counters are based upon the integral step which is chosen as
0.00005 s (50 us) in simulation. As is shown in Fig. 6.1, the feedback

counter for the velocity servo loop is calculated by

sampling interval o1 velocity servo loop 341 ps a7
integral step of simulation 50 us




v e X -

THERRITTT SWVTITASL m e ey

I Ty ey o

weaSoad uojjejnuwis Y3 jo josjuod 3ujwiy 1°9 313

das [ead9nu)

days 84319)u)

sa Jujaes

( uwonwinus
ayy jo awp-uny)
= 281 Jujaes =
aYy} Jo Jajuno)d

awn-und

ay) jJo amunc)

dajs jwudayu)

(dooy 3uptoun
Jo auipy 3updwes)

= dool 0AJ38 £)100]aa
ay} Jo anuno)

dns eadnug

( dooj Jupxaen
Jo awpy Jujidwies)
= doo] Jupasan
YY) Jo iJnuno)

doys
eadanug

91



This simply means that the servo loop samples data at every 7 integral steps
which is about 341 ps. Similar'ly to the regulation tracking loop, the

feedback counter is calculated by

sampling interval of regulation tiracking 50 ms = 1000
intergral step of simulation 50 us

The simulation program consists of 2 ".c" source files, a header file,
and an input data file. One of the ".c" source file is agv.c. It is the main
program of the simulation, including the AGV dynamics, the velocity servo
loops, and the timing control. The program {is designed to be in modular
form. The motion equation of the AGV is implemented using both Range-Kutta
and Euler methods. And the simulation results indicate that Euler method
gives about the same accuracy as Range-Kutta and need much less time for
running the same test at the integral step as 0.0005 s. The guidance system
of the vehicle is implemented in the image.c file which contains the image
analysis and guidance controller. The system parameters are defined in the
header file para.h. Some operation data such as the initial position of the
vehicle, the linear speed, and the acceleration constant, etc., are input
from the data file input.dat.

The flowchart of the program is shown in Fig. 6.2, and all the
subroutines are listed as follows:

einitial(char *Fname)

Input the initial position of the AGV and the operation

parameters. Initialize the working variables of the program.

edouble image(double cgx, double cgy, double cx, double cy, double
theta, double Rt, double V_des, double gainl, double gain2)

This program calculates the errors at the front and the rear

camera, and outputs the control signal (the corresponding steering

92






J0j820ueb 8014 L1200

#unod 104ue3 Bupe s
=< ZUN0d

sjnses LY
UOUSINLIE 8Lyl 8ASE

6doaj oAses oMy oL

404 SBUPORA PUBLILID

()zmuel :()1eued S SAUS 8Ly BjBNORD)

uojiisod Jueund ey Lo sseq
(JoOuuy

Wy pubis 04uoo ejsOR)

X
BUNad swp uns

=< Leuncd
8

winjay 1
()mpr . vopszimpig

vojsmpep uogaNy
uoysmpRep SINA

=




=

wnjey
()sol0w - _

sindun $20}0W 84y J0 e8u)10A j01U0D O}

end |y ] muOp ey djdus pue peaua)
“

()zpd ()ipid Pudjs [014U03 0ANS Sj¥jNIED)

irD
|
J0j820ueb 8014 L1200

I+ HUNOd & LJUNGD

§ + HIUNOCIY = HIUNGI

1 + TIUWN0D & ZIUNOGI

§ + £IUNOI = ElUNOY

ADY 84 jo uoyjsad siy siaOED
suojienbe mRUSIYP Y} ARG
se)Bum Jeised 8 g S8 OED
802.0; BLISPD 8Ly 8j8jNOR)

~ |— $1010W By} JO BUNI 8Ly S8 ININD

wnjey

ON

MUNOI I0HU0I OANS
= EjUnQd

#unod 104ue3 Bupe s
=< ZUN0d
oy




rate of the equivalent tricycle) from the control strategy.
The inputs are:
cgx: x coordinate of the C.G of the vehicle in base system;
cgy: y coordinate of the C.G of the vehicle in base system;
cx: x coordinate of the front camera in base system;
cy: y coordinate of the front camera in base system;
theta: orientation angle of the vehicle in base system;
Rt: radjus of the circular profile;
V_des: predefined linear velocity;
gainl: offset proportional control gain;
gain2: orientation gain.
epidl(double x, double y) and pid2(double x, double y)
Implementation of the PID filter, the input variables are the
current and previous errors, and the output is the control signal.
eamplifier(double x)
Implementation of the power amplifier of the servo system, the
input of the function is the input signal of the amplifier, and
the output is the amplified signal.
emotor(double x, double y, double z)
This subroutine represents the electrical characteristics of the
driving DC motors, the inputs of the function are the previous
motor voltage input, previous motor current and the current
velocity. The output is the current from the motor.
esign(double x, double y)
The sign function gives the sign of the difference of the two

input values.
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egenerl(double x) and gener2(double x)

This subroutine presents the geometric relationship of this type
of vehicle, the input is the corresponding steering angle, and

the outputs are the velocity commands for the servo control loops.

6.2 Simulation and experiment results

The simulation is carried out to investigate the guidance strategy, the
servo control, and other properties of the CONCIC-2 vehicle. The results are
organized into several sections such as model validation, study of guidance
system, study of velocity servo loop, and the dynamics of the casters.

In the section on model validation, tests were done under different
conditions to validate the model for the AGV at both tracking and servo
loops. Study of guidance system covers the study on the AGV dynamics by
changing settings of the guidance controller, the location of the camera,
and the effects by the position of equivalent steering wheel. The mismatch
of the two velocity servo control loops and some important properties of the
LM628 chip are discussed in the section of the study of velocity servo
loops. And the investigation on the contribution of the dynamics of caster
to the overall system is given in section 6.2.4.

The study of CONCIC-2 AGV can be done with any type of continuous
track. However, it is felt that the most stringent test for a vehicle of
this type is its ability to realign itself rapidly after being subject to a
sudden deviation In a straight path. This test iIs similar to investigating
the transient response of a control system subject to a step-input or a
step-disturbance.

For the purpose of this exercise, the vehicle is initially stationary
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(zero speed) alongside a straight track, with a non-zero offset from the
track. A step speed command is given, and the behavior of the vehicle is
observed and recorded for a range of values of offsets, control parameters
Gx and Gz’ acceleration constants of the velocity profile generator, angles
of the casters, and vehicle configuration.

Table 6.1 lists the design and operation parameters of the vehicle and

the conditions for all experimental runs (without special specifications).

6.2.1.Model Validation
The advantage of this model is that it presents the real system
accurately. It does not only present the characteristics of the system but
also provides the exact values of the system. The model is examined in two
levels:
1) Validation of the velocity servo loops,
2) Validation of the overall control system.

The details are presented in the following sections.

6.2.1.1 Validation of AGV model with velocity servo loops

In this case the validation of the mode]l was done when the AGV only
operated at velocity servo control loops. The vehicle is initially
stationary, and the inputs to the vehicle are the two velocity commands to
the servo loops. The outputs are the reference speeds of the wheels.

Fig. 6.3 presents the reference speed and the real speed of wheel 1 in
both of the simulation and the experiment at 40 rpm (0.314 m/s). In the
figure, the smooth line represents the simulation resuits, and the line with

dot symbol presents the experiment data which is recorded by the on-board
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Fig. 6.3 Validation of the velocity servo loops
(wheel-1)
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data-acquisition facility. The results show that the simulation and the
experiments data are very close in both the reference speed and real speed
curves. Only at the transient period, the real system responds little slowly
than the model (less than | rpm). Compared to the reference speed curve, the
real speed has a oscillation with small amplitude. Both the simulation and
experiment illustrate this property. Similarly Fig. 6.4 shows the reference
speed command and the real speed for wheel 2. The results also illustrate
the realism of the model. The model of the AGV with only the servo loops is
validated. Note the initial ramp is derived from the acceleration constant

a. = 0.25 m/sz.

6.2.1.2 Model validation with overall control system
For the complete model for the CONCIC-2 AGV, the following experiments were
done to validate the dynamic model.

The track is a straight line, and the vehicle is initially stationary
with an initial deviation from the reference track (position offset and
orientation error). The tests were done under different initial conditions
and different operational parameters, such as velocity, controller gains,
acceleration constant a of servo loop etc. For the convenience of
discussion, the results are presented in two groups:

1) AGV with a linear (proportional) guidance controller,
2) AGV with a PI (proportional and integral) guidance controller.
1) With linear guidance controller
A linear guidance controller is presented in the formula as
e = Gled + Gzce (6.1)

and the proportional gains are (.'vl and Gz‘
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Fig. 6.5 presents both the experiments and simulation results under the

conditions of:

the step input linear velocity is 0.471 m/s;

the acceleration constant of the servo loop is 0.25 m/sz;

the initial condition of AGV are:

position offset = 2 (cm),
orientation error = 8°.
The offset gain and the orientation gain for the guidance controller are 1.0
and O respectively. The plots in the figure are the position offset versus
time. it is shown that the vehicle is going at the initial orientation angle
in the first 2.5 s. In other words, the tracking regulation only acts after
the first 2.5 s. This 2.5 s is defined as the response time for the CONCIC-2
AGV. It is a factor due to the vehicle’'s inertia and the property of the
servo loop as will be discussed later. The simulation results are very well
matched with the experiment. Similarly, tests in Fig. 6.6, Fig. 6.7 and Fig.
6.8 were done under same conditions except that the offset gain is increased
to 2.5, 5.0, and 7.5 respectively. It is observed, the model accurately
represents the real system at different controller gains. The time taken by
the vehicle to attain the maximum offset error reduces slightly w'.h the
increase of the offset gain. Comparing with the real experiments, the
simulation gives a more smooth trajectory. The simulation presents less
disturbance than the real experiment.
The above four tests were done at the same i:uitial conditions and a

acceleration constant of 0.25 m/s>. The following gives some examples at
different initial conditions, with the acceleration constant of the servo

loop set at 0.05 m/s". Fig. 6.9 gives the results for a test with:
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initial conditions:
position offset = 4 cm; orientation error = 0,
linear velocity: 0.431 m/s,
acceleration constant of servo loop: 0.05 m/sz.
the guidance controller gains:
Gl = 9.0, G, = 0S.
Plot 6.9 (a) presents the response of the position offset to the track, (b)
and (c) present the velocity response at two motorized wheels (wheel 1 and
wheel 2). The simulation results agree with the experiments very well in
the offset and velocity response curves. It is also seen that the response
time of the vehicle is increased to about 9.5 s comparing to the previous
tests. The two motorized wheels speed up from zero at the same acceleration
until one of them has reached the required linear velocity. During this
period of time, the orientation angle of the vehicle dose not change. The
vehicle travels along a straight line and crosses the track, giving rise to
a big overshoot Fig. 6.9.(a). This response time depends on the acceleration
constant of the servo loop. More discussion is given in section 6.2.3. Fig.
6.10 presents a similar test except the initial conditions are:
position offset = 3 cm; orientation error = 4°.
and the guidznce controller gains are
(;l = 3.5; G2 = 0.5.
All the experiments and simulation tests shown above confirm the validity of
the model. It is realistic in predicting the dynamic behavior of the AGV
under different initial conditions, different linear controller, and
different acceleration constants. The next section gives more tests with a

Pl controller at different speeds.
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2) with PI controller

The following experiments validates the model at different speeds with

a PI guidance controller. The PI guidance controller is presented as follows
8, =Ge, + IGl‘cddt +G, gy (6.2)

where G1 is the linear offset gain which is chosen as 2.5, G“ is the
integral offset gain which is 0.07, and the orientation gain Gz is 0. The
tests are done under the same initial condition as

offset = 2 cm;

orientation = 7°,

and acceleration constant of 0.25 m/s’.

Fig. 6.11 shows the test at speed of 0.157 m/s. The simulation result
is very close to the experiment, similarly at speed of 0.314, 0.628, and
0.78 m/s as shown in Fig. 6.12, Fig. 6.13, and Fig. 6.14 respectively.
These tests further prove the reality of the model. Comparing Fig. 6.12 with
Fig. 6.6, with the same offset gain Gl. the overshoot of the transient
response has been reduced very slightly by the PI controller (about 0.5 cm)

In the next section, a detailed discussion on the optimal design of

control strategy is given.

6.2.2 A study of guidance system
In the guidance system of CONCIC-2 AGV, there three factors effects the
vehicle behavior, the location of the camera sensor, the location of the

effective steering wheel, and the gains of the guidance controller.

6.2.2.1 The optimization of the guidance controller

The optimization of the control strategy was carried out by considering
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Py

the minimization of the summation of the error squared at both ends of the
vehicle, where error refers to the offset error. Fig. 6.15 presents a 3-D
graph of the error squared versus two controller gains Gl and G2 of CONCIC-2
AGV under the conditions of speed of 0.43lm/s and a straight line
guide-path. This 3-D graph shows that the ‘optimal’ setting of this control
strategy spreads a relatively wide range of G1 and Gz. A large ‘optimal’
area presents a very stable performance of this control law at these
conditions. The experiments also demonstrate this conclusion as shown in
Fig. 6.16. All the tests are done at the same initial condition and the same
linear velocity. When the proportional control gain Gx changes from 2.5 to
7.5 and orientation control G2 stays the same (0), the performance of the
vehicle changes slightly.

In the experiments it is also observed that the ‘optimal’ settings
change with the linear speed of the vehicle and the curvature of the
guide-path. One constant controller setting is not always suitable for all
kinds of operations and guide-paths. It also raises a question of the
design of a suitable control strategy for the AGV which changes with some of
the operational parameters. The following paragraph attempts to provide a
good understanding of the changes of the ‘optimal settings’ of the
controller at different operation conditions, and proposes some important

factors in the controller design.

A. For a straight line guide-path
In this section we will investigate some of the properties of the
guidance strategy with the different initial conditions and different

forward velocities.
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The following chart indicates the different cases for the initial

conditions:
1 2 3 4
€> 0 e >0 cd<0 € <0
ce>0 ea<0 c9>0 ee<0

The simulation tests are done under the following conditions for all

the cases:
the forward-velocity command is 0.9 m/s
the position offset is abut 2 cm
the orientation error is about 7°.

From the simulation, one can observe that the different combinations of
errors does effect the optimal setting of the controller. Fig. 6.17, Fig.
6.18, Fig. 6.19, and Fig. 6.20 present the simulation tests which are done
at the initial conditions as in case 1, case 2, case 3, and case 4
respectively. The results show that the different position conditions have
little effect on the offset controller gain (Gl). but quite significantly on
the orientation control gain (Gz)‘ The contour plot shows that when the
offset and orientation error have different signs, the 'optimal area’ shifts
to the right. In other words, the optimal settings for the controller have a
related greater orientation gain compared with the case in which the offset
and orientation gain have the same signs. As it is shown in the figures, a
controller with settings as

Gl = 2.5;

c;z-o;
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Performance vs G1 & G2
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Performeance vs Gl & G2
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are within the optimal range in Fig. 6.17 and Fig. 6.19, but out of the
optimal range in Fig. 6.18 and Fig. 6.20. The orientation control gain is
movre sensitive to the error condition.

More simulation were carried out to study the change of optimal area of
the controller with the increase of the linear velocity of the vehicle. The
tests are done at same initial conditions of

the position offset: 2 em;
the orientation error: 7°.

Fig. 6.21 shows the ‘optimal area’ of controller setting at 0.6 m/s
linear velocity and Fig. 6.22 shows the ‘'optimal area’ at 0.3 m/s linear
velocity. Compared with Fig. 6.17 which is the 'optimal area’ of AGV at 0.9
m/s velocity under the same conditions, It is noticed that the ‘’optimal
area’ covers a greater region when the speed of AGV is lower. In other
words, the AGV becomes more stable at lower speeds.

Some real-time experiments have been done to substantiate the above
conclusion. The experiments are done under the following conditions:

the initial offset: 2 cm
the initial orientation angle: 7°;
the controller gains: Gl- 2.5, G" = 0.07, and G2 = 0;

As observed in Fig. 23, the vehicle becomes more unstable when the
velocity is higher. Thus, the optimal settings of the controller have to be
considered under different working speeds.

Not only do the linear speed and initial condition affect the control
ability of the vehicle, the curvature of the path is another important
factor which affects the ‘optimal area’ of the controller settings. The

following tests were performed to explain this property.
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Performance Comparison for Various Velocities (FI)
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B. Circular guide-path

We used a circular path to examine the change of the optimal settings
of the controller under the different curvatures. The tests are done at same
initial condition and same speed with different radii of circular path.

The simulation show that the control ability becomes more sensitive to
the vehicle speed associated with the the radius of the path. It is also
noticed that the optimal area was shift to the right significantly when the
radius of the path is not infinite. Fig. 6.24 and Fig. 6.25 present the AGV
performance versus controller setting Gl and G2 at 0.6 and 0.9 m/s velocity
with a circular path of a 6 m diameter. Fig. 6.26 and Fig. 6.27 is a same
test at velocity 0.3 m/s and 0.6 m/s with a circular path of 3.5 m diameter.
Comparing Fig. 6.25 with the same test under straight line profile (Fig.
6.21), the optimal area of the controller gains in the circular path covers
a considerable larger region than it does in a straight line in the region
of higher gains. But in the region of lower gains, the response of AGV is
much more stable with a straight line profile that with a circular profile.
At the same velocity, the smaller radius of the circular path also reduces
the optimal area of the controller gains. As they were shown in Fig. 6.24
and Fig. 6.27, when the radius decreased from 6 m to 3.5 m, the optimal area
reduced significantly.

The above results indicate that the vehicle has a better
control-ability at larger radii and lower speed. For a small circular path
(a path with a small radius of curvature), low speed is required to

eliminate the position and orientation error.
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6.2.2.2 The effect of the location of the camera sensor

The location of the camera determines where to measure the deviation
between the vehicle and the track and where to minimize the deviation.
Whether the linear guidance controller (6.1) or the Pl controller (6.2) is
used, the deviation of the camera from the track €, and the cq are the most
effective factors for the guidance. It is felt that by putting the camera in
front of the vehicle, better performance may be obtained. The following
figures illustrate this property.

Fig. 6.28, Fig. 6.29, Fig. 6.30, Fig. 6.31 and Fig. 6.32 present the
trajectory of the vehicle under the same initial condition and the same
controller gains, but different camera location. Fig. 6.28, Fig. 6.29, Fig.
6.30 have a very smooth response with the camera in front of the front
center of mass at 0.69 m, 0.99 m, and 1.89 m respectively. When the camera
is installed close to the position of the front caster, the vehicle starts
to have small oscillations as shown in Fig. 6.31. When the camera is at the
center of mass, then the vehicle becomes unstable (Fig. 6.32). It is shown
that when the camera is further from the center of mass, smoother and more
stable response is observed. The distance between the camera and the center
of the mass along the longitudinal axis is defined as camera length {[Fig.
5.2]. The above results may be explained as follows. Consider the
differential configuration of CONCIC-2 AGV, the motion of the vehicle at
every instant is a rotation about a point somewhere on the lateral axis of
the vehicle. The trajectory of any point on the vehicle contains a series of
arcs, so does the trajectory of the camera. The radii of curvature of these
arcs depend on the distance between the point and the center of

instantaneous rotation of the vehicle. When this distance is shorter, the
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trajectory of the point will consists of arcs with smaller radii of
curvature. When the camera length is shorter, the distance between the
camera and the center of instantaneous rotation of the vehicle is shorter.
Consequently the trajectory of the camera is made of smaller arcs. The
camera detects the errors along its trajectory. So the error message along
the trajectory made of small arcs changes rapidly and more frequently. All
of these make the control less stable. On the contrary, when the camera
length is longer, the trajectory is made of arc with greater radius of
curvature. The change of the errors along the trajectory is smoother and
less frequent, therefore more stable performance is observed as shown in the
simulation. The comparison of the trajectories of the camera is presented in
the Fig. 6.33.

Longer camera length can make the vehicle response smoother and faster.
But the performance of the vehicle does not change proportional with the
camera length. As it is shown in Fig. 6.33, when the camera length changed
from 0.69 m to 1.89 m, the AGV performance changed very slightly. At the
same time, the total length of the vehicle increased from 1 m to about 2.3
m, thus working space for the AGV is much larger. Therefore, there is a
limitation for increasing the camera length,

The trajectory of the camera can also be smoothed by increasing the
radius of instantaneous rotation by reducing the controller gains or
adjusting the location of virtual steering wheel. But these will reduce the
control angular velocity at the same time, and increase the transient time
of AGV. The transient time is defined as the time for the AGV to first come

back right on the track from the initial stationary.
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6.2.2.3 The effect of the location of the virtual-steering wheel

CONCIC-2 AGV uses a indirect regulation tracking method for guidance.
The output of the guidance controller is an effective steering angle, and it
is transferred into the driving speeds of two motorized wheels through the
geometric relationship of a equivalent tricycle [Fig. 6.34). The location of
the virtual steering wheel determines the configuration of the equivalent
tricycle. The dynamic behavior will change when this location Is changed.
The relationship between the equivalent steering angle and the driving
speeds of the two motorized wheels is presented in the following two

equations (6.3) and (6.4) referring to chapter 5.

V <tané
y cs

wczg - T (6.3)

V =V - ¢
y cz

cl

V‘=2 = Vy + wcz-l (6.4)
When the equivalent wheel-base 8“ is larger, the control steering rate w,
is smaller. In other words, the instantaneous radius of the rotation of the
vehicle is greater, and a slower response of the AGV is observed.
Fig. 6.35 shows some simulation tests of the vehicle when the
equivalent wheel-base tu is 3.9 m, and 0.39 m and 0.04 m accordingly. The
initial conditions for the vehicle are
position offset = 1.6 cm;
orientation error & 6°,

the acceleration constant for these tests is
a, = 025 m/s’,

and the controller gains are
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G1 = 2.5; Gu = 0.007

G, = 0.
As it is seen in the figure, when C“ equals to 0.39 m, the vehicle has a
overshoot of 7 cm and settles down in about 2 m distance. When tn is
increased to 3.9 m (about 10 times the original length), a much slower
response of the vehicle is observed. In this case, the vehicle has a 13 cm
overshoot, and takes a distance of more than 10 m to get settle down. When
t“ is reduced to 0.04 m (about 1710 of the original length), the AGV has a
faster response, with some transient oscillations. The overshoot for this
case has been reduced to about 2.5 cm.

The longer equivalent wheel-base, the slower the response of the AGV
is. The response, however, can be improved by increasing the controller
gains as it is shown in the Fig. 6.36. A Smaller equivalent whee]-base 8“
improves the response of the vehicle, but it also makes the vehicle less
stable at higher gains. Fig. 6.36 presents the AGV response of previous
three cases with Gl = §5.5. The results shows that the higher gain improves
the response at t“= 3.9 m. But at l“ = 0,04 m, the vehicle becomes
unstable. Fig. 6.37 presents the behavior of the AGV at optimal controller
settings for each individual case. The results show that, even in the case
of optimal settings, the wvehicle with longer equivalent wheel-base still
takes more time to response. This is simply because the vehicle with a
longer wheel-base has a smaller steering rate. Consequently, the radius of
the instantaneous rotation of the vehicle is larger, and the difference
between the velocities of the two wheels is less. Since the average of the
two velocities yields the linear velocity of the vehicle, the velocity of

the slower wheel is higher in the case of longer wheel-base. Consequently
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the time for the servo loop to reach the lower one in the two velocities is
longer. The vehicle takes a longer time to respond. It is also shown that
the shorter wheel-bases make the vehicle respond faster but less stable in
the high gains, and it also makes the vehicle more sensitive to the initial
conditions.

The discussion of the above two sections shows that the longer camera
length makes the vehicle respond smoother and have less overshoot, and the
shorter equivalent wheel-base makes the vehicle respond faster but less
stably. For the CONCIC-2 AGV, the camera length is 0.69 m. From Fig. 6.35,
Fig. 6.36, and Fig. 6.37, the relative best equivalent wheel-base may be

about 0.39 m, which is about half of the camera length.

6.2.3. The study of servo control loop
6.2.3.1 The stability of the vehicle

In the above simulations, assumptions were made that there is no
slippage at the wheels and that there is always enough power provided by the
motors. But in real life, there are some physical constraints which go
against these assumptions. For instance,

1) the upper limit of starting current and the working current;
2) the upper limit of the static friction at the wheels.

The limit of the starting current is dictated by the characteristic of
the driving motor. For the CONCIC-2 AGV, the maximum starting current of the
driving motor is 36 Amp (Appendix B). The second constrain depends on the
characteristic of the tire and the working surface. The static friction at
the contact patch can be represented as two vectors: One acting along the

direction against the heading of the wheel (or the direction of tractive
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force), and the other along the lateral axis. When the tractive force is
bigger than the limiting friction, there will be longitudinal slippage at
the contact patch. Similarly for the case of side-slip, when the second
vector of the static force Is smaller than the centripetal force at the
wheel, the wheel will slip sideways. The coefficient of the static friction
is estimated to be 0.2 for the motorized wheels in both directions (see
Table 3.2).

Fig. 6.38 (a), (b), and (c) presents the transient response of the
motor currents, the tractive force, and the centripetal force of the AGV
operating under the following conditions:

initial position offset: 3 cm;

initial orientation error: 12°;

linear velocity: 0.431;

acceleration constant: 0.048 m/sz;

and controller gains Gl and GZ: 3.5, 0.5 respectively.
In this case, the maximum starting current of the AGV is about 15 A, which
is well below the limit as 36 A. The maximum tractive force and the
centripetal force are about 8 N and 5 N respectively, which are less than
507% of the limiting static friction. The assumptions are well validated in
this case. In general, these assumptions are valid for CONCIC-2 AGV

operation at its normal working speeds of under 1 m/s.

6.2.3.2 The mismatch of the two servo loops
In the real life, it is difficult to expect the servo loops to match
perfectly in their characteristics. For example, the amplifier may become

degenerated with time, and the two servo loops become mismatched. The
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following figure gives some cases of mismatched servo loops in terms of
amplifiers. In Fig. 6.39, the continuous line presents the characteristics
of the amplifier in the servo loop of wheel 1, and the dashed line presents
the characteristics of the amplifier in the servo loop of wheel 2. Case 1
and case 2 show the two linear mismatched cases, and case 3 and case 4 show
two kinds of nonlinear ones. The maximum deviation between the two curves is
207%.

Fig. 6.40 shows the performance of the vehicle in these cases under the

conditions:

initial position offset = 2 cm;

initial orientation error = 0.12 rad;

G =250, = 0.007; and G, = 0,

a = 0.25 m/s”.
The line with dot symbol presents the performance in the case of perfectly
matched pair. The results show that the mismatching of the servo loop
affects the performance of the vehicle in most of the cases. In case 1, it
is seen that the vehicle has a bigger overshoot. And at case 2 the vehicle
responses very slowly and has a offset in the steady state. The performance
of the vehicle at case 3 almost has no difference compared with the case of
the perfectly matched pair. But in case 4 the vehicle again responds slowly
and has an offset in the steady state.

Further simulation also shows that by increasing the proportional and
integral gains of the guidance controller, the overshoot and offset can be
reduced. Fig. 6.41 presents the results for the above cases when the
proportional and integral controller gains Gx and Gu of the guidance

controller is increased to 5.5 and 0.7 respectively. Notable improvement is
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Fig. 6.40 Transient response of AGV in perfectly matched and
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observed. For case 1, the overshoot has been reduced from 4.5 cm to 3.8 cm.
For case 2 and case 4, response time has become much less, and the offset

has been eliminated after approximately 8 m (not shown).

6.2.3.3 The acceleration constant a and the sensitivity of the control
strategy to different initial orientation angles

The servo-control loop of the CONCIC-2 contains a LM628 chip, a D/A
converter, a power amplifier and an encoder which provide the feed-back
signal from the motor. The control parameters of the servo-control loop are
the control settings of the PID filter and the acceleration constant for the
velocity~profile~-generator. Both functions are included in the LMé628, and
these parameters are programmable from the main computer.

Once the settings of the PID filter and the amplifier are chosen, the
starting current is dependent on the error between the reference velocity
and the actual velocity of the wheel. From the previous chapters, it is know
that the reference velocity builds up at a constant acceleration (or
deceleration) a to the command velocity. At smaller a., the reference
velocity as provided by the velocity profile generator of the LM628 changes
slowly. Consequently, as the maximum velocity error is decreased, so does
the input voltage to the motor. In this case, the AGV also has a slower
response and a longer transient time. That this is so has been observed in
both the simulation and the experiments.

Fig. 6.42 shows some simulation results to illustrate the affecting of
different a. Fig. 6.42 (a) is the response of the orientation angle of the
AGV, and Fig. 6.42 (b) is the offset response of the AGV. The tests have

been done under the following conditions:
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initial position offset: 3 cm;

initial orientation error: 12°;

linear velocity: 0.471 m/s;

controller gains Gl: 3.5 and Gz’ 0.5.
In Fig. 6.42, when a is 0.048 m/sz. the transient time of the vehicle is
about 12 s, and the vehicle trajectory has a large overshoot of about 7 cm.
When a increases to 0.24 m/sz. the transient time decreased to about 6 s,
and only about 1.5 cm overshoot is observed. And it is also seen that there
is a limitation for the AGV to respond to a beyond a certain value (about
0.25 m/sz). Experiments also demonstrate similar results shown in Fig. 6.43.
This limitation may be due to the time constant of the motor and vehicle
dynamics. Another factor that prevents the vehicle from having a higher
acceleration constant is the limiting starting current. The study through
the simulation shows that the starting current increases significantly with
the increase of the acceleration constant. 0.25 m/s® has been observed to be
the best value of a for the CONCIC-2 AGV, by both simulation and
experiments. In the case of low accelerations, the response of AGV is very
sensitive to the initial orientation error because of the long transient

time. This has been demonstrated in Fig. 6.44.
6.2.4. The study of the geometric configuration
The study of geometric configuration presented here includes two parts:

1) the wheel configuration;

2) the relationship between the wheel-span and the radius of the

wheel.
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6.2.4.1 The wheel configuration

The rectangular body of the AGV is designed to meet the needs of the
applications and to fit the working environment. The four wheels are located
near the four sides of the rectangular prism body in order to have a good
support of the weight. This section discusses the effects of the wheel
location on the behavior of the vehicle.

Fig. 6.45 presents the simulations for different wheel-spans ¢ while
the wheel-base k is fixed. The line with dot symbol is the trajectory of the
vehicle with normal wheel-span (0.26 m). The results indicate that changes
in the wheel-span has no significant effect on the behavior of the vehicle.
When the wheel-span decreases by 507 (0.13 m), the overshoot of the
trajectory of the vehicle increases slightly (by about S57%). And when the
wheel-span increases by 1007% (0.52 m), the trajectory of the AGV has
slightly less overshoot (by about S7) and with slight oscillations. The
change of the wheel-span thus has little effect on the response of the
vehicle.

Once the wheel-span of the vehicle is chosen, the wheel-base can be
selected accordingly. The results in Fig. 6.46 show the trajectory of the
vehicle with changes in the wheel-base. The plot with the dotted symbol is
the trajectory of the vehicle at current wheel-base (0.39 m). When the
wheel-base increase 100% (0.78 m), the overshoot of the trajectory decreases
slightly (by 57%), but the vehicle takes longer time to eliminate the
deviation. On the contrary, when the wheel-base decreases to 0.18 m, the
overshoot of the trajectory increases by 57 and the vehicle takes much less
time to steer itself back to the path. The simulation investigation

indicates that the whsel~base may be chosen to be a littler longer than the
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wheel-span in order to obtain a smooth response.
6.2.4.2 The relationship of the wheel-span and the radius of the drive wheel

The radius of the drive wheel is a minor factor that may affect the
vehicle behavior. Since a small drive wheel requires a fast rotation of the
motor and a high motor current output, so the smallest radius of the drive
wheel is chosen based on how much energy it can provide and how fast it
rotates. On the other hand, the simulation study shows that t.he radius of
the motorized wheel can not be too large either. The results in Fig. 6.47
indicate this limitation. For the CONCIC-2 AGV, when the radius of the
motorized wheel is increased from 0.075S m to 0.15 m, the AGV starts to have
oscillations. Otherwise, within the limits, the dynamics of the AGV does not
change significantly with different radii of the wheels.

6.2.5. The dynamic response of the casters

In this section, we will discuss the contribution of the casters to the
AGV dynamics.

The casters are used to carry the weight of the AGV. In CONCIC-2 AGYV,
the casters have a small mass compared to the mass of the entire system. It
is observed that the dynamics of the caster has an insignificant effect on
the system behavior. Fig. 6.48, and Fig. 6.49 show the simulation response
of the casters at two different initial caster angles with otherwise the
same vehicle initial conditions. The AGV dynamic response however is not
noticeably affected by the difference of caster response in both cases (Fig.
6.50). Experiments also confirm this observation (see Fig. 6.51). It means
that we can ignore the initial caster angles for the CONCIC-2 AGV. This

helps to simplify the dynamic modeling.
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CHAPTER 7 CONCLUSION AND FUTURE WORK

In this thesis, a complete dynamic model of CONCIC-2 AGV system is
presented, validated by experiments. This is followed by an experimental and
simulation investigation into the characteristics of the vehicle. The
parameters of this model are obtained from experiments and manufacturers
specifications. An intensive study of guidance control and servo control is
presented.

The mode] is validated in two levels:

1) the servo loop;

2) the overall control system.
The simulation results show a very good agreement with experimental results
for different operating and control conditions, such as different controller
initial  conditions,  different velocities, and different  acceleration
constants of the velocity profile generator in the LM628.

For a straight-line profile, the optimal settings of the guidance
controller is observed to be within a range of Gl and G2 {optimal area);
there is no single optimal setting as such. This range is found to be
influenced by the vehicle speed, and the initial conditions. The lower the
vehicle speed, the larger the optimal area is. The combination of the
initial conditions is found to have a significant effect on the orientation
gain. The orientation gain is observed to be higher in the case in which the

position offset € and the orientation error €_, had opposite signs. On the

d e
other hand, when €, and €, had the same signs the optimal settings of the

guidance controller had lower orientation gains.




For a circular path, the optimal area of the guidance controller is
found to be affected by the radii of the path. Compared with the
straight-line profile, the most significant phenomenon observed in the
circular path with non-infinite radius is the poorer control ability at
lower gains. Also the optimal area becomes smaller when the radius of the
circular path decreases. It is also more sensitive to the vehicle speeds.

With certain controller settings, the transient responses of the
vehicle are affected by many design parameters, such as the location of the
camera sensor and the location of the virtual steering wheel. From the
study, it is observed that the vehicle has a smooth response and less
overshoot when the camera length is longer. However, the price to pay is an
increase of total vehicle length; and more space is required by the AGV. On
the contrary, shorter camera lengths make more compact vehicles. And these
vehicles tend to be less stable. The location of the virtual steering wheel
is another factor which is found to affect the transient response of the
AGV. When the virtual steering wheel is locatea further away from the center
of mass, the AGV responds slower and requires higher gains to achieve the
optimal performance. On the other hand when the virtual steering wheel is
close to the center of mass, the AGV has a faster response and needs lower
gains, and a more restricted 'optimal area’ for the guidance controller.
Another factor which is found to affecting the transient response
significantly Is the programmable acceleration constant a of the LM628
chip. The AGV has a faster respciise at a high acceleration constant. At low
a. it is observed that the vehicle is more sensitive to the initial
orientation angles, while the response time increases. With increasing a,

it is found that there is a limiting value for a, above which the response
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time does not reduce any further. This phenomenon is not due to the
limitation of the power rating. The simulation study also demonstrated that
the mismatched characteristics in the two servo loops can cause certain
undesirable offsets at steady state. These offsets, however, can be
eliminated by choosing larger controller gains.

The study of the geometry structure of CONCIC-2 is also presented in
the thesis. For a wheel-base of 0.39 m, the wheel-span is found to have
insignificant effect on the response of the AGV. But for a fixed wheel-span
of 0.26 m, it is observed that the longer wheel-bases, the slower and
smoother the vehicle responds. And the radii of the driving wheels should
not be too large, otherwise it tends to make the vehicle less stable.

The proposed model has the advantages of having a realistic structure,
an accurate performance compared with real-time experiments, and an ease of
modification. It has a modularized structure which makes the complicated
system easy to understand. The modularized model provides a convenient and
easy way to implement any kind of new design, and gives all the possible
variables of the system. With the animation program, a visible and animated
'cartoon’ gives a good representation of the vehicle response.

The dynamic model presented in this thesis is for a 2 d-o-f AGV with
differential drive. The vehicle considered for the analysis does not have
suspension system, and is operated on a flat concrete floor at low speeds.
This kind of model is realistic and su!ficient for the CONCIC-2 AGV as it
has been shown in the thesis. If it is desired to provide the vehicle with
suspension then, more degrees of freedom should be considered, and hence the
dynamic model need to be refined. Furthermore, if a vehicle with a

wheel-base configuration other than the differential drive is employed, then
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changes need to be incorporated in the model. Considering these issues, an
approach to the development of a generic model is proposed. In Appendix A,
the author proposed a general procedure for developing the equations of
motion of a AGV of 4 d-o-f with various wheel configurations. No
implementaiion of this approach has been included in this thesis. However,
this general approach can be used as a basis for continued research into
AGVs. It is also proposed that a design procedure for AGVs, and more
investigation on the suspension system and cornering stability of AGVs may

be developed in the future study.
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APPENDIX A
GENERAL, PROCEDURE OF DYNAMICS OF AGV

A.1 INTRODUCTION

For a specific configuration, the motion equations of the AGV can be
developed in many ways. The method in dynamic analysis — "Body-centered
system" which is based on D’Alemberts principle, gives a general the
equations of motion of a 6 d-o-f rigid body as follows:

£X=m(l.J-rV+qW)

):Y=m({'-pw+rU)

}_2=m(¥.v-qU+pV)

D=1 p-0 -Lkq+P (- af - P_(pq + £) + P_(pr -q)

IM=1 - -1irp+P (p*~rf-P (ar-p) +P (ap- 1

IN=1 F-( -1)p+P ("~ pf-P (rp+a+P, (rq-p)
(A.1.1)

Where YX, Y, Y2, YL, M, and ¥N are the total forces along X, Y, Z
axis and the total moments about X, Y, Z axis respectively. U, V, W are the
linear velocities of the center of mass along X, Y, Z, and p, q, r are the
angular velocities of the rigid body about X, Y, Z axis (Fig. A.l).

In each particular case of developing the equations of motion of a
vehicle, the most difficult part may be to formulate the external forces at
all wheels associated with the wheel configuration. In this appendix, a
procedure is developed by classifying the wheels and the forces on it,
further to develop the equations of motion with the corresponding
coordinates. Once the configuration of the vehicle is desired, the equations

of motion can be obtained by following the procedure with wheels and the
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coordinates.

A.2 DISCUSSION OF THE INITIAL MODEL
Equations (A.1.1) are the motion equations of a 6 d-o-f rigid body. In
the modeling of a vehicle , the degrees of freedom of the vehicle may be
less, considering the working situations. Usually AGVs are design to work on
the floor which is a flat and smooth surface. Therefore the movement along
the direction Z which is normal to the surface may be considered to be
negligible. In another word, W = O and W = 0 in the equations.
In this study, the pitch motion of the vehicle is also considered to be
negligible. It results p = 0 and p = O,
Thus, the motion equation for such a vehicle is written as
X = m(il -rV)
1Y = m(\.l +r U
M= Iy a+ sz P nyqr * Pyz d
IN=1 i+ nyqz- P,a+P_rq (A.2.1)
More assumptions are made as follows:
1) The normal reactions at every wheels are known before the
formulation.
2) The steering action is considered as an angle input. In
other words, the steering motor reacts to the command
immediately without dynamic delay.
3) The center of mass of the vehicle is Jocate! at the geometric
center of the vehicle.
4) The tires of steering and driving wheels are rubber tires.

5) There is no longitudinal slippage at the wheels.
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A.3 TYPES OF WHEELS ON THE VEHICLE
The equations of motion of a 4 d-o-f rigid body are presented in
(A.2.1), where M, IN, JX and TY are the external moments and forces acting
on the rigid body.
For a AGV, the wheels used in the operation can be classified into four
categories.
1) driving wheel
2) steering wheel
3) steering and driving unit
4) caster
Associated with the vehicle configuration and load distribution, the
external forces and moments at these wheels dominate the motion of the

vehicle.

A.4 THE CHARACTERISTICS OF WHEELS

In dynamic modeling of an AGV using the method of body-centered system,
the vehicle is considered as a system of a number of rigid bodies. The
steering-wheels, the drive-wheels, and the steering-driving units are
considered as part of the main body because they are mounted rigidly to the
vehicle body. Casters can rotate about their axle freely, they are
considered being individual rigid bodies, and have their own equations of
motion. The equations of motion are obtained by applying the body-centered
system to each of the rigid bodies.

All the forces at the AGV main body are the reaction forces and moments
at casters axles and the external forces at cont-:t points of driving and

steering wheels and the working floor. The reaction force from the caster
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are derived from the equations of motion of the casters. A body-centered
system is located in the center of the mass of the AGV main body The y axis
of the body-centered system coincides with the longitudinal axis of the
vehicle pointing to the travel of the AGV, the z axis is vertical to the
working floor pointing up, and the x axis is determined by the right-hand
rule. The body-centered systems of the casters are parallel to the system of
the AGV main body. At contact point of each wheels, the external forces may
be represented in three vectors, Fx. Fy, and l"z corresponding to the
centered body system of the AGV main body (Fig. A.2). Description of Fx. Fy.
and Fz for each type of wheels are driven in the following discussion.
The notations of the forces used in this appendix are as follows:
ij is the total force vector at j wheel along X axis,
j=4d, s, ds, c;
ij is the total force vector at j wheel along Y axis,
j=4d, s, ds, c;
NJ is the normal reaction at j wheel, j = d, s, ds, ¢;

’
F ex is the reaction force along X axis at caster;

’
Fcy is the reaction force along Y axis at caster;

,
Nc is the reaction force along the Z axis at caster;

F _ is rolling resistance at wheel j (j = d, s, ds, c);

=

F_ is tractive force at wheel j ( j = d, ds);

F , is lateral force at wheel j (j = d,ds,s);

& =

F is side-friction force at wheel j (j = c);

1}

where
d ~=emem for driving wheel;

§ mee———- for steering wheel;
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ds -====- for driving and steering unit;
C ~——=e-- for caster.
Driving wheel
A driving wheel offers the tractive effort to the vehicle. It is
mounted to the main frame in the direction of the AGV travel. Three forces
act on the driving wheels. There are tractive force F at® friction th and
lateral force F ) (Fig. A.3).
Then force vectors are

F_=-F
d

dx 2

de = Faz - Far (A.4.1)
Steering wheel
A steering wheel leads the direction of the motion by rotate about Z
axis. But unlike caster, steering wheel can not rotate freely. It can
transfer torques to the AGV main body. At every instant, the steering wheel
is equivalently fixed to the vehicle main body at an angle. The angle
between the direction of y axis and the travel of the steering wheel is
defined as « which has the sign shown in Fig. A.3. There are a friction
force F,, along the travel of the wheel and a lateral force F't which is
vertical to the travel of the wheel (Fig. A.4).
And the force vectors are
F, = F, sinle_ - 90°) - F_sin(a)
F.y =F, cos(czs - 90°) - F, cos(a.) (A.4.2)
Drive-steering unit
This is a unit which combines driving and steering together. It is used

widely in the industrial AGV because of its compact structure. The forces

act on it also can be considered as adding a tractive force qu to a
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steering wheel which has a steering angle as « 4 (Fig. A.5).

Then the force vector of a drive-steering unit are

- - ° -
F daxc Fa o sin(a s 90) + (F st F M) sin(a a.)
o
Fdsy = F‘M cos(ad. -90) + (ch - qur) cos(ad') (A.4.3)
Caster

Because of its free rotating, a caster is a independent rigid body

apart from the main body of AGV. The external force on caster are

’

transferred to AGV main body through the pivot axle as reaction forces Nc.

4 ,
ch. and F‘cy in the Z, x, and y directions. The external forces on the

caster are rolling resistance Fcf. normal reaction Nc, and side-friction
force Fcn (Fig. A.6). The side-friction is a friction force which Iis
vertical to the travel of the caster. The difference between lateral force
and sliding force is that lateral force is produced by the deformation of
tire at contact patch with working surface, and sliding friction is because
of the sliding trend of the wheel [A.8]. When the mass of the caster is
neglected, then the reaction forces may be presented in terms of external
forces referring to chapter 3 of the thesis.
P

F =F =F sinla-90")-F
cX [ 4 cn [

sin(a )
cf []

’

F =F =F cosla -90°)~F
cy cn [

cos(e ) (A.4.4)
cy c

cf
And

Jo =F -d
c ¢ cn
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A.S FORMULATION OF THE EXTERNAL FORCES

Once the wheel configuration of the AGV is known, the coordinates of
each wheel are known too. The motion equations of the AGV main body are
obtained from the external and reaction forces associating with their
coordinates. The inputs of the motion equations are the currents of the
driving motor and the steering angles, the outputs are the velocities of the
vehicle,

Let m, n, ¢ k be the number of the driving wheels, the steering
wheels, the driving-steering unit, and the casters. F[i] is defined as the
force at wheel number i.

Then substituting all the external and reaction forces into equations

(A.2.1), then

k
IX= EF [il + ZF [i] + ZF [i] + Echlil
i=1

l=1 |=1
] Kk
TY = ):F [1]+ZF [i]+}_:i-“| (i} + TF _lil
=19 1=1" 151" a9
n J
IN = ;?: [il Y [i] -l);_'(;"x[il Y'[il -l?:d.x[il Yd'x[il

- ZF [iIY (1]+}:F [i]X[1]+ZF (ilxh]

l=l l=1 l=l
+):r il X, lu+):r il X ]
lal l-l
men+ ek [ k
IM = - N (1] X i} - h( TF, 1l + IF_lil + JF, il + F_{D
i=1 l-l I-l i=1 i=1

()=d,s,ds,c)
(A.5.1)

Where h' is the vertical distance between the mass center of the vehicle and

the working floor.

A detail discussion about calculation of rolling resistance, tractive
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force, lateral force, side-friction have been presented in chapter 3 of the
thesis.

The formula for the tractive force is

n Jn : Dn
Fu'_(ku'—'vjt' Vﬂ-Tr) (A.5.2)
rd rd r,

Where k'. is the torque constant for the driving motor, J is the moment of
inertial of the rotor and wheel, D is the damping constant, and Tr is the
static friction torque.

The formula for the rolling resistance is

ij = (kn + ka- Vj) NJ (j = d,ds) (A.5.3)
where le' ka are coefficients of rolling resistance.

The side-friction always attempts to align the caster to follow the
velocity of pivot point. The formula of it is in the form of (A.5.4).

Fcn = kcn- Nc sign(oc) (A.5.4)
where oc is the angle between caster travel and velocity of pivot point,
and kcn is the coefficient of friction.

For the cornering force, the formula is

Fy=9-C, (j = s,ds,d) (A.5.5)

8
where 0] (j = d, s, ds) is the slip angle which is defined to be the angle
between the wheel travel and the velocity vector at that point. CJ is
defined as the cornering stiffness.

General expression of F‘ and Fy vectors of four types of wheels can be
obtained based on those formula.

The wheels are located within the body-centered system with coordinates

(xJ. yJ, and j = d, s, ds, c) and angle uJ as shown in Fig. A.2. The angle

“_, is defined as the angle between the travel of AGV and the travel of the
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wheel.
Then the velocity vectors along X and Y axis (ij and ij) at the point

(xj. yj) are:

VJy =V + r-v/(x: + yi) sinlatan(xj / yj) + 90°)

=V+ r'v/(xi + yf)cos[atan(xj / yj)l
=U+ r-v’(xf + y?)cos[atan(xj / yj) +90°) 1

=U - r-v’(xf + y:)sin[atan(xj / y’)l

Vie

(A.5.6)
Let
oy = V(xj + yj) cos[atan(xj / yj)l |
c, =" V(xj + yj) sin[atan(xj / yj)l (A.5.7)
Then
VJy =V+r cn
VJx sU+r a‘Jz (A.5.8)

Also the velocity vector along and vertical to the travel of the wheels
Vje and Vjv are:
\'f +
Vjc= chos(aj) ij sin(aj)
VJV = - ijsin(a’) + ij cos(aj) (A.5.9)
From the definition of ¢ s By od.. and oc, they can be calculated by the

following equations.

U+ro~2[il
o = atan( £ ) -alil
¢ Vere li] €
cl
U+ro li)
0 = atan( 2__)-ali
* V+ro'"[il *
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Us+r °, 2li]
6 = atan( 2 ) -« li]
ds ds

Ver c'd"[i)

U+r o‘dzlil
°¢ = Cdlil atan( )
Ve+r c“[il

Let Cm(J = cos(aj). Saj = sln(aj). Using equations (A.5.2) to (A.5.9),

the external forces at four types of wheel may be calculated as:

1) Driving Wheels (x d[il. y d[i]. 0)

nli] Jnli] Dnli])

F“[i] = —'trﬂ— (kt[illll] - rdm VL - rd“] Velll - Tf[i])
nk 2 2 2.
tlil . In“lil] Jn“[i] . Dn“li]
= 'F:m— I - r Ti] v- r 1 ol - —r:m— v
2
Dn“li] nli] .
- o il r - —~— T [i]
rdlil di rdhl f
Fdf[i] = (kaxm + kdz[i] Vt[il} Nd[il
= (kdl[i] + kdzlil Ve+ kdzli] r) Ndli]
Us+r O‘dzli]
Fd[i] = - Cd[il od(il = - Cd[il atan( )
V +r oo li]
d1
(A.5.10)

2) For steering wheels(x.[il. y'[il. a.[i])
F.f[i] = (knli] + k.zm Vlli]) N.Iil
= (k“[i] + k.zli] Cas[i] V + k'zli] Sa.[i] U
+ (k.zlil Ca'lll a‘ulil + k'zlil Sa.[il c'zlil) r}N.[il

F i) = C [ o]

U+re z[i]
= C [il{atan( 2 ) - alil)
. Va+r c"[ll :

(A.5.11)
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3) For steering-driving units (x [il, lil, « [il)

1 o _nii] Jn(ll Dnlil
F., [ -—m(k [i)fi] - _[_T [il -——mvzm - Tf[il)
n k [i] 2 . 2 .
t IJn“li] Jn“li] .
= i} - ——Ca li] V - ——— sSa_{i)U
ol roAn o N
- (_J_r%[_i_]_ Ce,y cdll[i] + __J_n:[_il__ Sa cdnzli]) r
L (i) r.. [i}
2 2 nT [i]
Dn“li] Dn“li] f
T T2 Co JIYV - = Sa, U - ——q
r, (i) r< (il ds
[} ds
Dn’[i) . Dn’(i]
- (=———— Ca {i] + S [i) r
PPy e el @ 4

Fd‘f[il = l'km[il + kd-zli] Vt[il) Nd'[il
= (kmli] + ka-zm C« [il V + k [i] Sa li] 8]
+ (k“zli] Cad'Fil cd'l(il + k hl Sa [1] T, lll)r)N [xl
U+r o il

C_ lilatan( ds 2 'y _ o [iD)
ds ds

v+ l‘d.d‘d"[i]

Fd‘eli] =
(A.5.12)
4) Casters (x [i), y [i), « [i])
[ -3 [+ c
Fcr[i] = (kcl(i] + kcz[il Vt(il) Nc[il
={k [i] +k [i]Calil V+ k _[il Sxl[i]U
cl c2 [ c2 [
+ (kezli] Caeli] a‘el(l] + kezlil Sac[i] ccz(il)r) NeIi)
U+roe li]

F [i] = kcnlil N, sign{atan( 2 ) - «lil
cn Ver o‘clli] ¢

Jali) = F_(il-dli] (A.5.13)
(- -3 cn

where d is the offset of casters.
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In order to simplify the equations, some expression are defined as

follows:
nk '_[ i)

- J
Ketlli] —rJrn—
3 n?li)
Me i) = ;
) ry [i]

2
De [i] = _Q_fzﬂ
] rJlil

(A.5.14 a)

where j = d, ds

n

Te [i] =
! )

T li]

Kn[il = kn[il NJ[i]
szm = kalil NJ[il (A.S.14.b)

where j = d,s,ds,c

K [i] = k [i]N [i] (A.5.14.c)
en en T e

And the force vectors along the x and y axis of all the wheels are:
1) Driving wheels
Since
Fli) = Ketf1) Lli] - Mo 1] V - Mo lil o [1] &
- Dod[l] V- D.‘m o‘“[i] r- Terd[i]
F“[il = Kﬂ[l] + kdzlll V+ Kdzlll o'dllll r
U+ro,lil

F lil = - C [i] atan( )
ot d Va+r o-“[il
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Substituting into equations (4.1), then

Us+r o‘dzli]

Fdx[il = - C [i] atan( )
d

Ver cdl[i]

de[il = Ketjul Idlll - Medlil vV - Mod[il O'dllll F-
(Dodlll + kdzlil)v - (D.d[il o‘dllll + Kdzli] crdl[l]) r-
chd[i] - K‘"[i]
(A.5.15)
2) Steering wheels
Since
F [i] = K [i] Ca[i] V + K_[i] Sa [i] U
sf 52 s 82 s
+ K [i] (Ca (il o [i] + Sa [i) ¢ [i]) r + k [i)
2 | ] sl s 82 sl
U+ro li]

F_,li] = C[il{atan( 2_) - «[iD)
. Ve+r o'u[il :

Substituting into equations (A.4.2), then
F _[i] = K _[i] Ca [i] Sa li] V - K _[i} S&li] U -
[ 34 82 [] [] 82 ]
K _[i] S« [i} (Ca [i] & [i] + S [i]l o _[i]) ¢
82 ] s sl s 82
U+r o i)

- Cli] Ca [iXatan( 22 ) - ali])
s s Ver o'"[i] .

- K_li] Se [i)
sl s

F (i) = -K _[i) Ca®li) V - K i) S«li] Calil U -
sy 82 3 [ s s
K il Cali] (Cali] o [i] + Sx[il e [i)r
82 s s sl s 82

U+ rc'zlil
+ C [i] Se [i){atan( ) - alil)
s s V+r a'"[il .

- K _[i)Ce [i}
O} s
(A.5.16)
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3) Steering-Driving Units

Since Fd“[ll = Ketd'li]l[ll - Med.lll Cad.[il V- Med'[i] Sad-[i]U

- Med'll] (Cad. o‘d“[il + Sad' O‘d.zli]) r
- Do“[il Cud.(il Vv - De“[i] de' [ilu
- Do“[i](Ca“ cmlil + S o‘d.zlil) r- Terd'[il

Fdlf“] = Kdlzul Cadl“l v+ Kdlzlu sads[il U

+ Kl (Ca lil o [i} + S« [i] o, i) r+ K, il

U+r cd.zlil

Ve+r a-d"[il

Substituting into equations (A.4.3), then

F...z[“ = Cd'[i]( - ad'[il)

Fd“ = Ketd'[i] Sa“[i] I[§] -~ Med'[i] Sad.[i] Cad'[i] vV -
2.y cry e
Medp] S« dp]U - M’.;i“ Sa“[i] (Ca“o-d'p] + Sad’o'dsLxl) r
- Cad'[il Sad'[i)(Ded'[il + Kdlzli])v -

2
Sa (il(Dcd'[il + Kd.zlil) U -

Sad'lil (Ded'li] + Kd.zli])(Ca“ cd“[il + Sa c“z[il) r
- (Tcr“lil + Kd.llil) Sa“[il -

U+r c, 2lil
C_[i) Ce_ [il{atan( 2 ) -« [iD
ds ds ds

V+r a-d“(il
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= (] - 2 Y -
Fd.y Ket (1] Ca il Ii] Me [i] Ce [} V

Me 1} Sac li] Ca_ 1] U -

M’a!” Ca‘.[il (Cad'c“p] + 5¢,.¢.,.L”’ P
2
- Ca“lil (Ded.lil + Kd.zlil)v -

Sa‘.[il Ca‘.ll](Do“li] + K‘.zli]) U -

Cad'[il (D°¢|m + Ka-zm) (Cad' a'd“[il + Sa

- (Ter i + K, [iD) Ca_[i] +

U+r c, zlll
c,lil Ca_[ilatan( 2 - [iD
[ ds ds

V+r c‘"hl

4) Casters
Since
F [i] = K [i] + K _li] Ca(i] V + K [i] Sa[i] U
cf cl c2 [ c2 [
(Kczli) Cacli] rrcllil + Kczli] Sac[il oczli]) r
U+roe li)

F [i] = K [i] sign{atan( 2 ) - alil)
cn en v +r c‘c![il -4

« [i] = F_[i] dli]
[ cn
Substituting into equations (A.4.4), then
F Ii] = - K_[{) Calil Salil V - K_[i] Sa?li] U
cx c2 c [ cZ [
- Kczli] Sae[i] (Cae[ll oellil + Saelil o'czlil) r
- k i} N li] Ca [i] - K [i} Sa [i}
cn [ [ el c
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F (i) = - K [i] Calil] Calil] V - K [i] Sa [i] Cax [ilU
cy c2 [ [ c2 c c
- K _[i] Ca [{) (Cx [i) & [i] + Sa [i] & [i]) r
c2 c [] cl c c2

+ k [i}] N[i] Sea [i] - K _[i] Ca [i)
cn c c <l c
(A.5.18)

A.6 DYNAMIC EQUATION OF AGY

Once all the external forces are obtained, the dynamic equation can be

write as
. m n ¢ k
mU-prV) = ?:gx[i] +l§l:‘“[i] +£l;'“x[xl +l}=:l;‘cxlnl
. m n L k
m(V + r U) “El:dy[i] +l§|:'y(il *‘gdwm +l};_'l;‘cy[1]

Bq+Er>-Fqr+Dr¢

men+ Lok m n J A k
-l:)l: ijxjm - h‘( )l:b: lil+l§}1‘“lil +‘§l:‘m[11+‘}=:r;‘cx[,1)

Cr"+l-‘q2-Dq+Erq

m n t
= :gl:'dx[il Y li] -l?-;'x[il Y [i) -‘E}l‘“x[il Y, i

k m n
- TF_ M1 Y 1)+ TF, 1] X {i) + IF (i) X [i]

i=1 1=1 1=1
] Kk
+l§d-y[i] Xd.[il +l§l:‘cy[il Xc[il

(A.6.1 a)

where j = d, ds, s, c.
Equations (A.6.1 a) presents the motion equation of a AGV with various
wheel configuration. The procedure of developing the equations of motion of

a specific wheel configuration using the above approach is summarized as

follows:
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Step 1 --- AGYV system information

Input the vehicle configuration and collect the information in three
aspects:
1) Number of wheels in each wheel type;
2) Assign a serial number to the wheels in each wheel type;

3) Give the coordinates for every wheel in Body Centered System.

Step 2 ~--- Calculate the system parameters

1) With the formula for o and L calculate ’n and ”32 for every

/2 2
c = X, + Y, cos(arctan(xj / yj))

J

2 2 .,
o, = -/ xJ + Y, sm(arctan(xj / yj))
2) Calculate friction constant for every wheel by equation

wheel.

l(Jl = kn Nf KJZ = ka N, j = d,s,ds,c

3) Calculate sliding constant for casters
K =k N
en en [
Step 3 --- formulate the forces

Calculate the force vectors ij ij for each wheel using equations

(A.5.4) to (A.5.8).
Step 4 --- Derive the dynamic equation of AGV

Substituting all forces above into equation (A.6.1 a)

. m n ¢ k
m(U -r V) = JF_[i]l + JF li] *ﬂ"d xli] *zFx[i]
= =1 1=1® 1=21°

. m n ¢ Kk
mV+rU = £delil + EF.ylll + }}‘“y[x] +l)-};cym

i=1 i=1 i=1
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TR TR

T T TR W

B4+ Er’Fqr +D ¢

men+ Lok m n ¢ "
-I:}l: N i) x’m - b }?: ) +'}':ll-'“[il +‘}-:fmlil +‘).}l‘cxlil)
C:'~+Fq2-Dq+!-:rq
m n t .
- :?l-“m Y, i) -l}_:r;“m Y il '.}.:f""m Y, lil
3 m n .
- E“m Y_li) +m‘ym X li] + }.:f:’m X li)
2 K
+E""” X ] +l}.}l-cym X 1) (A.6.1)

where j = d, ds, s, c.

In the following chapter, a study of two specific cases of using this

general approach to develop the motion equations are presented.
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A.7 CASE STUDY

A.7.1 CASE STUDY 1— CONCIC-2 AGV

The following discussion gives an example to use the general procedure
to develop the equations of motion of the CONCIC-2 AGV. As it is described
in the thesis, the CONCIC-2 AGV has two driving wheels at the sides and two
caster in the front and rear (Fig. A.7). All the driving wheels are assumed
to have the same characteristics, and so does the casters. Also the mass
center is assumed to be the geometric center, and the roll movement is
considered to be negligible during the operation. The external forces on the
CONCIC-2 AGV are shown in Fig. A.8. Using the equations (A.6.1) the motion

equations of CONCIC-2 vehicle are

. ¢ m n k
IY = m(V + rzu) = ?'dylil + )i‘,Fw[il + yl}‘mm + )?;y[il
m n
IN=Lf=- )EF.;J“'YJ“ - )EF.J”'Y.‘“ - )I:mewd'[il -
k 2
IFHlY ]l o+ TF U1X[M] o+
1 1

m k
?F'y[i]-x,(il + E:Fdw[ihxd'[i] + zl}'cy[i]-xcli]
(A.7.1.1)
STEP ONE --- system information

Fig. A.7 shows the configuration of the AGV. It has
2 Driving wheels ( left and right wheel-~--1,2); & = 2
2 casters ( front and rear wheel----1,2); k = 2
with coordinates
left wheel [-£,0); right wheel [£,0];
front wheel [k,0}; rear wheel [-k,0];

And &8[1] and 8[2) are the angles for two caster between their travel and
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longitudinal axis of the AGV.
STEP TWO --- gystem parameters

With the formula of on and cjz:

o, = Vix? + yz)cos[atax.tZ(x / y)]

o =-V(x%+ yz)sin[atantZ(x 7yl

J2
Thus for driving wheels:

d‘dllll = -f; 0"2[2] = 0;
o‘dl(l] = { a‘dzl2] = 0;

and
nktlll nktlzl

Ket[l] = T "7 " Ket[2] = Ket;
d

Jndzll] In?t2]
Me[1] = 3 =— = Mel2] = Me;

rg[l] l‘d[2]

Dn“[1] Dn?[2]
Dell] = 3 = >  Del[2] = De;

nri'i[]” rd[21n[2]
Tef“] = -—r—d-rl-]— Tf[l] = ——;—;-rz-]- TIIZI = Tef[Z] = 0;

Nd[l] = NdIZI = N;

kdlu].N = kﬂ[Z]'N = Kl; kdz(ll'N = kd2[2]'N = Kz;
k_[1]-N (1] = K _[1]; k [2]'N [2] = K _[2]);
cn c cn cn c cn

Cd[ll = Cd[2] = C,

And for casters:

a-cl[ll = 0; a'czll) = = k;
cclill = 0; cc2[2] = k;
kcl. Nc[u = kclNclzl = Kcl; kcz. Ncu] = kcz. Nc[Z] = Kcz'

STEP THREE ---- formulate the force

Let
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V e—eeee be the linear velocity along the X axis within the body
centered system.
V eceee- be the linear velocity along the Y axis within the body
centered system.
 e=ee—- be the angular velocity about the Z axis within the
body centered system.
The external forces may be calculated by substituting the coordinate and
parameters obtained in the previous steps into the equations.
For Driving wheels, from equation (A.5.15)
Y axis
Fo = KeteTlll = Mo V_+ Mo - £ - Q - De: V
+ De ° lﬂz-Kz . Vy-O-K2 A S'zz-l(l
F, 121 = Ket -+ 112] - Me- V +Me l-R -De -V

-I>De-lnz-l(2~Vy-0'l(2-£-Qz-l(x

X axis
vx
Fdx[l] = =-C atan(—vy_—nzfl)
v

x
Fdx[2] = « C atany(—‘—lzm)

For Caster, from equation (A.S5.18):
X axis

F [1] = - K sind3(l) - K _ sind[!] coss[1] V +
4 cl c2 y

K _ k sin®3[1] 0
c2 2z
-Q k

z
- Kcnlllsign(atan(——\T— ) - &l1]} cos3ll]
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F [2] = - K sind[2) - K sind[2) cosd[2]V - K k sin’s[2]0
cx cl c2 y c2 z

Q k
- K _[2Isign{atan(—32—) - 3&[2]} coss(2]
cn Vy

Y axis
F [1) = K coss[1) - K _ cosd(1] V
cy el c2 y

+ K cosd!1] sind[1]-k-Q
c2 2z

-0 k
z
+ Kcn[l]sign{atan(—v;—- ) - &[1]} sind(1]

F (2] = K cosd[2] - K _ cos8’(2] V
cy cl c2 y

- K _ cosd{2) sind[2)-k'Q
c2

Qk
+ K [2lsign{atan(——e——) - 3[2]) sind[2]
cn Vy

STEP FOUR «=--- The dynamic equations
The dynamic equation is given in (A.6.1). Replacing V, U, r by Vx, Vy

and Qz. then
. A k
Iy = m(Vy +QV)= ?de[i] + }l}‘cyh]

. ¢ k 2
IN = Iznz = - );_‘Fdx[il-Yd(i] - ?ch[il-Yc[i] + ?—‘dy[il-xd[il
Kk
+ );_’Fcy[x]-xchl
Substituting the external forces into the above equations
Y = Ket(I[1] + I(2]) - 2 Mo i/y - 2K - K_(cossli] + cosalzl)
- K, Vy (cos8[1) cos3[1] + cosd[2] cos3[2])

- Kcz k nz(- cosd(1]sin8[1]+ coss[2]sind(2])
“Q k

- (Kcnlllslgn(atan(——;y— ) - 8[1]} sina(1]
nk
+ K_ [2]sign{atan(—z—) - 8[2]) sins(2))
y
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TN = [Ket (1l1] ~ I[2]) + 2 Me ¢ :}z + 2(De + KL 12

- [k Kd(sinsll] - sins[2))
+k Kczvy(sinall]cosslll - sind[2]coss[2])

+ K k, Qz(sinzslll + sin’3[2])
-k
z
Vv
y

-k cKcnlllsign(atan( ) - 8[1)} cos3l1]

2 k
+ Kcnlzlsign(atan(—-—‘;——) - 3[2]) cosdl2)
v

Rearranging the equations

mV = kellll] + I[2]) - 2MeV - 2(De + K) V - K _(coss[1]
y y 2 y c2
+ coszalzl)vy - K_, k (- sinal1]cos8l1] + sind[2lcossl2lin,

-2 Kl- Kcl(cos&ll + cosd[2])
-0 k
K_ [llsign{atan(—z— ) - 3[1]} sinal1]
Q
K_ [2]sign(atan( ; ) ~ 3[2)} sinal2]

y
10 = ket(Ill] ~I{2]) -~ 2Me & Q_ + 2(De + K) 2 Q

k Kcz(sinall] cosdl1]- sind[2]coss!2])

+ k2 K _( sin®l1] + sin’sl2)) @
c2 z

k Kcl(sinslll - siné(2})

-0 k

« k K [1lsignf{atan( ; ) - &l1]) cossl1]
ch y
nk

+ k K_[2]sign{atan( ; ) - 8{2)) cos5(2)
y

Let
sind{1] = S3[1), cosdll] = C3[1};

sind[2) = s8(2], coss{2] = C3[2].
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Then the equations can be written as
mV = ket(Ill] + I[2]) - 2MeV - 2(De + K ) V - K (C35[1)
y y 2"y c2
+ Cz&[Z))Vy - K, k (- csl1Issli] + cal1lss(2l) @_- 2 K,

- K (Cal1] + cal2])

-Q k

- Kcn[l]sign(atan(—-vz-y—— ) - a1} ssl1)
f_k

- Kenlzlsign(atan(-—",y—) - 821} ssi2]

IR = ket(ll1] - 1[2)) - 2Me £2 90 + 2(De + K) & 0
z 2 z 2 z
-k Kc2(58[1]C6[1]- SG[Z]C«S[Z])Vy
+ k¥ K__(s%sl1) + s%312) o
c2 4

- kK _(ssl1] - ssl2])

-0k
-k Kcn[l]sign(atan(——%;— ) - &[1)) cal1)
0k
+ xcn[21sign(atan(-—",y—) - 38[2]) c3l2]

(A.7.1.2)
Comparison with the result of the regular approach
The equations of motion of the CONCIC-2 AGV developed in chapter 4 of

the thesis using regular approach are

2 . nk 2
m+ —223 ) . Lo+ 1) - (_21_153_ + 2 KNV
rd y rd rd y
-2 kde- F" cos(éf) + Fm cos(Bf) - l-‘rr cos(ar) + Fm cos(Br)
2nge? - bk, 20D 2
(Iz + —_— )nz = (lz - ll) - ( = + 2 klksz)Z Q
rd rd rd z

+ k ll-‘l_n sin(Br)- Frr sin(ar) - l-'fn sin(B‘,) + Frr sin(af)]
(A.7.1.3)

where
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Qk
z
l-‘rn = kcnsign(atan(——v;——) - Br) Nr:
-ﬂzk
F = kcnsim(atm(T) - 6‘) N (A.7.1.4)
F“ = kcl( 1+ kezllvchSGt - nz ] sinaf)) Nf

F'”. = kcx( 1+ kczl(Vycossr + nz [} sinGr)) Nr (A.7.1.5)
-]
Bf = 6f + 90 (A.7.1.6)
o
Bl_ = Gr + 90 (A.7.1.7)
Therefore
sian = cosar : c:osBf = - gind .
sinB = cosé ; cosB = - sind
r r r r
Substituting the above into equations (A.7.1.3), then
2 . nk 2
m+ 22y =t (1 +1) - (22— 2 kN W
rd y rd rd y

-2 kde' F" cos(af) - an sin(Gf) - l'-‘rf cos(ar) - Fm sin(ar)

2,2 . 2-n-k 2
o+ 22 g =t -1 - 22N d
rd rd rd z

+ k [+ F'Pn cos(&r) - F'l_f sin(&r) - Fm cos(éf) + Fﬂ_ sin(Gr)]
(A.7.1.8)

From the definitions, Ket, De, Me, KJl' and sz are:

2 nk 2
Me= —221 Kot w2 De = 20D
rd rd rd

dem = Kdllll = kxNa = K.n
Kdzlll = K“(Zl = ksz = Kdz
Kcl“] = keer; Kd[z‘ = Kcer
K [1] =K N; K 2=k N
cn en cn ch r
Substituting these expressions into equations (A.7.1.5), (A.7.1.6) and

(A.7.1.8), they are written as:
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(m + M.)vy - l(et(ll + Iz) =2 (De + Kuz)vy

- 2 Kdl- F"cos(af) - F’rnsin(vsf) - Fﬂ_cos(ér) - Fmsm(csr)

2 .. 2
(Iz+ Me 2 )Qz 2 Ket ¢ (lz- Il) - (De + 2 Kdz)lﬂz +

k (Kcnlzlsin(ar) -F “sin(ar) - Kc,,[1]°°5(5,) + F"cos(a f)1

(A.7.1.9)
And
F"_ = Kcl[l] + Kczlll[(vycosar - nz [} sinar)
F_=K [2] + K _[2]J[(V cosd + Q { sind )
rf cl c2 y r z r
sz
l:'rn = Kcnlzlsign(atan(—vy-—) - ar);
-sz
an = Kcn[l]slgn(atan(T) - 6,); (A.7.1.10)

Substituting (A.7.1.10} into (A.7.1.9), and with
CS =cosd; CS8 = cosd; S&§ = sind; S8 = sind
r r f f r r f f
Then the motion equations of CONCIC-z obtained by the regular approach are

: 2 2
(m + Me)Vy= l(et(ll + Iz) - (2De + 21(“- Kczlllc 6f+ Kczlzlc ¢Sl__)vy
-K_k(-5% +s%)n
c2 f r 2z
-2 Kar - K“[UCG - KHIZICG +
(1 +Me )2 =Ket £(I -1) - (2De + 2 K )%
z 4 2 1 d2 z

+ (K _[10s%5 + K (11?8 xn
c2 f c2 r 2z

+kK, S8 -kK_[l]C3]
0 k
+k xcnmsign(atan(——{,—-) - 8) S8
K
-k Kcnlllsign(atan(-—‘z,:—) - 6‘) C‘.ésf
(A.7.1.11)
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Comparing equations (A.7.1.11) with (A.7.1.2), and take note that Bf = §8[1)

and 6:- = 3[2], the results of the two approach are the same.

7.2 CASE STUDY 2—— DIAMOND SHAPED WHEEL BASE WITH FORE-AND-AFT
DRIVING AND STEERING

This section presents the equations of motion of a diamond-shaped AGV
with a driving wheel in the front and a steering wheel at the rear using the
two approaches. In this case, the AGV is considered to have 3 d-o-f
(forward, lateral, and yaw), and the center of mass is also assumed locating
in the geometrical center of the AGV. The equations of motion are first
developed by the regular approach, then followed by the general approach.
The comparison of the results of the two approach are presented as well.
Regular approach

Fig. A.9 shows this diamond-shaped wheel-configuration AGV. The vehicle
is steered by the steering wheel in the front and driven by the driving
wheel in the rear. There are two casters on the two sides of the AGV. The
steering wheel is located in the front AGV body on the longitudinal axis.
The driving wheel in the rear is mounted rigidly to the AGV body on the
longitudinal axis.

The velocities of the AGV are defined as:

Vy -------- linear velocity of AGV along y axis in body centered
system.

Vx --------- linear velocity of AGV along x axis in body centered
system.

nz -------- angular velocity of AGV about 2 axis in body centered
system.
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Then the velocities along and vertical to the travel of the wheel are:
Vcﬂ - (Vy - nz )] cosBl + Vx sinBl
v oz ™ (Vy + nz 2) cosB, + v, sinB2

V_=V cosa+ (V -0 k)sinx
sf y x 2

(A.7.2.1)
The equations of motion of the AGV is written as
IX = m(V_- 0 V)
IY = m(\'/y -8, V)
IN=1Q (A.7.2.2)

Where TX, YY are the summation of the forces along x and y axis, and }N is
the summation of the moments about the z axis.

The external forces acting on the vehicle is presented in Fig. A.10.
Therefore, ¥X, IY and N may be obtained in terms of external forces. They
are:

IX=-F ot " Fc c sinB1 - Fc, sinBz - F“ sina - F o1 cos[31
-F 22 cosB2 - F o sina

JY = Ft - Fdf - Fcn c:osBl - Fcfz cosB2 - F'“_ cosax

- ch sinB! - Fcnz sinB2 - F ) sino
IN = - Fcn cosB1 ¢ - F‘cnz sinBz L+ Fm cosBl L+ ch sinB1 [}
-de-rkl"'rsinad'kl-‘dcosa
{A.7.2.3)

Where F o l-‘.f are the cornering force and rolling resistance on the

steering wheel, F a’ F., F o are the rolling resistance, tractive force and

a’

cornering force on the driving wheel, F o1’ ch are the rolling resistance
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and cornering force on caster 1, and F et F are the rolling resistance

en2
and cornering force on caster 2.
Simplifying equations (A.7.2.1) by introducing Sa = sina, Cx = cosa,

SB1 = sinBl. CBl = cosBI. Sﬂz = sinBz. and Cﬁz = cosBz.

IX=-F S8 -F_S8 - F St = F OB = F 08, ~Fule-Fy

LY = F - F mFo OB ~Fyy OBy - F O - F ., SR,

- l:.c:nz SBZ - Fd Sa
IN=-F OB ~F S t+F CBL+F K SB L

-F,k+F_ Sak+F
sf

) oL &k

(A.7.2.4)
The external forces are calculated using the following formulae:
tractive force
Jn
F, =— (KI- V-
t ry ¢t r, r, f

rolling resistance
Ff=(kl+ k2V)N
cornering force

Ft = q:C
sliding friction
\'
. x
F‘n = kt-N sngn(atan(—v—y—-) - ac)

Thus the external forces of the AGV are

Fc“ = { kl + kzl(\ly - nz t)cosﬂl + V, sinBt)) Nd (A.7.2.5)

l-‘m,2 = { kl + kz[(vy + n: t)cosB2 + V: slnsz)) ch (A.7.2.7)

F ={k +kIV cosa +(V - k) sina}) N (A.7.2.8)
sf 1 2 y x z s

Fdr = (k‘ + kz Vy) Nd v (A.7.2.9)
x
F " km Nclsign(atan( ) - Bx) (A.7.2.10)

\J
y
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\J

x
Fo=k_ chslgn(atan(-v—y-) - 8} (A.7.2.11)
V!- Wzk
F " (atan(——‘-,y—) - a.)C' (A.7.2.12)
Vx - Wzk
Fdl = - atan(—-—v——)cd (A.7.2.13)
y
n Jn | Dn
th = —r——- (ktl - -—r—— Vy - r Vy - Tf) (A.7.2.14)
d d d
Let
K‘"[ll = kdl Ncn Kdzm = kdz Ndl
Kn“] = kll Nt K.zll] = k-z Nl
Kclln = kcl Ncl Kczul = kcz Ncl
Kc1[2] = kcl ch Kcz(?'] = kcz ch
K [1l=k N F [2l=F N
€n en ¢l cn cn ¢2
Substituting the external forces and l(Jl sz (j = d,s,c) into equation
(A.7.2.4). Then

IX= - (Kdllll + Kdzllll(vy - ﬂz l)‘.'.'ﬂl + Vx San SBl
-{ K41[2] + K“IZN(VY + nz Z)Cﬁ2 + Vx sBll) Sﬁz

K +K [(V Ca +(V -0 k)Sal} Sax
sl 2y 1 x z 1

\Y
X
- Kcnlllsign(atan( vy ) - Bx) CBl
vx
- Kcn[?.lsign(atan( vy ) - Bz) CBz
V =Wk vV - Wk
- (atan(—’\T-E—) - a) C Ca + atan( x v 2 ) c,

zYSKotl-Mo\.’y-DoVy-Tof
'(Kclu] + Kczll] [(Vy - ﬂz'l) CBI + Vx SBID Cﬁl
-(Kcl[2] + Ke2[2] ((Vy + ﬂ;l) CBz + Vx Sle) Cﬁz
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-'(l('l + K'ley Ca + (V‘ - Qz°k) Sal} Ca

v
K lsign(atan(—=) - B} SB

y
v!
- Kcn[2]sign(atan( vy ) ~ Bz) SBz
V - W k
-{atan(—-’-‘—v——-f—-—) ~a)C Sa
| ] ]

y

IN= - (KclIZI + K“(Zl { (Vy + ) Cﬁz + Vx Sle) CR, ¢

v
x
- Kcn[2]sign(atan( Vy ) - Bz) SB2 ]

+ (Kc‘lll + Kczlll { (Vy + nz ) C;B1 + vx SBll) CB1 ]

\Y
. X
- K_[llsign{atan( Vy )~ B)s8 ¢
Vx + Qzl
- atan(———v;——- )C dk

+{K +K [V Ca+(V ~-Q k )Sa)Sa k
sl 2y x 2

V + Q2
+(latan(——-*—v—i—-)-a10)Cak
y | ]

Rearranging the equations (A.7.2.15), they are written as follows:
IX = -(Kczlll CB‘ S‘Bl + Kc2[2] CB2 Sﬁz + K'ZCa Sa)vy
2
-(-Kczlll e CBl S:Bl + Kczm L CB, SB, - K, k Sa)ﬂz
2 2 2
-(xczm S'B, + KczIZIS B, + K_S a)vx

-{K dl(l] SBl + K dz(ZISBz + k”Sal -

v
x
(Kcn(llsign(atan( vy ) - Bn’ CBl
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v
+ K_ [2]signlatan( v" ) -8, CB)

y
V - Wk
-atan(——"v—’)c Ca+a C Cu
y | ] | ] [ ]

zYSKotl°MoVy

. 2 2 2
[Kdz + Kczu' C Bl + l(c2[2] Cc Bz + l(.2 Ca + DelVy
2 2
[ Kezll] L C Bl + Kc2[2] ¢ CB2 - an k Sa Ca) Qz
-[Kczﬂl SBl CBl + Kc2[2]'l SB2 (.:B2 + K.z-k Sa C(!]Vx

v

-k, + K_[1lsignlatan v; ) - BICB, +

\
X
Kc2[2]sign[atan( v ) - leCﬁz) - Kn Ca + Tef

y
\')
x
- (Kcnll)sign[atan( vy ) - 61] SBl
Vx
+ Kcnlzlsign[atan( Vy ) - le SBZ)
V - W k
-—24——— C Se+a C Su
y | ] [ ] ]

IN=- (Kcl(2] + Kc2(2] { (Vy + nz 8 Cﬁz + Vx SBZI) CB2 L

\'
x
- Kcnlzlsign(atan( Vy ) - Bz) S8, 2

+ (Kd[l] + Kczlll [ (Vy + nz )] CBl + Vx SBll) CB1 [}

\'J
x
- Kmllllsign[atan( vy ) - 311 SB1 ¢
V,t + ta
- atan( vy )C dk

+{K +K [V Ca+(V -0 k )Sx)Sa k
sl 2y x z
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+ {[atan(

vx+n¢
v £ )-alC)lCak
v ]

(A.7.2.16)

So the equations of motion of this diamond-shaped AGV are:

m(\.l - Q
x z

m(V + 0
y z

Vy) - -(Kez[ll CBl SBl + Kcz[2] CB2 SB2 + x.zca Stx)Vy

2
-(-Kcz(ll'l CBl SB1 + Kc2[2]'£ CB2 SB2 - Ksz.k Sm)i’!z

2 2 2
-(Kczlll S B1 + Kcz[2]S Bz + x'zs a)Vx
-[K dl[ll SB1 + K 42[21882 + K“Sal

A

x
- Kcnlllsignlatan( vy ) - 61] CB,
\') vV - Wk
+ K_ [2]signlatan v: ) - BICB, + atan(—-"‘—-vy—z—)C'Ca
Vx - Wzk
+ al Cl Ca + v ) Cd

y

V) =Ket1-M \'ry

-K, + K1 €', + K [2] C?8, + K_, C°x + DelV_
-[- K_11-¢ C’B, + K_J2]'¢ C’8, - K,k S« Cal 0,
-[K_I1) SB, CB, + K_[2]-L SB CB, + K_,-k Se CasV,

-(K‘n + Kcl(ll cB, + Kc2[2] Cﬁz +K, Ca+ Ter)

\'
X
-(Kcnlllsign[atan( vy ) - Bxl SBl
v

+ K_[2Isignlatan(—=) - B,] SB,

v
V - W k
+__’._V_’._.c Sa) +a C Sa
v | s S
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: 2 2
18, =[K,l1] CB) ¢ - K [21 CB; L+ K CaSxklV

2 2 ,2 2
[Kczlll CBl - Kezl2] CBz o+ ng Cax Sa k“) Qz

+

2
[K_l11 SB, CB & - K (2] SB, CB, £ + K, Sa” kIV,

+

12 ‘ch“] CB1 ¢ - chlm Cﬁz L+ KnSa k

v

K_ l1]signlatan( v" ) - 8] SB,

y
A4
- K_ [2]signlatan( v; ) - B,) B}

Vx-l-ﬂzk Vx-Q k
v )Cdk+atan(
y y

- atan(
-a C Cak
1
(A.7.2.17)
GENERAL PROCEDURE
Using the general procedure, the equations of motion are derived in

four steps. The equations of motion of a 3 d-o-f AGV (forward, lateral and

yaw) are as follows:

n

. e m X
X = m(\n'x -r Vy) = ?dxm + ?st(i] + ?"d“[i]"' ?ch[i]

. L m n k
Y = m(Vy +r Vx) = ?de[x] + ?F'y[l] + ;Fd:y [i] + ?:y [i)

. e m n
IN =10 = - );_‘Fdx[il-Yd[il - )l:l-‘ulil-‘l.[il - Iljl-‘“x Ly, il -

Kk e
)l:ch[i] -Yell] + 21}‘ dym-x dlil +
n

m k
};_'F'y[il'x'[l] + ?‘dw [i]-Xd. [i) + }l:l-'cy[i]-xe[il

(A.7.2.18)
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STEP 1 --~ gystem information
Fig. A.9 shows the configuration of the AGV. it has two caster on two
sides (left is wheel 1 and right is wheel 2), one steering wheel at front,
and one driving wheel at rear. Thus
k=2
m=];
=1,
The coordinates for the wheel are
caster 1 {0, -8); caster 2 [0, ¢);
driving wheel [-k, 0] steering wheel {k, 0]

STEP TWO --- system parameters

whee! type 61 62 system parameters
CI(O, ~L) Gcl[l] = =f 6:2[” =0 Kcllll Kcz“]
CZ(O. L) 6c1[2] = ! 6c2[2] = 0 Kc1[2] Kc2[2]
Sl(k. 0) 6“lll =0 6.2[11 = -k K'llll K'zll]
Dl(-k' 0) 5‘"[1] = 0 5d2[l] = k Ket, Je, De
Kdl' Kdz' Ter
Where
Ket = _TTnktlll Me = _._'!lﬂl]_
Tyl ré
2
De = ——P%—‘i Ter = —2— T 1]
rd[l] d

Kn[l] = kn[l] N.lll K.zlll = k'zll] N.[l]

K (1] = k [1] N (1] K (1] = k [1] N (1]
¢l cl c c2 c2 [
K [2]) = k _[2] N [2] K [2] = k _[2] N [2)
cl cl c c2 c2 [

K 1] =k [1] N[1] K [2] = k [2] N [2]
cn cn ¢ en cn c
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STEP THREE --- the formulation of the external forces
Casters:
From equations (A.5.13), the external forces on the casters are:
chlll = -Kﬂ[ll singl(l) - Kczlllcosﬁlll singl1] Vy
2
Kczll]sin Bl1] Vx - Kczlll singl1]lcosBl1)( tl) nz

A/

- K_[1]sign{atan( v" ) - Bl11)-cosBl1]

y

ch[2] - -Kcl[2] sing[2]) - Kc2(21cosB[2] sing[2] Vy

- KczlzlsinzBlzl V_ - K_[2lsingl1licospl2)(-2)-Q_

\Y

- K_[2]sign{atan( V" ) - B[2]}+cosBl2] (7.2.19)

y

— _ - 2
Fcylll = -K (1] cosBll] - K [1lcos"Bl1] Vy

- K_l1lsingl1] cosgl1] V_- Kczlllcoszﬁll](-tl)-nz

\%

- K_ [1}sign{atan( v" ) - Bl11}-singl1]

y

- - - 2
Fcy[2] = Kcl[2] cosBl2] Kczl2] cos“Bl2] Vy
. 2
- K‘:z[Z]smBIZJ cosBl2] Vx - Kc2[2]cos 8[2](-81)"7:

\Y

- K_ [2]sign{atan( V" ) - Bl2})-singl2] (7.2.20)

y

Steering Wheels:

From equations (5.16), the forces on the steering wheel are:

F = <K sina - K _cosx sina*V = K sina'V - K_sindaf Q
(34 [} 82 y 82 x 2 2 z

V - kn
B

- C cosa [ - atan(———>
s s \']

y
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F =<K sina - K cosza-V - K _ sina cosa*V
sl y 82 x

[3Y 82
V - ke
+ K.z sina cosa lz ﬂz + C. cosx [a - atan(—-——vj-—- )]
(A.7.2.21)

Driving wheel

The static friction moment ’I'.‘f is considered to be negligible In
current study, therefore, the external forces on the driving wheel are
obtained from equations (A.5.15).

V + kQ

* - 2
Fdx = Cd tan( Vy )

de = Ket ll = Me'V - (De + Kdz) V- Kdl

(A.7.2.22)
STEP FOUR --~- the dynamic equations
The equations of motion of the AGV may be obtained by substituting the
external forces into the following equations.
X = m(Vx - nz Vy)

LY =m(v_-a V)

IN=10
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The equations of motion are:

IX = ZF_lil +F,_+F

X
= - (KellllslnB[ll + Kcllzlsinﬁlzl) - (KczlzlsinB[l]cosﬁlll +
2 . 2
K°2l2]sin8(2]cosB[21)Vy— (Kcz[l]sln gl1] + Kczlzlsm B[Z])Vx
- t(-Kcz[llcosB[l] singl1] + KczlzlcosBIZI sing(2)) nz
v

- (Kcnlllslgn(atan( V: )} - B{1]} cosBll]
\')

+ Kcnlzlsign(atan( V* ) - BI2]} cosBl2]
y

- K sina - K _cosa sina V
[} 52 y

- K sinza V + K sinza kQ - C a cosa
22 x 2 2z s

Vx+ kﬂz Vx- sz
-C datan( v ) - C'atan(——-v——) cosa

y y

IY = Zh'cy[i] + F'y + de

= (K_[1]cosgl1] + K_[1lcosBl2]) - (Kc2[2]coszﬁlll

+

2
K [2]cos"gl2]) v,

(Kezll]cosﬁlllsinB[l] + KczlzlcosBIZJSinBIZI)Vx

+

2 2
Kcz(l(cz[llcos Bl1) - Kc zlzlcos B[Z])Qz

\'j

Kmlllsign(atan( vx ) - Bl1]}sinBI1]
y
Vv

+

+ K_[2]sign{atan( V" ) - B[2Dsingl2])
y

- K cosa - K coszaV - =-K sinkcosa kR +
sl 82 y 82 z

V - k2
C sina{a + C atan(_x__._z_ »
s s Vy
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V + kQ

IN = - {~ Catan(—=g—=—):(- k) + [- K_sina

- K cosa sina V -K sinzav + K sinzakn
s2 y 2 x 2 z

vV - k@
- C.cosa [a + atan( xv Z Mk
y

+ (K _ltlcosgll] - K lilcos’Bl1] V- K_[1lcosBlllsingl1IV,

2
+ K lllcos"Bl1}e Q.

v
+ K_[1lsignfatan(—>=) - g1} singl1)-( - &)
y

+ {- K_cosfl2] - Kczlzlcoszﬁlzl V, - K_l2lcospl2] singl2] V_

\

- xczlzlcoszp[.zl -0+ K_ [2lsignlatan( v: ) - Bl2lsingl2))2

(A.7.2.23)

Rearranging the equation we have:
mV_ -0 V)=~ K, coss sin + (K ilcosall] sinali]
+ KczlzlcosBIZI singl2}])] Vy
- K _sin’ + (K_[1] sinBl1] + K [2lsinB2DIV
- (Z(Kc2[2]cosB[2]sinB[2] - Kcz[llcosﬁlll sinpl1])
- K'z-k sin‘a] Qz
- Ik l)singl1] + K_[2]sinB(2]) + K sinal -

Vx- kﬂz Vx+ kﬂz
(C_cosa [ - atm(——T—)l +C 4 atan(———v;———-))
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mV, - R V) =Ket1 - Me V, - [(De + K,)
+ K.2 cos’a + (KczlllcoszB[ll + Kc2[2]coszﬁlzl)lVy
- K, cosx sinx + (K [1]cosBl1] sinBl1]
+ K ,[2lcosg(2) sing[2D]V_ +
k K _,cosa sina + Z(Kczlllcoszﬁlll - Kc2(21cos23[21)lnz

- IK'1 cosa + (KcllllcosB[l] + Kclil]cosBIZI)]

V - kQ
+ C sina [ ~ atan( X Z
s \'
\'/
+ Kcnlllsign(atan( V: ) - Bl1]} singl1]
\'/

+ K_[2]sign{atan( v" ) - Bl2} sinl2]) - K
y

L Q= (K, & sina + £2(K_[1) cos”Bl1] + K_[2} cos%Rl2DIR,
- [- K, ¢ sin’a - K_|[1]¢ cosgl1] singl1]
+ xczlzu cosg[2]) sinB[Z]]Vx -
[-Kl2 k cosa sina - Kczlll L coszﬁll] + Kczl2]£ coszﬁlzllVy

+ [Kn k sina + Kcllll L cosgll] - Kcl(2] ¢ cosgl2]]

V + kQ V - kQ
-[kC 4 atan(——-f-v—f—) - C‘cosa k [« - atan( xvy )
v!
+ t[Kcn(llsign[atan( vy ) - 8l1]]
)
; - K_[2Isignlatan(—=) - gl2I}}
i y
(A.7.2.24)
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Comparison of the results of the regular approach and the general approach
Compared with equations (A.7.1.17), and noted that:
Co = cosa; S« = sina;
Cgl1] = cosBl1]; CBl[2] = cosBl2];
Sgl1] = singl1); Sgl2] = singl2],
then the equations of motion of this diamond-shaped fore-and-aft driving

steering AGV obtained the general approach (A.7.2.24) are as the same as

those by the regular approach.
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APPENDIX B
Motor-In-Wheel-Drive (Motor-Wheel) Units

Most of the industrial and research AGVs employ non-integral driving
arrangement to power the driving and steering wheels. This arrangement,
which consists dc servo motors, external chain, belt, or gear train to drive
the wheels, requires complex mechanical system, extensive design
requirements and more space for mounting.

As the results of these limitation, an integral driving unit is
employed in CONCIC-2 AGV. This unit is specially design for AGVs by the
Schabmuller Corporation in West Germany and are currently used by most of
the AGV manufacturers in Europe. These units are known as Motor-in
wheel-drive units (or motor-wheel units). Fig. B.l, Fig. B.2, and Fig. B.3
illustrates one cf such unit in CONCIC-2. this unit has a driving motor, a
speed reduction gearing arrangement, an hardened rubber wheel, a steering
motor with speed reducer, and feedback elements for the driving and steering
motors.

B.1 The driving arrangement

The driving motor is a permanent magnet (PM) brush type 24 volts dc
motor. Its characteristics is illustrated in Fig.B.4. The maximum speed the
motor can attain is 1350 rpm. The gear ratio provides a speed reduction of
1:9.9, and hence the maximum speed the wheel can have is 145 rpm. The wheel
diameter is 0.150 m, the width of the tire is 0.025 m and the maximum linear
speed come to 1.2 m/s (211 ft/min). The load capacity of the tire is 200 kg.

The tire material has a static friction coefficient of 0.02 .
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The drive motor parameters are calculated from the characteristics

curves, the torque constant of the motor is computed as below:

3-1.35 Nm -
26.4-12 A

The velocity constant k‘ presents the relationship between the velocity and

Torque Constant kt - 0.114 Nm /A (B.1)

the back EMF voltrqe is derive from the curves as follows:

Ratio between motor torque and voltage = zglg-g x:‘lt = -7.031 Volts/Nm ‘H

Ratio between motor torque and speed = lifg-ggON;pm = -4]12.088 rpm/Nm

then

k= —1-031 V/Nm _ 0.0171 Volts/rpm = 0.163 Volts/(rad/s)

e 412.088 rpm/Nm
(B.2)

The stall torque (T.). the static friction torque (T,)- and the no load

speed (Nf) of the motor can be deduced from the graph as:

Stall torque T = 4.05 Nm = 4,05 Kg-m%/sec’ (B.3) |
Static Friction torque ‘I'r = 82 Nm = 8.2 l(g-mz/sec2 (B.4)

No load speed Nr = 1700 rpm = 178.03 rad/sec

From the manufacturer’s specifications, the moment of inertia of the rotor

J is
m

Rotor inertia Jm = 0,002 Kg/mz
The mechanical damping factor (Dm) and the time constant (‘tm) are evaluated

from the mechanical parameters from the motor a below.
T
Damping factor D_ = . HOSNm 50228 Kg-m¥/s

N_ "178.03 rad/s

(B.S)
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Mechanical time constant T = = 0,088 sec (B.6)
m
The electrical parameters of the motor are:
Rated Voltage V=22 Volts

Maximum Power Input li'In = 198 Watts

Maximum Power Output Pm = 130 Watts

Continuous Current Ic = Power Input/Rated Voltage = 9.0 A
Starting (Peak) Current lp = 45.5 A

Armature Inductance L = 4.7 mH

Armature Resistance R = 0.602 0

From the above parameters, the electrical time constant of the motor T, is

calculated by

Electrical time constant T, = k = 0.0078 sec. (B.7)
B.2 The Steering Arrangement

The overall assembly of the drive unit with a steer motor is
fllustrated on Fig.B.S. It is seen that an aluminum bracket in the shape of
an inverted L houses a bearing for the steering unit. One end of the
aluminum bracket is attached to the stator casing of the drive motor. The
inner race of the bearing is attached to the bracket. A lock plate is also
attached to the inner race to prevent any axial movement of the bearing. The
outer race of the bearing id fixed in position by lock ring. The lock ring
also locks a large speed reduction gear. The lock ring with the gear forms
the stationary components of the steering unit. The lock ring can be
attached to a fixed body in the system (Vehicle body). The power for the

steering motor is provided by a permanent magnet dc motor with a rating of

42 watts. The power delivered by the motor is 13 watts. The steer motor is a
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self-contained unit with a speed reduction gearing unit. This motor is fixed
to the body of the aluminum L-bracket mentioned above. The speed reducer
shaft of the steer motor carries a plastic gear which engages with a
stationary large gear. Hence whenever the steer motor rotates, this pinion
also rotates as the large gear is stationary, the wheel body along with the
steer and drive motor turns (to left and right). The gear ratio of the
system is 62.7:1.

The characteristics curves and other specification of the steer motor
are provided in Fig. B.6 and Table B.1.

From these curves, the torque constant of the motor can be computed as
8 - 12 Nm

Torque Constant kt ==t =3 NnvA (B.8)
the relationship between the torque and the speed is given by
15-47.5 rpm _ _
3 No = 2955 rpm/Nm (B.9)

The stall torque T'. and the no-load speed N A of the motor can be deduced
from the graph as:

Stall torque T, = 18.0 Nm = 18.0 Kg-m’/s"

No-load speed Nf = 45 rpm
The electrical parameters of the steer motor are:

Rated Voltage V = 24 Volts

Maximum Power Input Pln = 42 Watts

Maximum Power Output P‘mt = 13 Watts

Continuous Current lc = 1,75 A
Armature Inductance L = 4,135 mH
Armature Resistance R=10.9 Q

The electrical time constant T, is computed by

Electrical time constant 1:- = lé' = 0.376 sec.
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APPENDIX C

LM628/1. M629 Precision Motion Controller

LM628 motion controllers in the servo loops of the CONCIC-2 AGV are
used to provided the servo control functions. More detailed information is
given in the following paragraphs about the characteristics, the theory of

operation , and the user command sets of LM628/LM629.

GENERAL DESCRIPTION

The LM628/LM629 are dedicated motion-control processors designed for
use with a variety of DC and brushless DC servo motors, and other servo
mechanisms which provide a quadrature incremental position feedback signal.
The parts perform the intensive, real-time computation tasks required for
high performance digital motion control. The host control software interface
is facilitated by a high-level command set. The LM628 has an 8-bit output
which can drive either an 8-bit or a 12-bit DAC. The components required to
build a serve system are reduced to the DC motor/actuator, an incremental
encoder, a DAC, a amplifier, and the LM628. An LM629-based system is
similar, except that it provides an 8-bit PWM output for directly driving
H-switches. The parts are fabricated in NMOS and packaged in a 28-pin dual
in-line package. They incorporate an SDA core processor and cells designed
by SDA.
FEATURES

e 32-bit position, velocity, and acceleration registers

@ 750 kHz encoder-state capture rate
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341 us sampling interval

Programmable digital PID filter with 16-bit coefficients
8- or 12-bit DAC output data (LM628)

8-bit sign-magnitude PWM output data (LM629)
Internal trapezoidal velocity profile generator
Velocity, target position, and filter parameters may be
changed during motion

Position and velocity modes of operation

Real-time programmable host interrupts

8-hit parallel asynchronous host interface

Quadrature incremental encoder interface with index
pulse input

Programmable derivative sampling interval (341 ps to
87,381 us, or 341.33 x 256 us)

Operates at 6 MHz clock frequency
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Theory of Operation (Conunvec)
The LME29 provides 8-drt, 50 and magmituae PWM outout
sgnaIs 10r directly Gnving Swilch-moae motor-arve ampifis

ors. Figure 11 shows the format of the PWM magrutuge out-
put signat.

UV OUE fww MAGHTOX SAVDORNS (pe 10):
(0);?;"' 1 (Om}
—_ - I
- i T e
O NN T
ofd LT
m. -
-8
wiges 00 U U

Nete: Sgn ouiout (pn 18) not shown

TL/M/A239=1)

FIGURE 11. PWM Output Signal Format

User Command Set

GENERAL .
The tollowing peragraphs descnbe the user command set of
the LM628, Some of ihe commands can be issued alone
&Nd SOMe regquIre & SUCPOTLNG data Structurs. As examoes.

quires additional data (denvatve-lerm sampiing mnterval
ana/or filter parameters).

Commands are categonzed by funcuon: intiakzauon, inter-
nupt cantrol, filter control, rajeciory control, and data report.

the commana STT (STarT movon) does not require aode ing. The commanas are lisied in Table Il ang descrbed in

wonal data; command LFiL (Load FilLler parameters) re-
TABLE 11, LM628 User Command Set

X Data

Commanid Type Description Hex Bytes Note
RESET Irutialze Reset LME28 00 0 1
PORTS Initiglize Select 8-Bit Qutput 0s 0 2
PORT12 Irutisiize Select 12:8it Qutput 08 0 2
OFH ntiskze Detine Home 02 0 1
siP Interrupt Set Incex Position [} 0 1
LPEI Interrupt internupt on Error 18 2 1
LPES Interrupt Stop on Error 1A 2 1
SBPA Interupt Set Braaxpont, Absoiute 20 4 1
S8PR Interrupt Set Breaxpont, Relative 21 4 1
MSKI interrupt Masgk intemupts [ 2 1
AST! Interrupt Reset Interupts 10 2 1
LFIL Filter Load Filter Pararneters 1€ 2110 1
UDF Filler Update Filter 04 0 1
LTRJ Trapctory Loaa Trajeciory 1F 21014 1
sTr Trapctory Start Mobon 01 0 3
HOSTAT Report Resd Sats Byte None 1 1,4
RDSIGS Report Reagd Signals Register oc 2 1
ROIP Report Read index Posation 09 4 1
ROOP Report Read Desirect Posstion (] 4 1
RORP Report Read Real Position 0A 4 1
RODV Report Read Desired Velocily 07 4 1
ACRYV Report Read Rel Veloarty 0B 2 1
RDSUM Report Read Integravon Sum 00 2 1

Note 1 C o8 Moy be #ed “On e Fiy* gunng mesen.

Nete & € 08 Aol apph » Gunng meten.

Mote X C may bo g [ —as ANl Shang

Note & Cammong oot AP G00¢ DOCELSS The SONVASAS SON MEW/S-YW 1980 1 10y WOPENSU by Nardware,
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e 10HOWING DIrSraons. AONG with ¢ACH COMMAENG name
$ 118 command-bvte code. e nUMDer of SCCOMPanYIng
cata Dytes that are 10 De wntten (or read), and 3 comment
88 10 wheiher the cOMWNand 13 EXECULALIS CUNG MOLON,

Initialization Commands

The foliowng lour LME28 user COMMAands a7e used paman-
ly 1o wutaize e system for use.
RESET COMMAND: RESET the (M628

Commana Code: 00 Hex

Data Sytes: None

Executabie Dunng Maton: Yes
This command (snd the haroware reset input. Pin 27) re-
$uils N sarng e oHowNg CALR termns 10 2ers: ter coetfi.
ocents ang ther input butfers. trajeciory perameters and
therr input duffers. and the Moor CONTTS! OUDUL. A 2810 MO-
or control output 18 & half-scale, otisel-binary code: (80 hex

for the 8-bit outout mode; 800 hex for 12-bt mode). Dunng -

reset, the OAC port outputs 800 hex to “zer0” a 12-bit DAC
and reverts 1o 80 hex 10 “zero” an 8-brt DAC, The command
8i30 clears five of the six interrupt masks (only the SBPA/
SBPR interrupt s maskad), sets the output port sae o
8 bits, and dafinet the current absoiyts position &s home.
Resat, wiuch may be executed &t any time, wil be complat-
od in less than 1.5 ma. Also see commands PORTS and
PCRT12.

PORTS COMMAND: Set Output PORT Size to 8 Bits

Commanag Code: 05 MHex

Oata Sytes: None

Exacutatie Dunng Moton: Not Agpiicable
The defauit output port sze of the LME28 is 8 bits: 3o the
PCRTS command need not de execulsd when using an
8-0it DAC, Tius command must not De executed when using
2 12-01t converter, i wiil resuit in erranc, unpredictadie mo-
tor benawvior. The 8-bit outout port size 18 the requved selec.
tion wnen ysing the LME29, the PWM-output version of the
LM628.
PORT 12 COMMAND: Set Output PORT Size to 12 Bits

Commanad Code: 08 Hex

Oata Bytes: None

Executapie Cunng Mation: Not Appiicaple
When a 12.bnt DAC s used. commang PORT12 should be
s3Uea very earty n the inbaizanon process. Secauss use
of thug command 18 Jetermined Dy system haraware. there s
only one {oreseen reascn 10 executs 1t later: if the RESET
command i3 issued {decause an 8-tit outout wouid then be
seiected as the oefault) command PCRT12 shouid be im-
meciately executea. This command must not be issued
when using an 8-bit convene: of the LME29, the PWM-out-
put version of the LM6E28.
OFH COMMAND: Define Homs

Commanag Coce: 02 Hex

Data Bytes: None

Exacutabie Cunng Moton: Yes
This commana ceciares the CUTent postion as “home™, of
absolute positon 0 (Zsra). It CFH s executes dunng mobon
it wril not atfect ine swpEpMg position of the on-gong maove
uniess command ST 13 2i80 executed.

Interrupt Control Commands

The followng seven LM8289 user commands are agsocialed
with CONGIboNs winGh Cn DE used L0 INTETUDL the NOSE COM-
puter. in orger tor any of the potental nterrupt conaibons to

actulily niemupt the host wa An 17, the comesoonong bt
in the Nemuot Mask dala sssocated with command MSKI
must NAVE DEEN 381 10 10GIC Nigh (Ihe non-masked sute),
The dentty of all interrudts 13 maae known 10 the host va
reading ana parsing the status dyte. Even if al nterrupis are
masked off s commandg MSK), the state ot each congibon
is sull retiecten n the status dyte, Thig feature facitates
poibng the LME28 for status mformauon, &3 00p0Sea 10 M-
tlorrupt dnven ODErALOIL.
SIP COMMAND: Set Index Position

Commana Code: 03 Hex

Data 8vtes: None

Executadle Cunng Moton: Yes
After this command is executed, the a0soiute posmon whuch
COITesooNds 10 the occurence of the next INGEX DUIse NOUt
wil be recorgea in the ingex regrster, and bit J of the status
byte wii be set 10 iogne wgn. The PONLON is recoraed wnen
both encoaer-phase nNputs and the naex Puise WEut &re
logic low. This register can then be reac by the user (see
descngtion for command RDIP) 1o facilitate aligmng the deh.
nition of home pesiton (see descnpuon of commana DFH)
with an ingex tuise. The user can giso arrangs 1o have the
LME28 nterrupt the NOS! 10 signufy that an incex puise has
o:.:‘tflnod_ Ses the descnptions for commands MSK! and
RSTI.
LPE!I COMMAND: Load Position Errar for Interrupt

Command Code: 18 Hex
Dats Bytes: Two
Data Range: 0000 to 7FFF Hex

Executabie Dunng Moton: Yes

An excessve Dosition error (the output of the foop summing
junction) can nCicate & senous system prodlem; e.g. &
stalleg rotor. Inswucdon LPE! ailows the user 10 wout &
thvesnoid for posibon efror detecuon. Error detecuon occurs
when the adsciute magrituas of the position errar exceeds
the (veshold. wnich resuits in bit § of the status dyte beng
sot 10 logic Mg, If it is cesrec 10 also S10p (turn off) the
MOI0r UDON CRIECHNG BXCHSIVE DOSILON GITOL. 3898 COM.
mand LPES, Seiow. The first dyte of thresnold dats wntten
with commanc LPE! s the more sigrificant. The user can
have the LMEZ? nterrupt the Rost 10 signify that an exces.
$Ive DOSILON &TOr Nas OCCured. See the vescnpuons for
commanas MSKI ang RS,

LPES COMMAND: Load Position Error for Stopping

Commana Czoe: 1A Hex
Data Bytes: Two
Da:a Range: 0000 to 7FFF Hex

Executable Sunng Movon: Yes

Instructon LPES i3 essentylly the same as commana LPEI
above, but accs ihe feature of lurming off the motor upon
detectng excessve position errcr. The motor dnve 13 not
actually switcned off, it is set to hall.scaie. the offset-binacy
cooe for 2er0. As with commano LPE!, it § of the swatus
byte 18 2180 sat 10 logic hign. The first byte of thresnoid data
wrtten with cemmana LPES s the more sigruficant. The
user Can have ine LMB28 interrupt the host to sigrity that an
SXCESIVE DOKLON GITO! NS OCCUMTes. See the descnpuons
for corrunancs MSKI ang RSTI.
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Pinout Description (see Connecton Diagrams)
Pin 1, Inaex (IN) Input: Receves optonal ncex ouisa trom
the encoder. Must be ued hign if not usea. The ncex posr
ton 18 reac when Ping 1, 2, ana J are low
Pins 2 and 3, Encoder Signai (A, B) Inputs: Recene the
two-DNASE QUACTature SigNais Srovidea Dy the ncramental
encocer. When the moler 18 rotating in the positve (“lor-
ward") direcuon, the signai at Pin 2 lsaos the signai at Pin 3
by 90 degrees. Note that the signais at Ping 2 and 3 myst
remMain at eaACh enNcocer siate (See Figure 9) for & mMemmum
of 8 clock penods n order 10 be recognized. Becauss of &
m b-om resoluton savaniage qained by the fnethod &N
docoqu ‘the quadrature encoder signals, iNg comesoonds
10 8 maximum encoder-siate capture rate of 1.0 MKz For
other clock frequencies e encoder Signals Must aiso re-
main at each state a murumum of 8 clock penods.
Pins 4 to 11, Host 1/0 Port (DO to D7): Siairechonal data
port which connec:s to host computer/processos. Used for
wnting commands and cata 1o the LM628, and for reaaing
the status Dyte and data from the LMSEZ8, as controilea dy
TS (Pin 12), P (Pin 18), RD (Pin 13), ana WH (Pin 18),
Pin 12, Chip Select (T3} input: Usea 1o select the LME28
for wnting and reacing operauons.
Pin 13, Read (AD) input: Used to read status and data.
Pin 14, Ground (GNDY: Power-supply raturn pin,
Pin 15, Write (WR) Input: Used 10 wnte commanads and
data.
Pin 16, Port Select (F3) Input: Used to select commang of
data port. Seiects commang port wnen low, cata por when
mgn. The following moces are controlied by Pin 16:
1. Commands are wntten (o the command port (Pin 16 low),
2. Status dyte & /ead from command port (Pin 18 low), and
3. Data 13 wntten and read wia the dats port (Pin 18 hugn),
Pin 17, Host interrupt (M) Output Thus acive-rign signal
alerts the host (via a host interrupt service routne) that an
interruot conaibon has occurred.
Pins 18 to 25, CAC Port (DACO to DACT: Cutut pont
which is used in Uvee cifferent modes:
1. LM828 (8-bit output moce): Cutputs latched data 1o the
DAC. The MS3 is Pm 18 and the LSB 18 Pin 25.

2. LMBZ8 (12-bat outout mooe): Sulduls wo, Muiliolexed
6.Dit woras The less-sigmiicant worg i$ outcul ‘st The
MSB 13 on Pin 18 ang !he LSB s on Pin 22, Pin 2418 usea
10 demultigiex the woras: Pin 24 13 iow for the iess-sigmh.
cant word. The positve-gong eage 2! the signa: on Pin
25 13 used (O SUCDE 'Ne OutDul data. Figure d Shows the
wming 9f the MuItipiexed sIgNaLS.

3. LM829 (sign/magnituce outouts): Outouls a PWM sgn
ngnal on Pin 18, and 3 PWM magnituge signal on Pin 19,
Pins 20 to 25 are not used in the LMBZS. Figure 11 snows
the PWM output signal format. Connect pin 25 to grouno.

Pin 28, Clock (CLK) Input: Receves § MH2 system clock,

Pin 27, Reset (AST) Input Actve-iow. positve-eage Q.

gerea, resets the LME28 10 the nternal conaitions shown

below. Note thal the resst pulse must e logic low for a

minmum of 8 ciock penods. Reset does the following:

1. Filter coetfic:ent ana rajeciory paramaeters are zeroed.

2. Sets posiion error hresnoid 10 maximum value (7FFF
hex}, and effecively executes commang LPE!

3. The SSPA/SEPAQ nterruot 1s masxea (disadied).

4 The five other inlerrupts are unmasxed (enadiea)

8. Initigirzes current 20Siton o 3ero, or "homae” position.

8. Sets cenvatve samping 1ntarval 10 204A/ 1 x or 341 us
for a 6.0 MH2 ciocx.

7. DAC port outouts 800 “ex to “2er0" a 12-tit DAC and
then reverts to 80 hax :0 “'zero” an 8-bit DAC.

Immeqisiety arter releasing the reset pin from ihe L6828,

the status port snould read “J0° if the reset :s successtuly

compieted. the status word will change 1o hex ‘34° or 'C4’
wathin 1 ms, |t the Status worg has 70t changed from hex

‘00’ 10 '84° or ‘Cd' wathin 1 s, pericrm another reset ana

repeat the above SIeDs. To D certain that the raset was

property pertormed. execule 8 RST) ccmmana. It the chip

has resst property, :he siatus dyte wil change ‘rom nex ‘84'

or ‘'C4" 10 hex ‘80, If this does not occur. perorm another

reset anc repeat the adove sieos.

Pin 28, Supply Voitage (Vpp): Power supply voitage

(+5V).

= 048 ;
- | Tk PV
(Ps 182 23) \ ﬁow s X & HIGH B1TS \ T x
d s J
20 | |
SELECT: Te (o
I

o * U

.

STROBE:
(PN 28)

N\

N
—

TL/n/9210-10

FIGURE 8. 12-Bit Muitiplexed Output Timing
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Theory of Operation (Conunued)

lot P = target ponton (Uns = eNCOCer COUNtS)

lot R = sncoaer ines ° 4 (system resoiuton)

then R = 500 " 4 = 2000

and P = 2000 ° gesred numoer of revoiuhons
:‘:,2000'100m-200.ooom(mw
P (coding) = 00030040 (hex code wntten to LME28B)

itV = velocty (uns = counts/sample)
ot T = sampie tme (seconas) = 341 us (with 8 MMz
clock)
lot: C = conversion (actor = 1 munuste/80 seconds
then V=R *T*C " gesrec rpm
and V = 2000 * 41E=~68 * 1/60 * 600 rpm
V = §.82 counts/sampie
V (scaied) = 6.82 * 65.536 = 448,955.52
V (rounced) = 448,958 (vaiue 10 ioad)
V (coging) = 0008D1EC (hex code wniten to LMB28)

lot A = acceleranon (units = counts/sample/sampie)

A= R°T*T" desred acceieration (rev/sec/sec)
then A = 2000 * J41E-8 * 341E-8 ° 1 rev/sec/sec
and A = 2.33E -4 counts/sample/sample

A (scaled) = 233E~4 * 65,536 = 1524

A (founced) = 15 (vaie (o l08d)

A (coging) = QOO0000F (hex code wntten (o LM6E2Y)
The above positon, velocity, and CCeieration vaiues must
be converted to dingry coces (0 be loaced into the LMS28,
The values shown for velocity and Scceieration must be
multiplied by 65.536 (as shown) 10 adjust for the requrred
integer/fracton format of the nput data. Note that after
scaling the veiocity and acceleration values, literal {racuonai
data cannct be loaded: the cata must be rounded ang con-
veried to binary. The facior of four increase n system reso-
lution 13 due {0 the method ugses (0 deccae the quadrature
ancOasr sQNats, see Figwre 9.

PIO COMPENSATION FILTER

The LM828 uses a cigital Proportional Integral Denvatve
(PID) filter to comoansate the control loop. The motor is
heid at the desired positon By apoiyIng & restonng force to
the moier that 13 proporuonal 10 Me POSILON efTor, Dlus the
integral of the emror, plus the dervatve of the error. The
following oiscrete-ume equaton ulusirates the controi per-
formea by the LME28: n

u{n} = kp*ein) = luz on) -
N=Q

kale(n’) = etn’ ~ 1)} {Ea.1)

where u(n) i the Mmotor controt signal outoyt at sampie ume

0, 8(n) 13 the POSILON Error at SAMOle bME N, N’ inGi-

cales samoing at the denvatve sampling rate, and

kp. ki, #ng kg are the ciscrete-ume filter parameters
iosced by ihe users.

The fiest term, the proporuonal term, prowides & restonng

force porporbonal (0 the POSLION 817Or, just as COes 3 SDNAg

obeyng Hooke's law The second lerm, the integration

term, provicdes a resionng force thal grows with tme, and

s ensures that the SIAUC DOKILON GTOr 18 2010, If here g

a conswant (orque oading, the motor wil sull be adie o
2CIWEVE 2010 POSILION TOr.

The thwd term. the denvauve term, prondes a orce oropor.
oonal {0 the rate of change of pOsILON eror. It acts ust Lke
vISCOous SaMOINg IN & CAMDPed $SONNG AN Mass system (lke
& SNOCK ADSOrDer In an automobdie). The samoing nterval
2330C18(00 With the denvative {erm 1S user-selecladle: Uus
cacacility enadies the LMB28 to control a8 wder range of
nercal 0aas (system mechancal ime constants) by provxl.
ing a better approxmaton of the contnuous denvauve. In
general, longer saMpling Ntervals ar¢ usetul 107 Low-veiocTly
operauons.

LME28 READING AND WRITING OPERATIONS

The host Drocessor wites cOMMancs o the LME28 vig the
host 170 port wnen Port Seiect (FS) nput (Pin 16) s logic
low. The deswrea command code 18 appiied {0 the parailel
port ine and the Wnte (WR) input (Pin 15) is strobed. The
command byte 3 latched into the LME28 on the nung edge
ot the WH input. Wnen writing command bytes it is neces.
sary 10 first read the status byte and check the state of a
flag called the “busy bit™ (8t 0). If the busy bet is iogic high,
no command wnte may take piace. The busy bit is never
hugn longer than 100 us, ana typcally falls wattun 15 us to
25 us.

The host processor reads the LME28 status byte in g simdar
manner; by srooing the Read (AT) nout (Pin 13) wnen FS
{Pin 18) is low: status nformation remains valid as long as
AD s low.

Wntng and reading data to/from the LM628 (as ooposed o
wntng commanas and reaging stats) are done with 735 (Pin
16) logic high. These writes and reads are aiways an infe-
grai number (from one 10 seven) of two-byte worgs, with the
first byte of sach word being the more sigruficant, Eacn byte
requvres a wnte (W) or read (FID) strobe. When tanstemng
cata woras (Dyte-pavs), it is necessary to first read MNe
status byle ang cnheck the state of the busy biL When the
busy bit 18 logic :ow. the user may then sequentally transter
both dytes cemonsing & data word, but the busy bit must
agam be checxeda and found to be iow before attempung 1o
trangier the next byle paN (when tansfemng muitioie
wores). Data ransfers are accompushed via LME28-ntemal
mierrupdts (wnich are not nestea); :he dusy Sit informs the
host processor wnen the LM828 may not be interruptea for
Qata ranster (or 2 command byte). if a command is written
wnen the busy bit is hgn, the command will be ignored.
The busy dit goes Migh immediately after wnting & commang
byte. or reacing or wnung a second byte of data (See Fig.
ures 5 they 7).

MOTOR OUTPUTS

The LM628 DAC outout port can be configured 10 provds
ether 8 latched egnt-bit parallei outout or a multipiexeg
12-0it output. The 8-dit output can be direcily connec:ed ‘o
a flow-througn (non-nput-iateting) O/A converter: the < 2-bit
output can be easily cemuitiplexed using an externat 8-bit
fatch ano an mout-laicrung 12-it O/A converter. The DAC
output data 18 orfset-dinary Codec: the 8.0it coUs for 2ero s
80 hex and the 12-bet coce for 2600 18 800 hex Values loss
than these cause & negauve lorque (0 De appiied 1o the
mOotor and, convarsety, larger vaiues cause positve motor
torque. The LME28, when configured for 12-bit output, pro.
vides $ignats which control the demultipiexing process. See
Figure 8 101 detaus,
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Theory of Operation

INTRODUCTION

The tymca! system dlock ciagram (See Figure 1) dusuates
8 38vvo system bult usng I1he LMEB2S, The nost processor
commumcates with the LME28 through an 1/0 pont to taciii
tate programmng 8 rapezodal velocity profile ang a cgial
compensauon fiter. The DAC output interfaces 10 an exter-
nal Gigrtaklo-anaIog cConvernter to produce the sgnal that 1s
power amoified and sppiied (5 the motor. An ncremental
aNCOGer provides {sechack 10r Ciosing the postion servo
00D, The trapezoudal veiocity profils generator caiculates
the requred rajectory for enher postion of veocty moge of
operaton. In coeration, the LME2S sudtracts the actual po-
stion (feecdack postion) from the desired postion (profie
Qeneralor position), and the resulting pesiaon erer is pro-
cessed by he digrtal fiter to drive the motar (o the desired
position. Table | provdes 2 bnef summary of specificauons
offersd by the LME28/LME29:

POSITION FEEDBACK INTEREACE

The LME28 interfaces (0 & MOtOr via an incremental encod-
or. Thvee Nputs are proviced: wo Quacrature signal inputs,
and an :ndex puise input. The quadrature signals are used
10 keep track of the absonte position of the motor. Each

bme 3 loge ranstion ocours at one of the QUAdraNNe .
puts, the LMEZ8 ntemei pOLHON regeater 18 inCrementad or
cecremented accorangly. Thes provices four brnes the reso-
hON over e nuMder of ines provided Dy the encoder.
See Figure 9. Each of the encocer §gNal INDULS 1§ SYNCHrD-
nzed with the LME28 slock,

The 0otONs INGEX DUISE OUtUT Prowded Dy SOME ENCONNs
astumes e loQc-low 3laI8 ONCe pPer revolbon. if the
LMB28 13 30 programmed by the user, it wil fecord the ab-
solute motor poution n a dedicated register (tha inaex reg-
igter) at the bme wnen ail hree SNCOCEr NPULS I8 IOGC aw,
If the encoder does not proviie an ndex outdut, the LME28
iNdex INOUL CAN 8130 bE USEd 1O reCOra the home positon of
the motor, in tdus case, typcaily, the Mmotor wall ciose &
switcn which i TEnged (0 CausSe & Iogicow levei at the
index input, and the LME28 will record motor poation in the
index regrster and alert (interupt) the host processor. When
using the ndex NPyt in this manner, the user shoukd assure
that the ingdex input does not remain IogiC low dunng shaft
rotaton because LME28 internal interrupts are generated
avery tme ul Uves encoder NPUts are logic low. Thase in-
tornal interrupts will cause the LMB28 10 maifunction f the
velocily is faster than sbout 15,000 counts/sscond (when
using 8 8 MMz clock).

TABLE |, System Specifications Summary

Position Range =~ 1,072,741,824 10 1,072,741,822 counts

Vetocty Range 0 1o 1.073.741,823/2'8 counts; sampie; i@, 0 10 16,283 counts/sampie, with & resolution of 1/2'¢
counts/sample

Acceierauon Range 0 to 1,073.741,823/2'6 counts/samoie/samgia; 18, 0 10 18,382 counts/sample/sample, with 3
resolution of 1/218 counts/samole/samole

Mator Onve Cutput LME28: 8-bit multiplexed output to DAC, or 12-tut muitioiexed outout to DAC
LME29: 8-tit PWM sign/magrutuce signais

Operaung Modes Posiuon ang Velkacity

Feecback Device Incremantal Encoder (QUaOrature Signais: SUopont fof inoex pulse)

Conuol Aigonthm Proporuonai integral Denvauve (P10} (pius Orogrammadie (nlegravon limi)

Sampie Intervais Denvatve Term: Programmable from 2048/1: x 10 (2068 * 256)/ 1y 1 steps of 2048/1cy (341
10 87,281 us for a 6.0 MHz clock).
Proportonal and Integral: 2048/12; x
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AC Electrical Characteristics conmac)
(Vop ana T4 per Coersang Ranungs: foux = 8 MHZ Cogap ™ 50 pF. Inout Test Signat t = t = 10 ns)
Timing (nterval T Tested Uimits Units
Min | Max
COMMAND BYTE WRITE TIMING (See Fgure §)
Chup-Setect Setuns Hotd Time ™ T 0 | ns
Pon.Seiect Setua Time T8 20 ! ns
Pon-Seiec: Hoid Time T9 30 ns
Busv 81t Qelav T13 {Note 2) ns
WH Puise wiain T14 100 ns
Wnte Data Setuo Time T15 20 ns
Wnte Cata Hold Time T16 100 ng
DATA WORD READ TIMING (See Figure 6)
Chio-Select Setup/Hoidg Time ™ 0 ne
Port-Seiect Seotud Time T8 30 ns
Pont-Select Howd Time ki) 30 ne
Resd Oata Accesa Time T10 180 n
Reag Data Hoid Time T11 0 ns
FD High 1o Hi-2 Time T12 180 ns
Busv Bit Delav | T13 {Note 2} ns
Reac Recoverv Time | 7 120 ns
DATA WORD WRITE TIMING (See Figure 7)
Chio-Seiect Sewo/Hold Time ™ 0 | ns
Pont-Setect Setup Time T8 30 | ns
Pon-Selec: Hold Time | T9 0 | ns
Busv 2it Deray T13 | (Note 2) | n
W Putse Width T1e 100 | | ns
Wnite Data Setup Time T1S 50 | | ns
wnie Cata Hoid Time | T8 120 ] ] ns
Wnte Secoverv Time f Ti8 120 I | ns
Note 12 ADSOWLE Maarmum AAUNGS NACALE WIS DEYONG wich GAMage 10 e COVCE May OGO, OC ant AC SeCTCH S0UCTACATONS 00 NOY 400N wnan ooersng
™o Sewcs 0evONg the aoove O g
Note 2 in oroer 10 1920 ™he Dutly Dri. the SANS DY1e Must st De read, The e regured (O 7840 e Busy DX fir SRCSaS NG MY the CTED reQTes 10 88T the OUTY
Dt 1115, Vrelore. MEOSLDN 1O vouoen-wwuM.mmu-muuv—nw-mw-m»wn.
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Absolute Maximum Ratings ot 1

If Military/Asrospace specified devices are required,
contact the Nstions! Semiconguctor Sales Office/
Distributors for availsdility and spectficationa.

Voitage at Any Pin with

Respect 1o GNO (Pin 14) =03Vio +70V
Amoeent Storage Temperature -85°Cto +180°C
Lesd Temperature (Soidenng, 4 sec.) 200°C
Maomum Power Dissipation £50mw
ESD Tolerance

(Czap = 120 pF, Rzap = 1.5k) 2000V

Operating Ratings
Temperature Range
Clock Frequency:

LMB28N-8, LMBZIN-S

Voo Range

DC Electrical CharacteristiCs (voo ana T per Operating Rabngs: ‘e = 6 MH2)

=40°C <Ty < +85°C

1.0 MH2 < feix < 8.0 MHz

4.5V < Vpg < 5.8V

Symbol Parameter Conditions Tested Uimits Units
Min Max
oo Suoory Current Outouts Open 100 mA
INPUT VOLTAGES
Vin Logic 1 Input Voltage EY v
Vi, Logic 0 Input Voitage 08 v
It | input Curents 0 < Vi € Voo -10 10 uA
OUTPUT VOLTAGES
Vou Logie 1 | louw-=18ma | 24 v
Vor Logic 0 Iow = 1.6 mA 0.4 v
fouT |  TRRSTATE Outout Leskage Current 0 5 Veur € Vap -10 | 10 BA
AC Electrical Characteristics
(Vop and Ta, per Operatng Ratngs: foix ™ 6 MT; Cioap = 20 oF; input Test Signai &, = Y = 10 ns)
Timing Interval T Tested Umits Units
Min | Max
ENCODER AND INDEX TIMING (See Figure 2)
Motor-Phase Pulse Width T 287 i us
Dwell-Time Per State T2 1.33 | ns
ingex Pulse Setup and Hoid n 0.0 Y
(Relative 1o A and B Low)
CLOCK AND RESET TIMING (See Figure 3)
Clock Puise Wicth T4 78 | ns
Clock Pencd TS5 168 1000 ns
Resaet Puise Wicth T8 L)
;;:; ns
STATUS BYTE READ TIMING (See Figure <)
Chip-Select Setup/Hold Time ” "] ns
Pon-Select Setup Time T8 0 ns
Por-Select Hold Time 9 30 ns
Read Dala Access Time T10 180 ns
Reed Dats Hold Time T13 0 ns
TS High to Hi-Z Time T2 180 | ns
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Typical Applications (conuned)

Two approacnes exst for avoraing tfus prodiem. f one is
using hardwirea intemuots, they snouid de disadied at the
NOSt PROF 10 185ung My LMB28 COMMAand seauence, and
r6-enanied after sach command sequencs. The second ao-
proach 18 1o avoxd harawwed interrupts and poil the LMS28
status dyte for “nismept” status. The siatus byte siways
rafiects the mtemuotconaition status, incedendent of
whether OF not the ntemupts have been maskecd.

Typical Host Computer/Processor Interface

The LME28 is interiaced with the hOSt COMOULNN/DrOCesSor
via an 8-tit parailel bus. Figure 12 SNOWS SUCh an intarfece
2na & mrvmum system configuration. .

As shown in Figure 12, the LMB28 interfaces with the host
cata, acdress and controil fines. The acdress lnes are de-
codea 1o generate the LME29 TS input: the host address
LSS directly arives the LM628 P3 input Figwe 12 aiso
shows an 8-bit DAC and an LM12 Power Cp Amp interfaced
10 the LME2B,

LM628 and High Performance Controiler (HPC)
Intertace

Frgure 13 shows the LME2S interfsced to a National HPC
Hign Pertormance Controiier. The delay and Jogic associat-
o with the WH ine 13 used to eHectivety increase the wrte-
data heid tme of the HPC (as seen at the LME28) by caus-
ing the W pulse io nsa earty. Note that when clocking the
HPC at 12 MHz the CX2 output provides the required
6 MHZ clock for the LME28, The 74L.S245 15 used t0 de-
crease the resc-dals hoid time, which is necessary when
intertacing to fast host dusses.

intertacing a 12-8it DAC

Figure 14 illustratas use of 3 12-bit DAC with the LM628.
The 74LS378 hex gated-D flip-ficp and an inverter demulti
plex the 12.bit eulbut DAC offset must be adjusted 1o mini
mize DAC ineanty and monotonicity errors. Two mathods
exist for maxing this acjustment. if the DAC1210 has been
socketed, remove it 3na temporanly connect 2 15 kil ress-
tor Detween Ping 11 and 13 of the DAC socket (Png 2 ana 8
of the LF358) anc acjust the 25 k(1 potenuometer for OV at
Pin & of the LF358,

It the DAC s not removabie, the second method of adjust-
ment requires that ihe DAC1210 inputs be presented an ail-
2er08 coce. Ths tan be arranged by commsanding the ap-
propnate move via the LME28, but with no teegback from
the systemn encoder. When (he ail-zeros code s present,
acjust the pot ‘or AV at Pin § of the LFI58.

A Mongiithic Linesr Drive Using LM 12 Powsr Op Amp

Figure 15 shows & MOtor-anve amdkfier Suit using the LM12
Power Operauonas Ampufier. Thes crcuil 18 very simole ana
can desver up 10 §A at JOV (using the LMI2L/LM12CL).
Reustors At sna R2 shourd de cnosen o set the gan 10
provige maxumum Ouiut voIlage consisient with maxmum
inout voitage. This examoie prowices & gain of 2.2, wieh
allows 10 amonfier Cutout SATUAUON 8t =23V with a 210V
inOUL, assumIng powsr sucoly voitages of = JOV. The ampn-
fier goun showd not be hghar Than NeCessary decauss ine
SYSIam 3 ACN-uNesr wnen SANUCEted. and Decausse gan
shouid be coatrciiea Dy the LMBZS. The LM 12 can aiso de
configurea as a current onver, see 1987 Linear Datadbook,
Vo, 1, p. 2-280.

Typicsl PWM Mator Drive Interfaces

Figure 16 shows an LM18288 aual fuil-bnage dnver nter-
faced 10 the LME29 PWM outouts 10 prowide a switch-mode
power ampufier for arving smaul Drush/commutator motors.
Figuwre 17 shows an LME21 brughiess motor commutator
intertaced to the LME29 PWM outbuts and a ciscrete dewce
SWICN-MOas power ampiifier for srwng brushiess OC mo-
tors.

Incremental Encoder Interface

The incremental (posmon (eecback) encoder interface con-
sisty of three lines: Phase A (Pin 2), Phase 8 (Pin 3}, and
index (Pin 1). The ndex puise outtut 18 NGt svailavtie on
some encocers. The LME2S wil work wath both encoder
types, but commanas SIP ang RDIP will not de meaningful
without an inaex duise (Of allernative Nput for g input ., .
be sure 10 te #in 1 igh if not usea).

Some congicerancn s Mented reiatve 1o use in ign Gauss-
an-noise envronments. If nowe 15 20000 0 the encocer
inputs (either Sr SOt Mputs) and 18 such that it 18 NOt sus-
taineo untl the next encoager transiton, the LME28 gecoaer
logic will reiec: .t Noge that mmcs quacraiure counts of
persisls INFOUGR eNCOCH rANKILONS Must be elimunateq by
approonate EMI cesign

Simpie cigia) “litenng ' sCheMes maeraly r@cuce susceotbils
ity 10 noise ((hare wul 3iways S nOIse puIses longer than
the filter can suminatel, Funner, any noise ‘iltenng scheme
reduces decoaer danawidth. in the LMBZ8 it was cecided
(since siMpie titenng Aoes NOL SMINGLE he NCISe prodiem)
to not inciuce a noise fiter :n igvor ot oHenng maximum
possdle gecocer Sanowialh. Prodably the most sHecuve
COURIerMeasure (0 NCISE INCUCION Can Be haa Dy using dal-
ancea-ine cnvers ano recavers on the encoasr INouts. #ig-
ure 18 snows creuitry using the CS26LS31 ano 0S26LS32,
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Data Reporting Commands (conuwea)

There 3 no ensfication code: it is girectly suooorted by the
harowsare ana may be executed at anv time. The singie-byte
SIatUs 1084 is sevected by piacng TS, PS ang AU at loge
2000, See Tadie Vil

TABLE VIL Status Byte Bit Allocation

Sit Position | Function
87 Motor Ctf
Bis Breaxpont Reached (interrupt]
Bits Excessve Position Error (Interrupt]
Bit4 Wraosround Cccurred {Interrupt]
813 index Puise Observed [interrupt] .
Bit2 Trajeciory Compiete {Interrupt)
811 Commana Error [Intarrupt]
Bit0 Busy Bit

8it 7, the motor-off flag, is set to logic one when the mator
drive outout is off (st the har-scaie, offset-binary code for
zero). The motor s tumed off by any of the following condi-
tions: power-up reset command RESET, excassive position
wr-or (i command LPES had been executed), or when com-
mand LTRJ is used to manuaily stop the moior vis duming
the motor off. Note (hat when bit 7 is st in conuncuon with
command LTRJ for producing a manual, motor-off $100, the
ACTuAl serung of bit 7 does not occur unul command ST is
issued 1o atfect the swp. Bit 7 is cleared by command STT,
oxceot as gescnbea in the pravious sentence.

8Bit 8, the reaxpoint-reached interrupt flag, 13 set to logic
one when the position breaxpoint icadea via command
SB8PA or SBPR nas been exceecea. The flag i3 funcuonal
incependent of the host interrupt mask stats. Sit 6 18
cleared via commana RSTI,

Bit 5, the excessive-position-efror interrupt flag, 18 set 10
l0gIC one when 3 SOSILON-@ITOr INTEITUDL CONCIion exists.
This cccurs wran the error thresnold (03080 via command
LPE! or LPES nas been exceeced. The flag is luncuonal
independent of :he host interrupt mask status. Bit 5 is
cieareg via commang ASTI,

Bit 4, the wradarcund interrupt flag, is set to logic one whan
a numencas "wrapsround” has occurred. To “wrapsrouna™
MeAans 10 exCod the position aaaress space of the LME28,
which courd 0CCUr uUNNg veiocy Moce oparabon. if & wrap-
rouna has occurred, then poston information wilf be in
ofror ang ‘his miemuot helos Ne user 10 ensure posion
data ntegnty. The fag 18 lunctional incependent of the host
intermuot mask status. Bit 4 is cleared via command RSTI.
Bit 3, the ncex-puise scourec interrupt flag, s sat o loge
ONG WNEN an inCex Puise Nas occurred (if command SIP hag
been executed) ana incicates that the Naex POstion reg:s-
ter has been uoaated. The flag i functional indeoencent of
:;T:onmtmalmsnu 811 3 18 cleareq by commang
Bit 2. the trajectory comoiste mterrupt fiag, is set to loge
one when the ‘rgectory programmaed by the LTRJ com-
mand and itiated by the STT command has deen compilet-
ed. Because of oversnoot or a lmiting condition (such as
commanding the veiocty to be hugher than the motor ¢an
achieve), the motor may not yet be at the finsl commanoed
position. Ths bt s the logical OR of bits 7 and 10 of the

Signals Regster, 380 command RDSIGS below. The fag
funcnoons noedendently of tie hOSt intenugt mask status.
Bit 2 is cewved via commana RSTL.

Bit 1, the command-error interrupt flag, is set to logic one
when the user SeMots (0 read AR When § write was 2p-
proonate (or vice versa), The flag is functional incependent
of the host nterrupt masx status. 8it t is cleared va com-
mana RSTL .

8it 0. the busy flag, is frequenty tested by the user (via he
host computer program) (0 determine the busy/ready status
pnor 1o wnung and reading any data. Such wites and reads
may be executed onty wnen bit O is iogic Zero (not busy).
Any command ot data writes when the busy bit is high wil
be igncrea. Any data reads when the busy bit is high wil
reec the curent contents of the 1/0 port buffers. not the
data expecied Dy the host. Such reads or wrtes (with the
busy bit tgn) will not generate 3 COMMAN-SMOr iNtemupt.
RDSIGS COMMAND: ReaD SiGnaiS Register

Command Code: 0C Hex
Bytes Aaac: Two
Data Range: See Text

Executacie Ounng Motion: Yes
The LMEZS nternal “signais” register may be read using
this commanc. The first byte read is the more significant.
Thae less sqndicant dyte of theg regrster (with the excepton
of tit 0) cupncates the suatus byte. See Table Vii,

TABLE VI, Signais Register Bit Allocation

8it Positien | Function
Bit 18 Host interrupt
Bit14 ' | Acceleraton Loaded (But Not Updated)
Bit13 UDF Executed (But Filter Not yet Updated)
Bit 12 Forwarg Cirection
Bit 11 Veiocity Moce
Bit 10 On Target
Bit ¢ Turn Off upon Excessive Position Error
git 8 Eignit-Bit Output Moge
Bit 7 Motor Off
Bit 6 Sreakpont Reacned (Interrupt]
Bit § Excessive Posion Error {Interrupt}
Bit 4 ‘Wraparound Occurred (Interrupt]
Bit 3 Ingex Pulse Acquwed (Interrupt]
Bit 2 Trajeciory Comoiete {Interrupt)
Bit 1 Command Error [Interrupt}
Bit 0 Acguire Next Index (SIP Executed)

Bit 15, the rost .ntermuot fag, is 38t 10 Jogic One wnen the
host interruot cutput (Pin 17) is logre one. Pin 17 is set to
logic one when any of the six host interrupt conditions ocour
({f the comescongaing nterruot has not been masked). Bit 15
{and Pin 17) we cleared via command RSTI.

Bit 14, the acceieratron-ioaded flag, is set to logic one when
scceleraton ¢ata s wntten to the LME26, Bit 13 is cleared
by the 87T ccmmand,

Bit 13, the UCF-executed flag, is set 10 logic One when the
UDF commana :s executed. Secause bit 128 Gleared at the
end o! the sar~pung interval in which it has been sel, this
signal is very snon-ived and prodatly not very profitable for
monitonng,
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Data Reporting Commands (conouea:
Bit 12, the forward direction flag, 18 meanngtul onty when
the L6208 13 in vetocity moas. The bit is set to loge: ona (0
inGXCate Mhat the desred dicecton of MOLON 18 “lorward”;
2070 INCICILES “reverse directon, Bil 12 13 set and clesred
wis commana LTRJ. The actuai setting and cieanng of bit 12
does Not occur untl command STT 3 executed.
Bit 11, the veloGity moce fiag, is set lo logic one 1o ingicate
that the user has selected {via command LTRJ) veloaity
mode. Bit 11 is cleared when position moce is selected (via
command LTRJ). The actusl setting and cteanng of it 11
does not occur untl command STT is executed.
Bit 10. the on-target flag, is 38t 10 loge ONe when the trajec-
tory generator has compieted its functions for the last-s-
sued STT command. Bit 10 18 cleared by the next STT com-
mand.
Bit 9, the tum-off on-emor flag, is set t0 logic one when
E:f:mnc LPES is executed. Bit 9 is clesred by command
)
Bit 8. the 8-bit output flag, is set 10 logiC one wnen the
LME20 is reset, or wnen command PORTE is executed. 81t
8.8 cleared by command PORT12,
Bits O through 7 replicate the status byte (see Tadie VII),
with the exceotion of bit 0. Bit 0, the acquwre next index flag,
is set 10 logit one when command SIP is executeq; it then
remains set untl the next index duise occurs.
RDIP COMMAND: ReaD index Position

Commana Coge: 09 Hex

Bytes Reac: Four

Data Range: CO000000 to IFFFFFFF Hex
Executatie Ounng Moucn: Yes

This command reads the position recorced in the index reg-
ister. Reading the index register can be part of a system
error checking scheme. Whenever the SIP command is exe-
cuteq. ihe new ndex pusition minus the old index osilion,
civiaed by the incremental encoder resolution (encoder
lines umes lowr), should always be an ntegral number. The
RADIP commang faciitates acquring these dais for host
basea calculations. The command can Aiso De used 10 iden.
tity/venty home or some other soet.al posiion. The bytes
are resd in mosi-to-least sgreficant oraer.

ADDP COMMAND: ReaD Desired Position

Commarnc Code: 048 Hex
Bytes Reac: Four
Data Range: C0000000 to IFFFFFFF Hex

Executadle During Motion: Yes
This command reads the desired (current) position outout of
the profile generator. This is the “set-pont™ input 1o the locp
summing junchon. The bytes we read in mostto-iaast sig-
mficant order. '
RORP COMMAND: ReaD Real Position

Command Coge: OA Hax
Bytes Read: Fouwr
Data Rarge: 0000000 to IFFFFFFF Hex

Executable During Motion: Yes

Tins commanad 7aans the curtent actusl posihion ot the mo-
tor. Thig 13 the f@eaback puL 1O INE 1000 SUMTING JUNCHON,
The bytes are resd in most:to-least sQnificant craer.

ROOV COMMAND: Reald Qesired Veiocity

Commang Coaa: 07 Hex
Bytes Reac: Four
Data Range: 00000000 to IFFFFFFF Hex

Executavie Dunng Monon: Yes
This command rescs the Jesved (instantaneous) velocity as
used 1o generate the posion orofile. The first Dyte read is
the more sinificant, Note that the 18 least significant tits of
he result represent fracional veiocty; INerefOre, it 18 neCes-
sary to divide the resuiting curout by 85,538 (st ngnt 18
bitg) 1o refate it 10 integer velocity values.

RORY COMMAND: ReaD Resl Velocity

Command Code: 0B Hex
Bytes Reaa: Two
Data Aange: 8000 to 7FFF Hex, See Text

Executadie Dunng Mouon: Yes

Thvs command reacs the integer porvon (the more-sigmifi
cant two bytes) of the actus! (instantanecus) veiocity of the
motor. The resuit must be multiplied by 65,538 (2'6) 10 de
scaled (or companson with the resuit oblaned By executing
command RODV or for companson with the input vaive.
There 3 no fraczonal poruon in the sctual veiocity resuit
The first byte reaq is the more significant.

RDSUM COMMAND: ReaD Integravon-Term SUMmaton

Value
Command Code: 00 Hex
Bytes Reaq: Two
Data Range: 00000 Hex o = the Cument

Value of the integraton Limit
Executable Dunng Moton: Yes
Tius command reacs the vaiue ‘0 which the integration term
has accumuiated. The adility 10 read this vaiue may ba haip-
ful in crutially or acapuvely tuning the system.

Typical Applications

Programming LM828 Most Handshaking (Interrupts)

A few words regarging the LMEZ8 host handshaking wil be
helptul t0 the system programmar. As indicated in vanous
porvons of the above text, the LMB28 handshakes with the
host compuler in two ways: s the host misrrupt output (Pin
17), or via polling the status byte for “intemupt™ conditions.
When the hardwwed interruot is used, the sutus dyte s B30
resd anG parsed (O determne which Of ax pOssdie conoi-
tions caysed the nterrupt

Whaen using the harcwired interrupt it is very important that
the host interrupt service roudne does not interters wih &
command sequence which mght Rave been in progress
when the intarmupt occurred. Il the host interupt semes row-
tine were 10 135U 8 command to the LME26 winle it is in the
madie of an ongoing command sequence, the ongong
command will be abOred (which Souid be detnmentsl to the
applicaton),
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Typical Applications canwuea
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Typical Applications contwen
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FIGURE 1S. Driving a Motor with the LM 12 Power Op Amp
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Typical Applications comnuea
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Trajectory Control Commands conunuen
The trajectony control paramelers which are wntten (o he
LME28 to control moton are: acceierabon, velocity, and po-
siion. In adgdiion, NOKCILONS &8 (10 whether TNase (e pa-
rameters a1e 10 be consicered as absoluls Of relatve inputs,
selecton of veloCity mode and drecoon, and manusl SI0p-
PNG MOCE SHCHON aNd SXECUTON 819 PrOGrammedle wa
this command. Aer wnting the command coge. the st two
data Dytes that &8 wntten specify which parameter(s) is/sre
beng changed. The first byte wntten is the more signricant.
Thus the two daia Dytes consutule & trapctory control word
that informs the LME20 a3 10 the nature and numbder of any

followng dsta bytes. See Tabie V1,
TASLE Vi, Trajectory Control Word Bit Allocation
Bit Posstion Punction
8418 Not Usec
Bit 14 Not Usea
| "R E] Not Usec
B 12 Forwara Drecon (Veiooty Moae Ony)
Bit 11t Veioaty Mooe
82 10 Stop Smooinly (Oeceierate as Programmect
[ L3 Si00 y (Maxrrum O a0
[ Tum Oft Motor (Cutout Zeo Orive)
sk 7 Not Usea
B ¢ Not Usea
Be S Accaeraton Wil Se Losced
| M| Acceeraton Oata is Resve
Ba 3 Vewocty Wil Be Loaved
S 2 Veioaty Dats 1s Aeasve
[ T B Pomson Will Be Losged
n 0 Posroon Osts is Aeigwve

Bit 12 cetarmines the Molor drection when i the veocty
mode. A iogc one incicates forward airechon. This b has
no etiect when in POSILON MOde.

Bit 11 determines whaether the LM828 operates in veioaty
mode (Bit 11 logic one) or position moce (Bit 11 loge 2ero).
Bits 8 through 10 are used 10 selec: the method of manually
stoppng the Motor: bit § is set 10 one 10 $10p the MO va
rmung off the motor arive output (outputung the appropnate
offset-Dinary cote 10 apply 2610 dnve to the motory; bt 9 is
set to one 10 8100 the Mooy 3DUPLlY (8t MAXITIM SCCHA-
ton, via seming the target position equal 1o the current pos-
on); and bt 10 is sal (o one to stop the MOLOr sMECthly
ueIng the CUTent USer-programmed accelerstion vaiue (the
normal way of manually $topping the motor). Bits 8 through
10 are 10 be used exciusively; Only one bit shouid be 8 loge
one at any time.

Bits O thwough S inform the LME28 as to whether eny or aif
of the Traeciory CONoiing parameters &0 ADOUt 10 be wnt.
ton, and whether the dala ahouid be interpreted as absolsts
or relatve. The user may chooss to UPAae any or ol (or
none) of the bejectory parameters. Those chosen for uwpaat.
ing are 30 indicated Dy logic 0ne(s) in the COMespONaINg bt
posiion(s). Any paramaeter may be changed wisle the motor
is in motion; however, il sccelerabion is changed then the
next STT command must not de issued unill the LME2S has
compieted the current move or has been manually siopped.
The data byles specified by and immedistely follown) the
trajectory control word are wniten in pairs which compnse
16-Dit words. Each data item (Darameter) requires two 16-bit
words; the word and byte order is mosti-l0-least signsficant.

The oroer of sencINg the DaraMEters 1o the LME2B come-
$PONAS 10 e JesCenany Orser Shown n the aoove Ce-
SCDLON Of the TRECTOry CONTOl wora: 8., DOgUUNg with
Ccoleraton, then veiocity, and finaily posson.
ACCHOrabon and veloCily wre 32 beis, positive only, but
fange only from 0 (00000000 hex) 1o [2%0) =1 (IFFEFEFF
hex). The botom 16 Dits of DOt SCCHArALON ana veiocty
¢ 3Cal6d 43 frachonas data: theratore, e wast-sigruficant
ineger data bit for these parameters g bit 16 (where the dits
~e numbered 0 through J1). To detenmne the cooing for &
grven velocity, for examoie, 0ne muitipies e SN ea veioc.
ity {in counts per sampie nterval) tmes 85,538 and convers
e resuit 1o binary. The unils of BCCEIeraUON &8 COuNtS Per
sample per sampie. Position is 8 ssgned, J2:bit integer, Sut
ranges only from = [2%] (COO00000 hex) to [230)=-1
(3FFFFFFF Hex).

The requred data is written 10 the pnmary buffers of a dou-
bie-butiered scheme by the above descnbed operatons: it
is not transierred 10 the Seconaary (woring) regesters untt
the STT commana s executed. This fact can be ugea ac-
vantageousty: the user can input nurnerous Gata ahead of
ther actual use. This :Mpie Ppeling effect Can rakeve po-
tenhal host COMputer Gala COMMUMGCALONS DOTUSNECKS,
ana faciiitates easier Synchronzauon of muitiple-axis con-
trois.

Before using LTRJ 10 issue & new scceieration vaius, 8
“motor o command must first de executed (LTRJ com-
mand with it 8 of the Trapctory Control Worg set). Ths
proCeaure 18 Only NECeSSary if e ACCHEraLON vaiue 1§ be-
ing changeo.

STT COMMAND: STarT Motion Controi

Commana Coce: 01 Hex

Dais Bvies: None

Exacutaoie Ounng Mouon: Yes. f acceieraton has not
been changed

The STT command is usad 10 execute the cesired Urajecio-
ty, ‘e specifics 0f wruch have been programmed via the
LTRJ command. Syncrronzauon of muit-axs control {to
within One samoie interval) can be aranged dy loading the
requUIred U'sjeciory parameters (0f G8CH (a0 every) e and
then sumuitaneously ssuing 8 singie STT command 1o ail
axes. TTus commana may be executed at &ty tme, uniess
the acceierabon value has dbeen Changed and a usjeciory
has not been compieted or the MOLOr Nas NOt Deen Manual-
ly stopped. it STT is wsued dunng Modon ana acceleralion
has been changed. & COMMand SrTor Ntemupt will be gener.
ated and the command wil be ignored.

Data Reporting Commands

The folliowang seven LM628 user commancs are used 1
0bLN CaLs rom vanous regrsters n he LMEZE. Suatus, po-
sibon, and veiocrty inflormaton are ceporied. With the excep-
tion of RDSTAT, the data is resd from ihe LM628 dats port
stier first writing the COmmespoNdNg command to the com-
mand port.

RDSTAT COMMAND: ReaD STATus 8yte

Commend Code: None
Byte Resc: One
Dsts Range: See Ten

Executsbie Dunng Motion: Yes
The ROSTAT command is really not a command, but 18 st
od wiih the other commands because it 8 used very fre-
Qently 10 cONol COMMUNICALONS wilh the host compuler.
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Theory of Operation cononuea)
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FIGURE 0. Typical Yeiocity Profiles

YELOCITY PROFILE (TRAJECTORY) GENERATION

Tha rapezexial velocity profile generator coMmputes e ce-
ared position of the MOLOr versus IMe. In the pestion Moce
of coerston, the host Drocessor soecfies acteieravon,
maomum velocity, and fingl poston. The LME2S uses s
informacon 10 atlect (e move Dy sCCeieraong as soecties
unal (he MAXMUM velocTly 8 reached or unol Seceleranen
must begin (O 3100 at the specified final postion. The ceces
Sraton rale i equsl 10 the accseieration rate. At any Sme
unng the Move the MAXIMUM veIOCty ana/or he target
poston may be chunged. and the mowr wil accelersts ¢
deceieraie accorgingly, Figare 10 ilhusirgies two typrcal 30
€208l veioGity profies. Aigure 10 (s) shows & BMple Face
2oed, wrule Figure 10 ) s an examole of wnat e raecesry
looks ke when veioaty and POsIbOn e Changed at ciffer-
ont tmee dunng the move.

When 0Derating in the ve'ocity mods. 1he Motor acceierates
10 the specified veidaily at the soecfied SCCerason rate
and mantung the specified velocity unsl commanded o
8100, The veloaity is maintained by acvanang the desred
posstion at & constant rate. if there are Gisnrtances to e
moton during veloaly mode operation, e loNg-dme aver-
8ge veiccly remaing Constant, i the moior is unadie '
maniin the specified veloGity (whch could be caused by 3
locked rolor, for example), the desred positon wil continue
10 be increasad, resulting in a very large posibion enor, i s

concition goes undetecied. and e impeding force on Me
motor 3 subsequently reieased. Ne MoOOr cowd reah a
very Nl velocity 1 OFoer ‘0 CaLEN LD t0 1e demred POsLoN
(wrecn 8 S0l acvancng as specrfiec). This concition 8 sam-
Wy deteciac; see commancs LPE! ana LPES,

All rajeciory parameters are 32-0¢ vaues. Pomtion is a
gned qUANTLY. ACCeleranon ang veiocty ae specified as
16-0it, pomtive-oniv nteqers havna 16-0¢ fracsong. The in
lager POrooN Of VEIOCSty SOECNES NOW Many COUNtS pef
sampiing nterval he motr wll raverse, The raco0nal por-
Hon designates an accitional SECHONA) COWY DOr SAMOMNg
interval. Although the position resolution o the LMEZS is
fmvied (0 integer counts, Me FacIonal CoUNts provide in-
€reased average velocity resoiubon, Acceleraton is rested
in he same manner. Eacn samping interval the command-
0d acceieraton value is added 10 the cuteni desved veioo-
ty {0 generate a new deswed velocity (uniess e command
velocity has been reached).

Cne cetermines the trajeciory parametsrs lor a desred
move as iodows. It, for exampie, one has & S500-ine shart
encoder, desires At the MOLSr SCCHErsis 3t ONe revoiyton
per sacond per second untl it is moving 8t 600 rpm, and
then decelerate 10 a stop at 8 postion exacsy 100 revol- «
sons fom the start, one would caiculats he Fajectory pa-
ramelers a8 follows:
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Interrupt Control Commands canuea)
S8PA COMMAND:

Commang Coce: 20 Hex
Caia 2ytes: Four
Cata Range: €0000000 to IFFFFFFF Mex

Executasie Qunng Mouon: Yes

Tits command enadies the user 10 S8t a Hreakpomnt i terms
of aosolute position. Bit 6 of the status byte 13 sat 10 I0gC
hgn wnen (he DreakOomNt POSILON 18 reached. T conalmon
is usetul for sgnanng trajeciory and/or filter parameter up-
dates. The user can also amangs 1o have the LME28 inter-
ot the Nost 10 Igruly that 3 Breakpomnt positon has deen
rescned. Ses the cdescnpuons for commanas MSKI and
RSTL

SBPR COMMAND:

Command Code: 21 Hex
Data Bytes: Four
Data Range: See Text

Executabie Dunng Moton: Yes

Thug command enadies the user 10 set 8 breskpomt in lerms
of relatrve posiion. Ag with commang S3PA, it 8 of the
Stalus Dyte 13 set 0 logrc Nigh when the breakpomt position
{relative 10 the current commanced target posibon) is
reacned. The relative breaxpont input vaiue must be such
that when this vaiue 1 40ded 10 the targe! posilion e resuit
remaing within the aosolute posiion range of the system
(CO000000 1o IFFFFFFF hex). Thus conabon 18 uselul lor
sgnaing trajectory angd/or fiter parameter upcates. The
user Can aiso arange to have the LME28 nterrupt the host
10 sigruly that 3 breakpoint positon nas been reacned. See
the cescnpuons ‘or commancs MSKI and RSTIL.

MSK! COMMAND: MaSX Interrupts

Commang Code: 1C Hex
Daia Bytes: Two
Data Range: See Text

Executadie Qunng Motion: Yes
The MSKI commanad lets the user determine which potental
inlerruot conciton(s) wiil interruot the host. Bits 1 thwougn §
of the status Dyle are inchcalors of the six CoNciboNs wich
are cancidaies {or host interrupt(s). When ntermuoted. the
host then reads the status dyle tO iearn wineh Concidonis)
occurreq. Note that the MSKI command is mmeciatery fok
lowea Dy two dala bytes. Bits 1 througn 8 of the second
(less sigruficant) byte wntten deterrmng the Masxec/un-
masxeo stalus of €3CH potenual Nterupt Any 2€ro(s) in tus
&-til fieid wil magk he comesponaing interrupl(sl any
one(s) enabdle the interrupt(s). Other Dits compasing the wo
bytes havé no etfect. The mask conuois only the host nier-
It Process; reacing the status byts will sul reflect the ac-
sl conaitions ncependent of the mask byte. See Tabie Iil.

TABLE 11l. Mask and Resaet Bit Allocations lor interrupts

8it Position | Punction |
itg 1S thew 7 Not Used
e Sreaxpont Interrupt
s Posinon-Error intermuot
2ie ' Wrag-Around intermupt
3 Ingex-Puise interrupt
82 Trawctory-Compiete interrupt
IR Commana-Error interrupt
Bto Not Used
ASTI COMMAND: ReSeT interrupts

Commana Code: 10 Hex

Data Bytes: Two

Oata Range: See Text

Executanie Cunng Moton: Yes

When one of the potential :ntermudt conabons of Tadie il
occurs, command RSTL is used 10 reset the COMESOONAING
nterupt flag bit n the status byle. The nost may reset one
or gif tlag Sits. Resstung them one at & bmas allows the host
10 serice them One at & bMe ACCOrOMg 10 & pnonty pro-
grammed by the user. As in the MSKI commang, bs 1
through & of the secona (less significant) byte comrespond (o
the sotenuat interrudl conaiions shown in Tadle lil. Also
see cescnouon of RCSTAT command. Any 2ero(s) n this
&-il field reset the comesoonaing interrupl(s), The reman-
ng bits have no effect

Filter Control Commands

The loilowing two LME28 user commands are used or set-
tng ihe denvative-1erm Samoing mierval, for sdjusang the
filter sarameters as requwea 1o fune he system, ana 10 con-
wol the umung of these system cnanges.

LFIL COMMAND: Loaa Filter Parsmeters

Commane Coge: 1€ rex
Data Bvies: Two to Ten
Daia Ranges....
Fiter Control Wera: See Text
Fiter Coetficients: 0000 to 7FFF Hex (Pos Only)
Integravon Limit 0000 to 7FFFF  Hex
(Pos Only)

Executadie Cunng Motion: Yes
The filter 2aramaeters (Coefficients) wrnch are wnitten 10 the
LM828 10 control loop comopensalon are: ko, ki, kd, and 4
(integranon limut). The ntegration limst (il) consvans the
coninputon of the ntegrauon term

n
o3 )
X=0
(see £Q. 1) 10 values egual 10 Or less than a user-aehned
maxmum vaiue: this Ca0ADMly Mrwnzes niegral or resel
“wing-.up” (3n overshooung effect of the miegral achon).
The positive-only mput valus 8 compared 0 the absowle
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Filter Control Commands (contrwea
Mmagmtude of the MEraton tem:; when the magniuge of
integraton term vaiue exceeds i, the  vaiue (mth appropn-
810 2N} i SUDSHIING {0F The WITEGrALON LOM vaiue,

The denvative-term samoiing nterval i8 8is0 programmadie
via (hes command. After wnting the command code, the first
two data Bytes that &re wrtten spectly the denvauve-term
SAMONNG Mterval and wineh of the four filter parameters
is/ae 10 be wntten va any fonihconung cata bytes. The first
byte written & the more sigreficant. Thus the two Gata Dytes
consutute a filter control worr! that informs the LME28 g9 10
;bm?’nwmuumlonwuums.o
able (v,

TABLE (V. Fiiter Control word Bit Allocation

91t Position | Punetion
Bit18 Denvauve Sampling interval Bit 7
Bit 14 Denvauve Sampling interval Bit 6
Bit13 Dernvatve Sampting intervai 81t §
8it12 Dervauve Sampiing intecval Bit 4
Bit 11 Dervatve Sampling Interval Bit 3
8t 10 Denvatve Sampiing Interval 81 2
Bit 9 Denvative Sampling interval Bit 1
Bit 8 Oenvative Sampiing Intarval Bit 0
Bit 7 Net Used
Bt & Not Used
Bit § Not Used
Bit 4 Not Useg
Bit 3 Loading kp Cata
Bit 2 Loading ki Cata
Bt 1 Loacing ka Cata
et 0 | Loacingil Cata

Bits 8 through 15 select the denvative-lerm sampling inter-
val See Tadle V. The user must iocally save ang restore
these its dunng successive wnies of the filter controt word.
Bits 4 through 7 of the filter control word are not used.

Bits 0 to 3 inform the LMEZSS as 10 wnether any or ail of the
fiiter parameters are apout 10 be wntten. Tha user may
choose 10 uOaate any or ad (or none) of the filter parame-
ters. Those crosen lor uocating are soO indicated by loge
one(s) in the corresponcing Bit posiuanis) of the fiiter con-
trol word.

The data dtvies specified by ana mmediately followng the
filter CONIO! worg /s wntten in pawrs (0 comonse 18-tut
woras. The order of senong the dsta woras 1o the LME26
COMESOONas 10 the SescendINg order SowN i e SDOve
descnoton of the filter cONO! word: 1.e., Deginming with ko,
then i, kd and il. The first Dyte of each word (8 the More-3Q-
mficant dyte. Prior to witng 8 worg (byte pax) it 18 neces-
sary 10 chack tha dusy it in the status byte for resaIness.
The requred Gata 8 witien (O the pnmary buffers of & dou-
bie-outierea scheme by the above descnbed operavons: it
is not ransferred to he SeCONaary (wonung) registers unal
the UDF commana is executed. T {act can be used ad-
VanIsgeousty; the yser CAN MEut nUMerous data anead ¢’
ther actus! use. Thus simoie Dipeiine effect can relieve po-
tental oSt computer data CommuNICatons bottienecks.,
*ang (aciitales sRer SYNCAIONZALON Of Muitipie-axs CON.
frois.

v UOF COMMAND: UpQate Filter

Command Coae: 04 Hex

Data Bytes: None

Executadie Dunng Movon: Yes
The UDF command 3 useq 10 upcate the filter parameters,
the soecifics of wruch have been programmed via the LFiL
command. Any or il parameters (denvatve-teem sampling
interval, ko, id, ka, ana/or i) may be changed by the appro-
pnate commanals), but commang UDF must be executed to
atfect the cnange mn filter tumng. Fiiter UPSaLDg & svnehra.
nzed with the CRICUIAUONS 10 SUTINALE GTRUC Of SPUNCUS
benavior.

Trajectory Control Commands

The !ollowing two LMS28 user commands e used ‘or
setung the trajectory CONtrol parameters (posion, velocity,
acceiersion), MOCs of Operaton (positon or veiotity), and
crecuon (veloCity mode onty) as recured 1o descnbe a de-
s¥ea MouON or 10 select the mode of a manually dwected
$100, and 10 coNtrol the tmung of these system changes.
LTRS COMMAND: Losa TRaJectory Parameters

Commana Coas: 1F Hex
Data Bytes: Two to Fourteen
DataRanges ...
Traeciory Conrol Woro: See Text
Posion: C0000000 10 IFFFEFFF Hex
Vewocity: 00000000 to 3FFFFFFF Hex
{Pos Onty)
Acceleraton: 00000000 to IFEFFFFF Mex
(Pos Cnyy)

Executadie Dunng Mobon: Concitionaily, See Text

TABLE V. Dertvative-Term Sampling Interval Selection Codes

Bit Position Seiected Denvative
18 14 13 12 11 10 . ) Sampiing interval
0 (] 0 0 0 0 0 0 341,33 us
0 L] 0 0 0 0 -] 1 682.66 us
0 0 <] 0 0 0 1 [+] 1024.00 us
o ] 0 0 0 0 1 1 136533 us. tc....
thry 1 1 1 1 1 1 1 1 87.381.33 us

NOte: SamONng e s 1hown e wien vieng & 4 0 MHZ Gack. The J41.23 Comeseonos 10 2048/8 NI SO0 NIrYIS Musl DS SCHN0 105 GINGr CIOCK
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