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by Andrew Dennis Barton 

This thesis is concerned with the design, development and comparison of po-
sition controllers for multi-axis manufacturing systems. The main objective 
is to determine a control algorithm that provides accurate and repeatable 
position control over a range of operating conditions. Systems based around 
a chain conveyor and dispenser, and operating in either indexing or synchro-
nising modes have been considered. Due to the nature of their construction 
these systems may not be adequately represented by a linear model. To 
experimentally assess controller performance a 2 axis system has been de-
veloped which consists of a short section of chain conveyor and a dispenser. 
From this experimental apparatus an approximate linear model and a theo-
retical non-linear model have been obtained. These models have been used 
for design and verification of controllers before implementation. 

Proportional, integral and differential (PID), model and knowledge based 
controllers have been developed and their performance compared experimen-
tally. Standard PID can be improved by the addition of a velocity feedfor-
ward term. Further improvement in performance can be obtained by the im-
plementation of model based controllers such as optimal and direct digital. 
Far less favourable comparisons were obtained with lag/lead compensators 
and fuzzy logic controllers. The greatest performance improvement was 
obtained through the use of a sufficient iterative learning controller. This 
algorithm has the dual advantages of only requiring the addition of a single 
tuning parameter to the standard PID system and does not require knowl-
edge of the system dynamics. The controller monitors the error and adapts 
to changes in system dynamics to ensure a sufficiently small tracking error. 
Computational requirements are small enough to allow implementation on 
existing programmable logic controller(PLC) based systems. 
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Chapter 1 

Introduction 

Chain conveyor systems are prevalent in a number of industries, particu-

larly food manufacturing. This highly competitive industry needs to re-

duce manufacturing costs by obtaining greater production rates. However, 

the combination of simple mechanical components and standard three term 

controllers can make accurate position control difficult as the throughput 

is increased. Improvements in production rate by increasing the speed of 

operation are limited as the acceleration of the product quickly becomes 

unacceptable. Further improvements must be obtained by minimising the 

deadtime required to allow the system to settle. This can only be achieved 

by reducing following errors. To obtain this desired improvement in control, 

it is necessary to look at methods beyond that of the traditional three term 

controller. 

The type of conveyor systems found in the food industry are constructed 

from components that contain a number of non-linearities. Generally, mo-

tion is provided by an induction motor which has a non-linear characteristic, 

and encoder feedback produces quantisation of the position signal. Simple 

mechanical components are used which lead to significant Coulomb friction, 

and there is variation in friction and stiffness values as the position of the 

conveyor changes. Analysis of control methods based entirely on simula-

1 



tion may therefore suggest solutions that are not valid experimentally. To 

allow experimental analysis of controller algorithms, a section of a typical 

conveyor and dispenser system has been constructed^!], and linear and non-

linear[2] models obtained for design purposes. Model and knowledge based 

controllers have been developed and compared to the performance obtained 

by using standard three term control. 

Due to operational constraints there is typically no position sensor on 

the conveyor or dispenser. Feedback is only available at the motor shaft, 

placing the conveyor and dispenser outside the control loop. Closing this 

loop, without adding to the sensor requirements, has been considered. The 

conveyor and dispenser form a two axis system that is required to remain 

synchronised. Methods of controlling the relative position of the two axes 

rather than the absolute position of each individual axis have also been 

investigated. 

1.1 Current Manufacturing Technology 

As the level of factory automation increases, the requirement to move prod-

uct swiftly, accurately and reliably around the production site becomes more 

critical. Recent advances in technology have seen the introduction of auto-

matic remote guided vehicles (ARGV's) to move product, but the conveyor 

still dominates in the majority of applications. It's fundamental simplic-

ity, combined with the advances in power electronics and motor design 

make it the ideal material handling solution from automation of warehouse 

storage to bulk handling at coal mines, quarries and power stations. The 

very different applications to which conveyors are suited also exhibit very 

different requirements. Bulk handling applications generally require con-

stant speed operation, capable of moving product immense distances. The 

principal difficulties with these form of conveyors is starting and the safety 

of personnel working near them, especially important in the confines of a 



mine[3, 4]. These systems are frequently based around belt conveyors and 

it has been shown that under certain conditions a loaded belt can exhibit 

chaotic behaviour[5, 6]. 

A wide range of conveyors are used in the manufacturing industry and 

are described as either overhead, above floor or below floor, where the above 

floor type is the most common[7]. These are then divided into three groups 

based on their construction; belt, roller or chain. Each type of conveyor has 

advantages that make it suitable to a particular application. 

Belt conveyors are ideal where a workpiece is to be removed and replaced 

on the conveyor, or where the workpiece is of a complex shape. Usually 

they are quieter than other types and require little maintenance. However, 

as there is only a friction connection between the conveying surface and the 

drive they tend to be restricted to applications where acceleration is limited. 

Roller conveyors consist of a large number of consecutive rollers. To 

work satisfactorily the items placed on the conveyor must have an underside 

that is flat and suSiciently large to extend over a minimum of three rollers, 

otherwise some form of carrying tray is required. If the application requires 

a drop in height then unpowered rollers provide a simple solution. A roller 

conveyor can be powered by using a belt to connect the rollers to a shaft 

placed beneath them. A recent development in roller conveyor technology is 

to construct the roller as a small induction motor. The outside of the roller 

forms the rotor with power fed to the stator via fixed points at the ends. 

Some applications, especially in flexible manufacturing systems, require that 

the products on the conveyor are delayed before reaching the next process. 

Roller conveyors achieve this by slipping or using spring loaded clutches that 

disengage from the drive when the load becomes too high. Queues can be 

created by blocking the progress of one unit causing the rollers under the load 

to slip or disengage. As the conveyor upstream still operates further product 

will be brought up behind the first, thereby creating an accumulator. 



Where the conveyor is required to follow a stop/start profile, then a 

positive connection between the drive and the conveying surface is needed. 

Chain conveyors fulfil this requirement and are used in a number of in-

dustries where either high loads or high accelerations are demanded. Their 

robust construction makes them eminently suitable for systems dealing with 

corrosive chemicals or where hygiene requirements mean regular cleaning. 

Simplicity of construction allows straightforward and inexpensive design of 

conveyors suited to a specific task, and chain manufactures have developed 

a wide range of attachments to expedite this. 

Recent developments have considered the use of plastics in the construc-

tion of the chain and associated components [8]. Sprockets made from nylon 

appear to provide an increase in lifetime over their steel counterparts [9]. 

Plastic components are obviously of interest where there may be concerns 

about chain lubricant contaminating the product. The small amounts of lu-

bricant on most chains makes this concern unnecessary unless there is direct 

contact between the chain and the product. 

The control of conveyors that require a repeatable index can be accom-

plished either electronically or mechanically. Systems based on cams or a 

hydraulic walking beam[10] can offer a solution that achieves an accurate 

and repeatable index at minimal complexity. Cam systems do provide a 

very high speed, accurate index and are used in lightweight, high volume 

systems such as PCB assembly. However, they are susceptible to wear and 

require regular maintenance. Alteration of the indexing profile can only be 

achieved by replacement of the cam. 

Detailed reviews of conveyor types and their selection have been pub-

lished [11, 12, 13]. The simplicity of conveyor construction means that there 

is very little published material in this area with conveyors described as a 

product that any small engineering company is capable of constructing[14]. 

The majority of published material concerning conveyors deals with statis-



tical modelling for determining the most efficient layout of a manufacturing 

plant[15, 16]. The reason for the lack of research into engineering aspects 

of conveyors, particularly control, may be due in part to a lack of invest-

ment in advanced manufacturing technology. UK companies require a pay-

back time of, on average, 2.1 years and easily quantifiable justification for 

investment[17]. A Department of Trade and Industry report[18] criticises 

the food industry in particular for not being more aJert to the opportunities 

presented by advanced technology. Though having a turnover of about £40 

billion per annum, the food industry has a very small level of automatic con-

trol, considerably behind that found in the chemical industry[19]. A recent 

article on a state of the art food production line indicates that the distance 

between product on the conveyor is controlled by an operator using a poten-

tiometer to adjust the speed of the conveyor[20]. This apparent apathy on 

the part of the food industry to encourage research may account for the lack 

of published works relating specifically to food manufacturing applications. 

The type of system studied in this project is a chain conveyor of a type 

frequently found in the food industry. Typically they are constructed from 

very simple mechanical components, the chain and sprocket being based 

on standard roller chain, driven from either a helical gearbox or via a belt 

drive. Originally, motion was provided by a d.c. servo system, but the 

requirement of a high level of hygiene necessitates the use of high pressure 

water or steam hoses in cleaning. A d.c. motor capable of withstanding such 

environmental demands is expensive and requires a long period of downtime 

for maintenance. With the advent of inexpensive power electronics the use of 

induction motors became viable. Position feedback is provided by an optical 

encoder placed on the motor shaft with control provided by the industry 

standard proportional, integral and diSerential (PID) controller also known 

as a three term controller. 

This approach has a number of limitations. The tuning of the controller 



is achieved manually which is unlikely to produce an optimum solution. 

Alteration of system dynamics over time will cause a decrease in performance 

unless the controller is manually re-tuned. These perform adequately but are 

unable to account directly for higher order effects that may be introduced by 

non-linearities. The use of modern drives could be used to overcome some of 

these problems. Flux vector control of induction motors claims to provide 

a performance that is comparable to a d.c. servo system, and the supply 

of inverters based around this philosophy is becoming more widespread. 

Replacement of existing drives with flux vector versions is often undesirable 

due to the expense and re-training involved. 

Feedback for the controller is provided by an encoder mounted on the 

motor shaft. This leaves the mechanical components of the system out-

side the control loop which causes a number of control difficulties. As the 

chain ages, the bushings wear causing the chain to effectively become longer. 

Teeth in the gearbox and the sprockets suffer wear, and drive belts stretch 

introducing backlash into the system. The net effect is to decrease the ac-

curacy of the indexing motion and this can be a reason for not using chain 

conveyors[21]. Currently the effect of open loop disturbances is overcome 

by regular manual resetting or automatic homing of the system once ev-

ery revolution of the conveyor. Both methods are undesirable as while the 

conveyor is being homed, production is delayed and throughput decreased. 

Automatic compensation for position disturbances, commonly referred to 

as drift, would increase the production efficiency of the system but must be 

achieved without adding significantly to the sensing requirement. Any sens-

ing must be non-invasive and impervious to contamination by environmental 

factors such as water, steam or electromagnetic interference. It should also 

not require long runs of expensive multi-core screened cable. An encoder 

placed on a mechanical output shaft is unacceptable for cabling reasons and 

the difficulty in achieving accurate mounting. A system based on optics is 



also unacceptable as it may easily become obscured by spilt product. 

1.2 Research Objectives 

The objective of this research is to address some of these problems to pro-

duce an improvement in the performance of the system. Performance is 

measured in industry by the number of units completed per hour. Improve-

ment could be achieved by increasing the speed of operation, however this 

is limited by acceleration. Accelerations that are too rapid make it difficult 

to maintain the position of the product on the conveyor, though slight in-

creases in speed are possible if position accuracy is not degraded. To obtain 

the most significant increase in throughput, the accuracy of the position 

trajectory following should be improved. Currently it is necessary to intro-

duce a time delay to allow the conveyor to settle. For example, if the time 

taken to dispense the product is 0.3s, a delay of 0.1s may be added before 

starting dispensing to ensure that the system is in the correct position. If 

the accuracy with which the conveyor followed the demand profile was im-

proved then this delay time could be reduced. For each individual unit the 

reduction may only be a fraction of a second, but over the course of a 15 

hour day this would accumulate to a significant number of additional units 

completed. The control problem is therefore one of accurate position track-

ing with the current solution, PID, relying on technology that is in effect 

60 years old. The application of modern control techniques to the problem 

may produce a performance improvement. 

To be able to determine the performance of any new controller it is first 

necessary to determine the performance of the PID system. This requires 

construction of a multi-axis test facility which consists of a short section 

of chain conveyor with a dispenser above driven through belt drives by 

induction motors. Control of both axes is achieved by a single PC equipped 

with suitable I /O devices. The construction is described in Chapter 2. 



To allow the design of more advanced controllers the experimental appa-

ratus has been used to develop two separate models as described in Chapter 

3. An experimentally obtained linear model allows the design of controllers 

using standard control techniques, but does not account for non-linearities 

in the system. Controllers are therefore verified with a theoretically derived 

model which includes non-linearities before implementation on the experi-

mental apparatus. 

In Chapter 4, the standard PID controller is implemented and tuned. A 

measure of it's performance is obtained. A number of improvements that 

are based around the PID controller are developed and investigated. 

The design of model based controllers is investigated in Chapter 5, specif-

ically direct digital and optimal control. Fuzzy and iterative learning con-

trollers[22], considered to be knowledge based controllers, are described in 

Chapter 6. 

The conveyor and dispenser are efiiectively open loop and as such their 

position will tend to drift away from that of the motor. Chapter 7 considers 

a method of overcoming this difiiculty by only using existing low resolution 

homing sensors. Methods of controlling the relative position of the conveyor 

and dispenser to ensure synchronisation[23] are also investigated here. 

Conclusions, Further Work and the most suitable method of control for 

chain conveyor systems are presented in Chapter 8. 



Chapter 2 

Experimental Apparatus 

2.1 Introduction 

The experimental apparatus is representative of manufacturing systems fre-

quently found in the food industry. It consists of a short section of chain 

conveyor operating in conjunction with a product dispenser. Such systems 

are designed to have two modes of operation, either indexing or synchronis-

ing. In indexing, the conveyor positions items placed upon it consecutively 

under the product dispenser in a stop/start motion. Product is only dis-

pensed while the conveyor is stationary. Synchronising requires the conveyor 

to move at constant velocity with the dispenser accelerating to match, prod-

uct being dispensed when the velocities are synchronised. The dispenser 

then rapidly returns to the origin in readiness for the next unit. Figure 2.1 

shows the components of both synchronising and indexing demand profiles, 

both consisting of positioning and dispensing sections. In both operating 

modes the requirement is for accurate position control, especially during 

the dispensing time. Typical specifications are for ± lmm which equates to 

approximately ±0.05rad at the motor shaft with a dispensing time of 0.4s. 

Each axis of the apparatus is constructed from the same basic compo-

nents (Figure 2.2). An IBM PC is linked to an a.c. variable voltage, variable 
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Figure 2.1: Indexing and synchronising demand profiles 

frequency drive (VVVF) controlling induction motors with optical encoders 

to provide position feedback. The mechanical components of each axis are 

then driven through a belt drive. 
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Figure 2.2: System overview 

2.2 Electrical Systems 

Figure 2.3 shows a schematic of the electrical connections in the system. 

The inverters provide three phase pulse width modulated (PWM) power to 
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the motors, with a constant voltage to frequency ratio. This has the effect 

of linearising the torque/speed characteristic of the induction motor. The 

inverters employed do not accept a bipolar demand signal, the analogue 

demand is therefore unipolar. Direction control is achieved by connecting 

the direction input of the inverter to a line on the PC's parallel port. 

o o 

Parallel 
Port 

OOO 
Expansion 

Card 

3 Phase PMW VVVF Supply 

Encoder Feedback 

Digital Enabling Signal via Relays 

Digital Direction Signal 

0-1OV Analgoue Speed Signal 

Figure 2.3: Experimental apparatus schematic 

Interfacing between software and hardware is performed by a commer-

cial ISA expansion card. This provides two ±10V, 14 bit analogue outputs, 

two opto-isolated digital outputs for axes enabling and two 32 bit counters 

for encoder input. The encoder counters utilise edge triggering, therefore 

producing a fourfold increase in resolution. To minimise any effect of elec-

tromagnetic interference, all signal cabling employs screened and braided 

cable with the screen connected to OV and earth at the PC's case. 
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2.3 Conveyor Axis 

The conveyor (Figure 2.4) is constructed from two parallel lengths of steel 

roller chain with the conveying surface formed from aluminium plates at-

tached to cross pieces at regular intervals. Power is provided by a delta 

connected squirrel cage induction motor driving through a 5:2 reduction 

timing belt drive. Additional bracing of the belt drive shafts minimise the 

nonlinear effects caused by variations in the drive pulley centre distances [24]. 

Position feedback is provided by a 500 pulse per revolution (PPR) incremen-

tal quadrature encoder with differential outputs fitted directly to the motor 

shaft. 

/̂ pmx3m 

PTFE Strip 300mm 

Sprocket 

Chain Guide 
Wheels 

t Drive 
Sprocket 

200mm 

PTFE 
Strip 

Support 
Rods 

Chains 

Trays 

Section Thro i^h A' 

Figure 2.4: Conveyor axis schematic 

A chain is in effect a finite length linkage. As it moves around the 

sprocket, periodic fluctuations in the chain forces are created. Dynamics due 

to this effect, known as polygonal action have been minimised by suitable 

selection of the drive sprocket[25, 26]. 
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2.4 Dispenser Axis 

The dispenser consists of a welded carriage running above the conveyor, 

guidance being provided by aluminium runners (Figure 2.5). The carriage 

is connected to a timing belt loop driven from one end by a motor/belt drive 

system similar to that of the conveyor. Sprung rollers at the carriage corners 

bear on the edges of the runners and maintain the carriage alignment when 

in motion. 

Sprung Belt -
Tensioner 

q: 

Guidance-
Runner 

"Side Thrust 
Bearing 

Carriage Frame 

380mm 

40mm 

Section tinrough Dispenser 

Figure 2.5: Dispenser axis schematic 

2.5 Software 

Control software is implemented on a lOOMHz Pentium PC running DOS 

6.2. A simple menu driven interface allows limited operator run-time con-

figuration of the system. The software has been partitioned such that im-

plementation of most controllers requires replacement of a single file. 

Controllers have been implemented as interrupt service routines (ISR), 

the interrupt being generated from a programmable interrupt controller on 
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the I /O card. Step response data for the motor indicates a time constant 

of approximately 0.05s. It is generally accepted that the sample frequency 

should be between 5 and 20 times the time constant suggesting a sample fre-

quency of only 400Hz[27]. In practice the power of modern microprocessors 

allows significantly higher sample frequencies to be employed, with commer-

cial systems typically operating around IkHz. As the sample frequency is 

increased then the demand profile will become smoother and approximate 

more to a continuous function. Selection of a sample frequency of 2.5kHz 

balances the requirement for a high sample frequency for good control and 

avoidance of aliasing while not introducing an excessive computational work-

load. 

2.5.1 D e m a n d Generat ion 

Demands can be calculated in their entirety before initiation of the con-

troller, and stored in a lookup table. A more memory efficient method is 

to determine the required demand at each sample instant. Multiplications 

should be avoided to ensure the maximum amount of time in each sample 

period for controller execution and housekeeping . If the measurement units 

are defined in terms of encoder counts and sample periods, then it is possible 

to generate the position demand at each sample instant by successive sum-

mations. To achieve this, values of accelerations, velocities, positions and 

times of key points in the demand profile are calculated prior to initiation 

of the controller and stored in a 2 dimensional array (Figure 2.6). At each 

sample instant the required value of acceleration is added to the previous 

velocity demand, which in turn is added to the previous position demand. 

In this way position and velocity demand information can be obtained with 

the minimum of computational overhead. To ensure no drift of the demand 

signal due to rounding errors, at the penultimate sample instant, the algo-

rithm determines the velocity that must be returned to ensure that the total 
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position demand is equal to the final desired position per unit. 

Speed 

n, n. "3 "4 

0 1 2 3 

Demand So 0 0 s, 
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Figure 2.6: Typical indexing demand and calculation array 

2.6 Analysis of Errors 

The apparatus has been constructed to represent the type of system found 

in industry and this has required the use of simple mechanical components. 

The properties of the belts and chain will vary as the conditions around 

the apparatus alter. Over time the chain will stretch further altering the 

tension. This produces a system where it is difiicult to accurately repeat 

experiments. However, over the duration of a single experiment, variation of 

system parameters will not introduce significant errors. Such errors that do 

occur are due to disturbances in the system. To determine the form of these 

errors the conveyor was operated at 50 Units per Minute (UPM) with the 

PID controller presented in Chapter 4. The position error at the completion 

of each unit was recorded and analysis shows that the error distribution ap-

proximates to a normal distribution (Figure 2.7). For a normal distribution 

the error in a single measurement is[28]: 

X X ± (2.1) 
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where n is the number of tests and a is the standard deviation. For the ma-

jority of experiments conducted, the mean square error has been calculated 

based on twenty measurements. An approximation for the error can then 

be found by taking the square root of the mean square value and dividing 

by VM. 
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Figure 2.7: Measured error and normal distributions 

2.7 Summary 

The design of the system allows implementation and testing of various con-

trollers to be undertaken. The two axes can be operated as a single unit 

or individually. Under the individual mode of operation a spare encoder 

counter is available for additional feedback or measurement. The design of 

the system also allows the recording of time, demand and feedback data for 

subsequent analysis. 
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Chapter 3 

System Modelling 

3.1 Introduction 

Modelling of the system has been undertaken using two separate approaches, 

each leading to a different expression. The first method required a theoret-

ical analysis of the individual system components, and produced a separate 

expression for each element. Each expression was then verified against step 

response data. The individual models were then combined, resulting in a 

time-based model of the complete system. Concurrently, a second represen-

tation was constructed by fitting a linear model to experimentally obtained 

frequency response data. Both models are necessary due to the use of a 

discrete time simulator. This introduces errors into the frequency response 

of the theoretical model, while the step response of the frequency based 

model does not account for system non-linearities. Controllers have been 

designed with the linear model and then validated against the theoretical 

model before experimental implementation. 

Realisation of both models has been performed in a commercial, hier-

archical, graphical dynamic simulation software package. Models are con-

structed from a number of simple components and then grouped into a single 

element. Dynamic models of the plant are then readily embedded into con-
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trol system models for design and analysis. 

3.2 Time Based Model 

3.2.1 Overall Model Construction 

The components of each axis have been identified as the I /O card, in-

verter, induction motor, encoder, drive belt and associated pulleys, and 

the conveyor and dispenser. Each of the identified components forms a self-

contained model. Non-linear friction is inherent in a number of components 

and it was considered appropriate to also represent it as a separate model. 

Though each sub-system has been represented as an individual block, each 

is closely dependent on both proceeding and succeeding blocks (Figure 3.1). 

Counts 
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Torque 
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Figure 3.1: Time based model overview 

3.2.2 Coulomb Friction 

Friction can be described as consisting of three components[29, 30], a static 

friction component that only exists at zero speed, a constant torque com-

ponent, referred to as Coulomb friction, and linear viscous friction (Figure 

3.2). All three components are present in the experimental apparatus, with 
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Coulomb friction being dominant at normal operating speeds. 

Force 

Static Viscous 

Coulomb 

Speed 

Figure 3.2: Components in a frictional torque 

The static friction opposes the accelerating torque up to a set level, 

estimated to be a factor of 1.1 that of Coulomb friction. When the velocity 

is greater than zero, the non-linear friction component falls to the level of 

Coulomb friction, thereafter remaining constant until the velocity returns 

to zero. The effect is described by: 

rp J 2̂ 0CC • i = 0; Tjilf < l.VTcol ("Q i \ 
: % > 0 (3 ) 

where is the non-linear frictional torque, T ôi is the Coulomb torque 

value and T ĉc is the accelerating torque. 

Figure 3.3 shows the experimentally measured torque/speed characteris-

tics from which it can be seen that the points in the dispenser characteristic 

are more scattered than for the conveyor. Due to the limited operational 

length of the dispenser measurements must be recorded rapidly whereas the 

conveyor can be operated for a considerable period of time allowing tran-

sients to decay and more time for recording readings. Estimates for the 

Coulomb and viscous friction values can be made from the y-axis intercept 

and the gradient respectively. 

3.2.3 I /O Card 

The input to the I/O card is a digital value representing the desired ana-

logue output in millivolts. Measurement of the output voltage has shown 

19 



Conveyor 
T=0.0066o>f0.4687 

0.65 - r 

Dispenser 
T=0,0046(iin-0.3329 

20 40 
Speed (rads') 

60 

Figure 3.3: Friction characteristics for the experimental apparatus 

an additional attenuation gives an overall gain of 0.98 x 10"^. Quantisation 

caused by the digital to analogue conversion is also included. 

3.2.4 Induct ion Motor 

It is possible to represent a three phase induction motor directly using a 

phase variable model[31, 32]. However it is more common to represent a.c. 

motors using a two axis, d.q. approach[33, 34, 35, 36, 37, 38, 39, 40]. If the 

assumptions inherent in the d.q. method are acceptable then this provides a 

solution that requires less computational effort than other methods[41]. It 

is possible to compensate if the d.q. assumptions are unacceptable though 

this increases the complexity[42]. 

The equations for a two axis, d.q. representation of an N pole motor are: 

Vds ' Rg 4" Lgp 0 Mgj-p 0 ' ids ' 
Vgs 0 Rg + Lgp 0 Mgj-p iqs 
'^dr Mgj-p NuJrMgr R^ ~f" LfP NUrMgr idr 
Vgr _ —NcUrM^sr MgrP —NuJrMgr Ryf ^rP . iqr . 

(3.2) 

Tr = JmotP^r "t" ^mot^r ~ ^^sriids^dr ~ (3.3) 

where jRg, Rr and Lg, Lj. are the stator/rotor resistance/self inductance, Mgr 

is the mutual inductance, Wr is the rotor mechanical angular velocity and p 
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is the differential operator. Parameter values were obtained by no-load and 

locked rotor tests. To allow simulation Equation 3.2 is expanded and pi^r 

eliminated from the first equation and piqr eliminated from the second. The 

equations are then solved at each time step for the motor currents. 

The motor model has been verified against torque/speed and speed step 

response data (Figure 3.4). The motor was assumed to be fed from a fixed 

voltage and frequency supply on an infinite busbar. 
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Figure 3.4: Characteristics of the induction motor on fixed supply 

3.2.5 Inverter Mode l 

For an inverter using sinusoidal pulse width modulation (SPWM) all har-

monics less than 2h — I are eliminated[43], where h is the number of pulses 

per half cycle such that: 

" = 4 
if fc and /„ are the carrier and output frequencies. For the inverters in 

the experimental apparatus the PWM switching frequency is 2.9kHz which 

implies that all harmonics below 1.45kHz are eliminated for a IHz output 

frequency. The electrical circuit of the induction motor can be considered 

to be a low pass filter with a bandwidth of a few tens of hertz[44], implying 

that the inverter can be represented as an ideal variable frequency, variable 
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amplitude sinusoid such that: 

Vo{t) = V2VrmsCtSm{Pt) (3.5) 

where j3 is the demanded output frequency in rads ^ and a is an amplitude 

scalar to give the correct V/f characteristic. 
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Figure 3.5: Overview of the inverter model 

The inverter model consists of a control section to determine the required 

voltage and frequency, and an inverter to generate the VVVF waveform 

based on Equation 3.5 (Figure 3.5). The resistance and capacitance of the 

d.c. link are approximated as a low pass filter on the voltage demand signal. 

Load current is used to determine inverter losses which are then subtracted 

from the phase voltages. 

Frequency 
Demand 

Speed 
Demand 

Voltage 
Demand 

Slew 
Rate 

Speed 
Ramp 

Frequency 
to Voltage 

First 
Order Hold 

Saturation 
and 

Deadzone 

Demand 
Voltage to 
Frequency 

Figure 3.6: Block diagram of the inverter control block 

Implementation of the inverter control block (Figure 3.6) is based upon 

information supplied by the manufacturer. Demand voltage to frequency 

and frequency to RMS voltage characteristics have been determined exper-

imentally (Figure 3.7). 

Figure 3.8 shows the experimental and theoretical step responses for the 

drive. Experimentally, a full speed step produces slightly underdamped os-
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Figure 3.7: Frequency and voltage characteristics for the inverter 

dilation compared to the theoretical simulation which exhibits considerable 

oscillation. The coupling of the motor to the conveyor/dispenser introduces 

a gear ratio that only reduces the motor speed by a factor of 2. Therefore, 

the drive will not be required to operate at high speeds and the proposed 

model is adequate for simulating the time response of the system. 
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Figure 3.8: Step response of the induction motor on inverter supply 

3.2.6 Bel t Mode l 

The belt model consists of a spring/mass/damper representation (Figure 

3.9). Damping could be included in parallel with each spring element[24, 

45], but this is negligible in comparison with other damping elements in 

the system. The input pulley contains inertia's and linear and non-linear 
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damping for both the motor and the input pulley. 

Figure 3.9: Belt model implementation 

The equations for the linear model based on the above assumptions are: 

0ib 
— Bm. 2ri/,r2/,fcfc 0 0ib lb J16 Jib 0 

02b 2TnT2hkh 0 0 J2b 0 J2b 0 
x{t) + i 0 

0 u{t) (3.6) 

y{t) = 62b, 02b, 02b, Jlb01b, Ti, 0ib 

where: 

xit) = 

0lb 
01b 
02b 
02b 

; u{t) = 
Ti 

(3.73 

(3.8) 

where Tg is the motor electrical torque and Ti is the load torque from the 

mechanical system. The total load torque, Tib = Ti + Jih0ib, is an output 

from the belt model and is subtracted from the motor electrical torque to 

obtain the accelerating torque. 

3.2.7 Conveyor Mode l 

It is possible to analyse in detail the forces in chains in power transmission 

systems[26, 46, 47, 48, 49, 50], but these do not directly provide an indication 

of the motion of the chain along it's length. An analysis of the motion can 

be obtained by representing each link as a spring/mass system[51], but the 
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complexity of such a representation prevents simulation in a reasonable time. 

To reduce complexity, the chain and conveying surface have been combined 

and represented as two spring/mass/damper models of equal length (Figure 

3.10). Additional inertia and damping terms represent the sprockets. Input 

to the system is the motion of the output belt pulley, with load torque 

forming the output. 

X, 
k B,„C, 

Figure 3.10: Conveyor model implementation 

The conveyor model equations are: 

where: 

Xlc 
—2kf. 
Mic 

S\r. 
Ml, Mic 0 0 0 

02c Trkr 0 -r^2kc — Brr. 0 02c Jc 0 Jc Jc Jc 0 

X2c . 
0 0 Trkr 

Mic 0 —2kc 
Mic 

—Bic 
M2c 

x{t) + 

Tckc 
Mic 
0 

- Mac 

Ti = Jchc + BrcOic + 2rlkc9ic - rckdxic + X2c) 

x{t) = 

Zlc 
Xlc 

02c 
Olc 
X2c 

X2c 

; u{t) = [01c] 

3.2.8 Dispenser Mode l 

u{t) 

(3.9) 

(3.10) 

(3.11) 

The dispenser model assumes that the belt can be represented by a linear 

massless spring. As a belt under compression exhibits negligible force, it is 
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possible to incorporate both drive and return sides of the belt in a single 

spring, two springs being used in the model to represent the belt either side 

of the trolley (Figure 3.11). The linear equations for such a system are given 

by: 

Xld Md Md Md 
^2d 

L Jd 0 Jd 

Ti = Jd^id ^rd^ld 

0 

Jd 

x{t) + 
''"dkdif 

Ma 
0 

where: 

x{t) 

xid 
Xld 
&2d 

. ^2d . 

; u{t) [Old] 

u{t) (3.12) 

(3.13) 

(3.14) 

B. 

kdis 

Jd / r. 

Figure 3.11: Dispenser model implementation 

3.2.9 Mode l Validation 

Validation of the time based model has been achieved by comparison with 

experimentally obtained step response (Figure 3.12). Model parameters have 

been obtained experimentally and from manufactures data (Appendix A). 

Some tuning was undertaken until a response to within 5% was obtained. 

From Figure 3.12 it can be seen that the model and experimental are not in 

perfect agreement. It would be possible to further improve the performance 

of the model by introducing nonlinearities such as nonlinear springing into 

the mechanical models and accurate modelling of the PWM generation in 

the inverter. However, the increase in complexity and computational time 
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that would be required for these outweigh the benefits that may be obtained 

in terms of improved accuracy. Further development may be required if the 

model proves to be inadequate in the controller design process. 
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Figure 3.12: Conveyor and dispenser axes step response 

3.3 Frequency Response Models 

Frequency response analysis provides linear models and information on ef-

fects that are not readily apparent from time response methods, such as pure 

time delays. For the purposes of experimentation the system excitation is a 

sinusoidal voltage, with speed at the relevant shaft as the output. 

3.3.1 Induct ion Motor and Drive Frequency Response 

The frequency response of the drive system with a sinusoidal excitation of 

IV amplitude and 5V d.c. offset is linear to around 30Hz. Above this, the 

motor shaft frequency falls as the demand frequency increases suggesting 

a sampler at around 60Hz on the inverter input (Figure 3.13). A sampler 

placed on the input of the theoretical model produces excessive oscillation 

of the motor shaft. Repositioning the sampler on the frequency demand 

output from the inverter control block restores a satisfactory step response. 
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Figure 3.13: Variation of motor shaft frequency with demand frequency 

Increasing the excitation amplitude introduces a frequency quenching 

effect into the response (Figure 3.13) particularly noticeable around 30Hz. 

To generate sinusoidal motion at the motor shaft the output of the inverter 

is required to be both a frequency modulated (FM) and an amplitude mod-

ulated (AM) signal. For an ideal VVVF inverter the output signal will have 

the form: 

v{t) = ax{t) sm{Px{t)t) (3.15) 

where x{t) = sin(wf) is the inverter input and a and jd are constants to 

provide the correct relationship between input voltage, output voltage and 

output frequency. Figure 3.14 shows the voltage spectrum for a sinusoidal 

input with amplitude 4V and frequency 30Hz, with a d.c. offset of 5V. A 

demand of lOV corresponds to full speed at 50Hz, the 5V offset therefore 

demands half speed which produces the component at 25Hz. The main peaks 

in the spectrum are separated by a frequency equal to that of the demand 

frequency. If the inverter is incapable of producing the higher frequencies, or 

producing a demand with the correct frequency spectrum, then the output 

will not be as required. If attenuation was the only effect then the output for 

4V peak demand would be expected to be a sinusoid of the correct frequency 

and speed offset but of reduced amplitude. Instead the frequency at 25Hz 

is found to dominate causing the output to be at a constant speed. As the 
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demand amplitude is increased, the magnitude of the frequency components 

other than the offset increase and the inverter becomes less able to create 

the full range of required frequencies. 
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JL 
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Figure 3.14: Ideal VVVF inverter voltage spectrum 

3.3.2 Frequency Response of Mechanical Sub-Systems 

A d.c. servo has been used to excite the mechanical components of each axis. 

By recording the speed of the motor and output shafts and subtracting the 

two frequency responses obtained, the frequency response of the mechanical 

components was derived. 

Conveyor Frequency Response 

To observe the effect of non-linear friction on the frequency response of the 

conveyor, the experiment was performed twice. First with zero d.c. offset in 

the input excitation and then again with sufficient d.c. offset to ensure that 

the conveyor velocity never fell to zero. As expected, the results indicate 

that when the velocity does not pass through zero the system exhibits less 

damping (Figure 3.15). The transfer function obtained from both sets of 
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experiments are: 

Gconi^) — 
20.3(s + 200)e - 3 . 4 x l 0 - ® s 

^con{offset) (^) 

s2 + lOOs + 1002 

46(s + 170)e-3-6xio-3s 

(3.16) 

(3.17) 
+ 84s + 1402 

The pure time delay apparent from the frequency response is caused by gaps 

in the chain links. As the system is excited the chain links start moving 

consecutively, creating a time delay between input and output shafts. 

3.3.3 Dispenser Frequency Response 

As for the conveyor, a time delay was observed from the frequency response 

for the dispenser. The dispenser is also represented by a second order model: 

1 2 6 X 1 0 ^6-2^^°"®® 

Gdisi^) — s2 + 440s + 5502 
(3.18) 
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Figure 3.15: Conveyor and dispenser frequency responses 

3.3.4 Linear Model 

For controller design purposes a linear model of the complete system is re-

quired. This has been achieved by using the PC as a signal generator and 
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determining the frequency response of the complete system up to 30Hz (Fig-

ure 3.16). For the conveyor, a fourth order model was obtained (Equation 

3.19) with a third order approximation being seen to be sufficient for the 

dispenser (Equation 3.20). 

615.06 X IpG 
conveycyr{s) - + 54s + 180^) 

6.47 X 106 

dispenser{S) 35)(^2 + 99a + 110%) 
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(3.20) 
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Figure 3.16: Complete frequency responses for both axes 

When the step response of the linear models was compared with exper-

imental data (Figure 3.17), the steady state gain was found to be incorrect 

and the response excessively fast. If the delay in the measured response was 

due to a pure time delay of the magnitude indicated in the step response, 

then the phase lag would rapidly increase as the frequency rose, while the 

gain would not be effected. As the experimental and model low frequency 

phase characteristics are in good agreement, a pure time delay does not 

explain the discrepancy. A discontinuous non-linearity such as a deadzone 
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Figure 3.17: Linear and nonlinear step responses 

would cause the observed steady state effect, but not the delay. Discon-

tinuous non-linearities are difficult to analyse in the transient state. The 

most common method of evaluation is describing functions, using a method 

based on Fourier analysis. Tables of describing functions[29, 52] present a 

deadzone as: 

0 : Em < Ed 12 

: E m > E d l 2 
= < 2K 

2£/m 
Ed 

lErj 

(3.21) 

where E^, is the magnitude of the input and the deadzone has the form of 

Figure 3.18. As can be seen from Equation 3.21 the deadzone does not effect 

the phase of the system, and is in effect, a gain whose value is dependent on 

the input. 

Output 

Slope k 

Input 

Figure 3.18: Deadzone characteristic 

Though the deadzone may account for the gain error, it does not account 
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for the delay, which is caused by the combination of the deadzone with a 

slew rate limit. The effect of adding a slew rate limit and a deadzone to the 

input of the linear model can be seen in Figure 3.17, where the step response 

of what is now a nonlinear model approximates more closely to that of the 

experimental. 

The physical existence of the non-linearities has been confirmed in pre-

viously described models, both occurring within the inverter. The slew rate 

is a user adjustable parameter, while the deadzone can be seen in the de-

mand/voltage characteristic (Figure 3.7), where an input voltage is required 

to reach a threshold of 0.12V before obtaining a frequency output. 

This analysis therefore provides three linear models, a model with ac-

curate frequency response and a simple nonlinear model with accurate step 

response. The third model is acquired if the steady state gain of the linear 

model is reduced such that the model and experimental steady state gains 

have the same value. 

3.4 Summary 

A theoretical model of the system has been obtained and verified against 

step response data. This model suffers from a poor frequency response and 

excessive computational overheads making design of controllers difficult. To 

overcome this, linear models have been developed, the most important being 

that with a correct frequency response. This has a short simulation time 

and is therefore well suited to use in design. Once controllers have been 

designed they can be verified with the theoretical model before practical 

implementation. 
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Chapter 4 

PID Based Control 

4.1 Introduction 

For the last 50 years the control method of choice for many industrial appli-

cation has been proportional, integral and differential (PID) control. There 

are a number of reasons for this longevity. Firstly, it is extremely simple 

to implement in both continuous and discrete time. Secondly, selection of 

the gain values can be achieved by a trial and error approach, and there 

are several preferred methods of tuning the controllers. Research has been 

ongoing for the past fifty years to derive methods of accurately tuning PID 

controllers with the most well known being that derived empirically by Zei-

gler and Nichols[53]. Recent trends have been towards online automatic 

tuning[54, 55, 56, 57], though these seem to be mainly concerned with reg-

ulators rather than tracking controllers. 

4.2 Performance Index 

In order to be able to compare the performance of practical controllers, it 

has been necessary to define a series of experiments and evaluate the results 

using a performance index. For all controller experiments, each axis was 
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started from the same point and continuously run for 40 units, the position 

of the last 20 units being recorded at lOOHz and averaged. Each test was 

analysed to provide a measure of the mean square error (MSE) for the entire 

profile, MSE during the dispensing time (MSE(Z)t)) and the settling time. 

Settling time is measured from the start of the dispensing time to the point 

where the system reaches and maintains the position specification. 

To obtain a measure of the performance of the controller, each measured 

parameter is averaged across a range of unit rates, 30-60UPM. The values 

for the three average parameters are then combined using a cost function 

to obtain a single value indicating overall controller performance. The cost 

function, J , is defined as: 

J = aiel + a2Tst + 0136^ (4.1) 

where ef, Tst and are the MSE for the total profile, the MSE during 

the dispensing time and the settling time respectively. The weights, a i , 012 

and 013 are 1, 2 and 3 respectively, though the MSE during the dispensing 

time had previously been multiplied by 1000 to bring it to the same order of 

magnitude as the other variables. It is considered essential for the controller 

to bring the system to within specification during the dispensing time, hence 

the highest weighting. A short settling time is also highly desirable, while 

the accuracy over the entire profile is more a consequence of good results 

for the previous two measures. Values for the weighting parameters that 

are greater then those indicated tended place too much emphasis on a single 

parameter, swamping the effect of other parameters. Smaller weighting did 

not adequately emphasise those parameters that are considered important. 

Results obtained were normalised such that the results for the PID controller 

were 1. 
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4.3 Classical PID Control 

The general form of the PID controller is: 

J . 

(4 2) 
— Up "h Ui ~l~ 

Converting to the z-domain and expanding provides the controller positional 

algorithm[27]: 

Up{i) = K p e { i ) 

Ui{i) = U i { i - 1 ) + ^ ^ [ e { i ) + e { i - l ) ] ( 4 . 3 ) 

Udii) = [e{i) - e{i - 1 ) ] 

where Kp, Ki and are the proportional, integral and derivative gains and 

Ts,Ti, and are the sampling, integral and derivative times. 

For the proportional and integral sections of the controller, the sample 

frequency is 2.5kHz, but this has been reduced to 500Hz for the differential. 

At high sample frequencies the position feedback signal may not change from 

one sample to the next, giving a derivative action that is often zero. This 

effect is minimised by reducing the differential sampling time. Frequency 

response analysis of the linear model indicates that the slower differential 

term has a slightly higher low frequency gain and smaller bandwidth. While 

the bandwidth is still sufficient for the demand profile, the increase in low 

frequency gain may improve the steady state response. Simulation with 

the full model provides a performance index of 1 and 3.9 for the 500Hz 

and 2.5kHz differential systems respectively. The degradation is caused by 

considerable overshoot of the conveyor suggesting that the 2.5kHz system is 

less damped than the 500Hz version. 

4.3.1 P I D Controller Tuning 

To ensure that the controller is adequately tuned, the Zeigler-Nichols closed 

loop tuning algorithm has been employed [53]. This method entails operating 

the system with proportional control only and increasing the gain until the 
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output exhibits constant amplitude oscillations. The gain and period at this 

point are used to determine the PID controller gains. If: 

K j = ^ and Kd = ^ (4.4) 

then from Zeigler-Nichols the gain equations are: 

kp = 0.6Ku; jCf = (4.5) 

where Ku and are the Ultimate Gain and Ultimate Period. 

Gain values obtained in this manner produced a response that was not 

satisfactory. When indexing the conveyor failed to remain stationary during 

the dispensing time but dithered as the integral value ramped back and 

forth through the inverter deadzone. Reduction of the integral gain brought 

the conveyor to rest, but the steady state error increased with each unit 

due to integral windup. It is therefore necessary to reset the integral sum 

upon completion of each unit. However, under synchronisation, the original 

integral gain allows the conveyor to reach and maintain the desired position 

rapidly and accurately. 

Gain values for the dispenser axis suggested by Zeigler-Nichols tuning 

were found to be satisfactory. However, the value of K j was reduced at 

unit rates in excess of 50UPM to maintain a satisfactory response. So doing 

reduced the gain between 10 and SOrads"^ and increased the gain margin 

hence improving stability. Gain values for all controllers are reproduced in 

Appendix B. Numerical results for the performance of each controller are 

presented in Appendix C. 

4.3.2 P I D Resul t s 

The mean square error for the conveyor output shaft fluctuates more than 

the same measurement at the motor shaft (Figure 4.1). As position feedback 

is only available from the motor shaft, the conveyor is effectively operated 
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in open loop. Though the performance of the system mider PID control 

is adequate, there is a definite decrease in performance as the unit rate is 

increased with the MSE during the dispensing time increasing by a factor 

of 30. The settling time also increases from below 0.01s to above 0.03s. 

The settling time at 30UPM indicates that the conveyor never achieves 

the position specification of 53mrad at the motor shaft. The conveyor stops 

with a position error of 70mrad, while the motor stops at lOmrad. Therefore 

the motor is well within specification while the conveyor is considerably 

outside, and this is again a consequence of the conveyor being open loop. 
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Figure 4.1: Conveyor results under PID control 

The dispenser performs far less satisfactorily (Figure 4.2) than the con-

veyor, though due to the dispenser operating with a nett position demand 

of 0, the discrepancy between values recorded at the motor and dispenser 

shaft is reduced. The dispenser performance degrades much more notice-

ably with unit rate than the conveyor, as indicated by the increase in all 

measured variables above 50UPM . By 56UPM the settling time indicates 
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that the dispenser never obtains the performance specification during the 

dispensing time. Satisfactory performance would appear to be limited to 

less than 54UPM, though below this the settling time is on average 0.08s, 

so a value of 0. Is, or 25% of the dispensing time, would be the minimum to 

ensure correct product dispensing. 
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Figure 4.2: Dispenser results under PID control 

For the conveyor synchronising, the motor MSE during the dispensing 

time worst case value, across all unit rates tested, is 1.7 x 10"^. This is 

equivalent to a position error of lOmrad, implying that the conveyor is within 

specification for all unit rates. For tracking a ramp, the PID controller 

performs well, reducing the error to a minimum quickly and remaining well 

within limits at all times and for all unit rates. 
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4.4 Lag/Lead Compensation 

The PID controller is a general version of the lag/lead network[27, 58] which 

has a superior phase response compared to the PID controller. The phase 

for the lag/lead network commences at 0^ at zero frequency and returns to 

0*̂  as the frequency increases (Figure 4.3). A PID controller has a phase 

that starts at —90® and moves to +90° as the frequency is increased. This 

can lead to a degradation in stability margins that would adversely affect 

the performance. 

A lag/lead network has been designed by considering the frequency re-

sponse of the complete system and designing for a phase margin of approx-

imately 30° and a gain margin of 7dB. The stability margins are rule of 

thumb values used in servo design for sometime[59]. Figure 4.3 shows that 

the frequency response of the compensator so designed is very similar to 

that of the PID controller. It has recently been shown that a PID controller 

tuned by Zeigler-Nichols does achieve stability margins of approximately 

these values [60]. 

4.4.1 Resul t s 

The cost function results obtained are 15 and 2 for the conveyer and dis-

penser respectively. From the frequency response, it can be seen that the 

low frequency gain is significantly reduced for the lag/lead compensator com-

pared with the PID. This dramatically affects the steady state error, causing 

a significant increase in the MSE(Dt) and the settling time. Though through 

the dynamic section of the demand profiles the lag/lead compensator is only 

marginally worse than the dispenser, the settling times and MSE(Dt) are 

more heavily weighted in the cost function. Therefore, these are responsible 

for the very poor results in comparison with the performance of the PID 

based controller. 
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Figure 4.3: PID and lag/lead frequency response 

4.5 PID with Velocity Feedforward 

A common method of improving the performance of PID controllers in com-

mercial implementations is to add a velocity feedforward term (Figure 4.4). 

In this method it is realised that the input to the drive is a velocity demand, 

and to improve the performance a proportion of the actual velocity demand 

is passed directly to the drive. For a d.c. servo system operating with a 

velocity control loop in the drive, Ky is equal to 1. The position loop then 

adjusts the velocity demand to remove the position error. 

Speed . 
Demand 

Position 
Demand 

> K 

*ChH PID 

t 
Plant 

Figure 4.4: PID with velocity feedforward 
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4.5.1 Resul t s 

The conveyor cost function is 1.01 which is almost identical to the PID value, 

but Table 4.1 shows that the motor performs considerably better than the 

motor under PID control. Though the motor performs better, the improve-

ment is cancelled by the conveyor mechanics performing considerably worse 

than for PID control. The velocity feedforward controller feeds the velocity 

demand straight into the drive, but the velocity demand contains a number 

of discontinuities that cause sudden changes at the motor. The conveyor is 

unable to react as quickly, therefore producing a significant error. 

Addition of the velocity feedforward term improves the dispenser perfor-

mance dramatically producing a cost function of 0.29. Only the settling time 

is slightly degraded, the addition of velocity feedforward introducing oscil-

lation during the dispensing time. The feedforward introduces a zero into 

the closed loop system, hence causing the system to overshoot. Otherwise, 

the performance of the dispenser is superior to the PID and the mechanics 

are not as adversely affected as for the conveyor. 

Parameter 
Conveyor Dispenser 

Parameter Feedforward PID Feedforward PID 
MSE 
MSE(A) 
Settling Time 

0.38 
0.59 
0.01 

0.80 
1.06 
0.01 

0.21 
31.6 
0.17 

0.47 
109 
0.15 

Table 4.1: Average results for the feedforward controller 

The performance of both axes degrades at the same rate as for the PID 

system as the unit rate is increased. This is to be expected as the feedforward 

term does not address the system dynamics. 

42 



4.6 Velocity Estimation 

A limitation of the encoder feedback is the poor velocity resolution, the 

resolution being given by[61]: 

i^res = (4.6) 

With a sample frequency of 2.5kHz, the velocity resolution is limited to only 

7.9 rads"^. If the velocity resolution could be improved then use could be 

made of the velocity feedback signal in the controller. 

To obtain a measure of motor shaft velocity the signal from the encoder 

could be filtered, but this will introduce unacceptable lags. As a model of 

the system exists, it would be possible to use this for velocity estimation, 

though a more accurate estimation would be made if a state observer was 

constructed. For a purely deterministic system where the model parameters 

are well known, a full or reduced order observer would be suitable. As 

the model is a linear approximation of a non-linear system, a stochastic 

estimator, such as the KaJman estimator, would be more appropriate. 

4.6.1 Kalman Est imator Des ign 

The plant shown in Figure 4.5 has states and outputs corrupted by noise, 

and is represented by a state space model of the form: 

X = Ax + Bu + Lw (4.7) 

y — Cx + Du + V (4.8) 

where w and v are random noise signals that corrupt the states and the 

outputs respectively. The matrix L couples the state disturbances into the 

states. From Figure 4.5 the state space equation for the estimator is: 

X = Ax + Bu + G{y — Cx — Du) (4.9) 
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where x is the state estimate and G is the KaJman gain matrix that cou-

ples the plant outputs to the estimator states. By feeding back the plant 

output the sensitivity to modelling errors is reduced[62]. Motor torque of-

ten provides an additional feedback signal to the estimator[61, 63], but is 

unavailable for this system. 

Plant 

Estimator 

Figure 4.5: Block diagram of system and noise components 

The performance of the Kalman estimator is determined by the selection 

of the values in G. These are selected so as to provide the estimator with 

dynamics that are considerably faster than the plant, and also minimise 

the covariance of the estimation error. To obtain G, the covariance values 

for the system and measurement noise signals must be determined. The 

analysis then provides four equations that are solved recursively[52]. This 

can be performed at each sample instant which produces a varying gain 

matrix but is computationally intensive and can not be achieved in the 

available programming bandwidth. For this reason a stationary Kalman 
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filter has been implemented. Here the value of G is determined offline using 

a computer aided control system design (CACSD) package to solve the gain 

equations such that the estimator error covariance is minimised. 

The quantisation effect of the encoder was found to generate high fre-

quency components in the velocity estimate. This was overcome by inserting 

a low pass filter between the encoder and the Kalman filter, the breakpoint 

tuned to minimise the oscillation and measurement lag. 

4.6.2 Mult ip le Loop P I D Control wi th Kalman Est imator 

A common method of obtaining position control is to place a position loop 

around a speed loop (Figure 4.6) with the output of the position loop be-

coming the input to the speed loop. Both loops contain a PID controller 

with the inner speed loop designed to execute at 2.5kHz, while the outer 

position loop executes at 500Hz. Speed feedback for the speed loop is ob-

tained by use of the Kalman estimator. The loops were tuned empirically, 

firstly the inner loop until a smooth speed response was obtained, and then 

the position loop was added. 

- — K Z ) — 4 ^ 

^ Pc+I Estimator 

Figure 4.6: Position controller with both speed and position loops 

The performance indices obtained for this controller are 1.39 and 0.73 for 

the conveyor and dispenser respectively, with the performance still rolling 

off as the unit rate is increased. Though the performance of the dispenser 

is improved, that for the conveyor is not. 

Once tuned, the frequency response of the controllers were analysed with 

the linear model (Figure 4.7). The bandwidth of the conveyor controller 
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has been reduced from approximately 40rads""^ for the PID controller to 

14rads~^ making the system slower to respond. The gain between 10 and 

40rads~^ has also been dramatically reduced, degrading the low frequency 

response. However, for the dispenser, the bandwidth is only reduced by 

3rads~^ and the low frequency gain is very slightly improved. Also the gain 

rolls off more slowly with less phase lag, improving the response at higher 

frequencies. 
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Figure 4.7: Frequency response of single and multi-loop PID controllers 

Better tuning of the conveyor was found to be extremely diflficult with-

out inducing instability. Though part of the reason for the poor conveyor 

performance is the difficulty involved in tuning six gains, if the estimator 

does not provide an accurate velocity measurement then the performance 

will be compromised. The conveyor operates with a slower velocity than the 

dispenser therefore producing less encoder counts. This reduced position 

feedback will make speed estimation more difficult. 
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4.7 Flux Vector Inverters 

The constant voltage to frequency inverters used in the experimental appa-

ratus contain a number of elements that make accurate control difficult. At 

the time of their design, a.c. drives were intended for situations where some 

speed variation was desired but accurate position control was not necessary, 

such applications being the domain of d.c. servo systems. The constant 

V/f method of control provides a system with adequate steady state char-

acteristics but the transient response is very poor[64]. Modern a.c. drives 

are intended to be direct competition for the d.c. drives market and it is 

expected that such a drive should give a performance advantage over the 

current system. A modem 8ux vector inverter has been obtained that has 

two modes of operation (Figure 4.8). In the open loop mode, the inverter is 

a direct replacement for the existing system, operating with an output that 

maintains a constant voltage to frequency ratio. If an encoder is connected 

to the drive, then a speed control loop and independent manipulation of the 

torque and magnetising components of the current waveform can be imple-

mented. This creates a system that should theoretically be equivalent to a 

d.c. servo system as seen from the drive input. 

Corrtrol 
Demand 

Const 
V/f 

Inverter Plant Inverter Plant 

Control 
Position Demand 

• 

Independent 
Torque & Magnetising 

Currents 

PID Plant PID Plant 
Position 

INVERTER 

Motor Control by Constant 
V/f 

Inverter Open Loop 

Motor Control by Flux 
Vector 

Inverter Closed Loop 

Figure 4.8: Flux vector inverter operational modes 
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4.7.1 Flux Vector - Inverter Open Loop 

The flux vector inverter was tested with the PID controller, with no adjust-

ment to the controller gains. The performance indices are 3.42 and 1.01 for 

the conveyor and the dispenser respectively. 

Parameter 
Conveyor Dispenser 

Parameter Flux Vector Const V/f Flux Vector Const V/f 
MSE 0.66 0.81 0.30 0.46 
MSE(A) &22 0.75 107.8 106.9 
Settling Time 0.10 0.01 0.11 0.14 

Table 4.2: Average results for both inverters in constant V/f mode 
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Figure 4.9: Settling times for both inverters in constant V/f mode 

As seen from Table 4.2, the conveyor does not perform well during the 

MSE(Z)t), even though the total MSE is better. As there is no deadzone in 

the new inverter, the forward path gain is effectively increased which causes 

the conveyor to overshoot at low unit rates. As the unit rate is increased, 

the conveyor takes longer to settle (Figure 4.9), but no longer overshoots. 

The output from the controller is effectively a velocity demand, which for 

open loop velocity control would have the shape shown in Figure 4.10. As 

the velocity demand falls towards zero, the constant V/f inverter enters the 

deadzone causing the inverter output to fall to zero, stopping the motor. For 

the flux vector inverter there is no deadzone, hence the motor is brought to 
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a controlled stop which, at higher unit rates, takes longer than just setting 

the inverter output to zero. The final position error may be superior to that 

of PID, but the lethargy with which it is achieved produces a very poor 

MSE(Z)t) and settling time. In this instance, the presence of the deadzone 

is a benefit. 
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Figure 4.10: Velocity response for both inverters with constant V/f 

4.7.2 Flux Vector - Inverter Closed Loop 

To convert the modern drive from constant V/f operation to closed loop flux 

vector, the motor encoder was connected to the inverter. The inverter speed 

loop was then tuned by adjustment of the PID gains before the position loop 

in the PC was closed and the gains associated with that controller tuned. 

In an induction motor, the flux and torque producing currents are cou-

pled, and any change to the supply current will affect both magnetising and 

torque producing components. By maintaining the V/f ratio constant, the 

magnetic circuit is prevented from saturating and the torque/speed char-

acteristic is linearised[64]. This provides adequate steady state but poor 

transient performance. Flux vector inverters aim to overcome this by de-

coupling the current components which is achieved by modelling the motor 
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Figure 4.11: Flux vector and constant V/f inverter MSE results 

as a two phase system, one phase for each current component. Such a mo-

tor model has been used in the time base model. The precise requirement 

for each current component can then be determined to achieve the control 

objective[35, 40, 65, 66]. The result is the required 2 phase current which is 

converted back to 3 phase and generated at the inverter terminals by alter-

ing the switching pattern of the power devices. Hence, this form of control 

is only available at component level. By decoupling the magnetising and 

torque producing components of the current, the motor and drive effectively 

form a separately excited d.c. system. 

The result of the computation is a considerable improvement in perfor-

mance which can be clearly seen in Figure 4.11, though the performance 

still degrades as the unit rate is increased. The closed loop flux vector in-

verter achieves performance indices of 0.11 and 0.004 for the conveyor and 

dispenser respectively. Analysis of the results show that the closed loop flux 

vector inverter performs well in excess of the VVVF inverter operated with 

a speed loop, implying that the main reason for the improvement is the use 

of the current decoupling rather than the speed controller. 
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4.8 Summary 

The performance of the PID controller has been shown to require improve-

ment, especially as the unit rate is increased. Different implementations of 

the basic PID structure have been investigated. The addition of a velocity 

feedforward term produces a significant performance improvement but the 

performance continues to degrade as the unit rate is increased. It is also ap-

parent that the mechanical load is open loop, and though the motor may be 

within specification, the load may not be. The performance of the conveyor 

appears to be worse than that of the dispenser, even though the conveyor 

follows the simpler demand. Once the conveyor velocity has fallen to zero no 

further improvement is possible, whereas the dispenser error can be reduced 

throughout the profile. 

Comparison of the original inverter with a modern constant V/f inverter 

has been shown to provide some improvement. Conversion of the modern 

drive to closed loop mode utilising flux vector current decoupling, dramat-

ically improves performance but requires tuning of up to six gains. This 

method can not be retro-fitted to existing systems without replacement of 

components, and also has an increase in complexity for the commissioning 

engineer. 
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Chapter 5 

Model Based Controllers 

5.1 Introduction 

A generic controller such as PID endeavours to control the response of a sys-

tem without directly addressing the system's dynamics. This may lead to 

an adequate response, but the performance will be improved if the controller 

incorporated knowledge of the plant dynamics in the design. In Chapter 3, 

three models were described, a full non-linear model, a linear model and 

a hybrid. The full non-linear model can immediately be excluded for this 

application as it requires considerable simulation time, and will not operate 

in a real time environment. The hybrid model contains non-linearities in the 

form of slew rate limits and deadzones. While the acceleration limits can 

be easily implemented, modelling of the deadzone requires a discontinuous 

equation. This will then require a system that switches between controllers 

designed with a model based on each section of the discontinuous equa-

tion. Consequently the linear model is most suitable and will ensure that 

computation is possible within the available programming bandwidth. 

Today, the majority of control research revolves around model based con-

trollers. Though there are many variations they fall broadly into two cate-

gories, state feedback controllers and those designed in the digital domain. 
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State feedback realises that all but the simplest of systems contain more 

than one state. By placing a feedback gain on each of these states, summing 

their outputs and then subtracting from the demand, the desired closed loop 

response is obtained. Theoretically, the closed loop poles could be located 

anywhere in the s-plane by suitable selection of the gain values[67]. 

Direct digital controller design attempts to use the advantages of im-

plementation in a digital environment. As the controller only exists as a 

mathematical entity within the processor, the design is not constrained by 

the need to be implemented on linear physical components. As such, the 

controller can be designed to give just the required form of compensation. 

More advanced tracking controllers can be designed that use feedforward 

elements[68] and knowledge of the shape of the desired output [69]. Though 

a controller designed in the digital domain is not limited by the need to be 

physically realisable in hardware, they must still satisfy the requirements of 

causality and stability. In addition, the limitations of the control actuator 

must be considered. 

5.2 Optimal Control 

State variable feedback (SVF) uses system states as additional feedback ele-

ments in the controller (Figure 5.1). SVF design is performed by specifying 

the desired closed loop pole locations and then solving the characteristic 

equation to position m x n gains, where n is the number of states and m 

the number of inputs. 

If the system is completely state controllable, then it is possible to find 

suitable values for the gain matrix, K, so as to place the closed loop poles 

at any location in the left hand plane (LHP) of the s-domain[52, 62]. In 

practice, the location of the poles is limited by the necessity of avoiding 

excessive control eflFort. SVF control requires measurement of all the state 

variables. This may not be practically possible for engineering reasons, or 
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Figure 5.1: SVF regulator structure 

the states may not represent any physical property. Under these conditions 

either a model of the system or a state observer must be implemented as part 

of the controller. The system must therefore be completely state observable 

as well as state controllable for SVF control to be suitable. 

From Figure 5.1 it can be seen that the equation describing the SVF 

controller is: 

X — [A — BK] X + Br , , 
y = [C-DK]x + Dr ^ ^ 

Selection of suitable closed loop pole locations for high order systems and 

systems with multiple inputs can be difficult. Optimal control theory isolates 

the designer from the necessity of selecting pole locations. The gain matrix 

is automatically calculated by determining values that minimise the cost 

function: 

J — J dt (5.2) 

By selecting appropriate values for the matrices Q and R, emphasis can 

be placed on either minimising the states or minimising the control effort. 

The values of Q and R are adjusted until a suitable response is obtained. 

Selection of values for the weighting matrices must ensure that Q is positive 

semidefinite and R is positive definite. In practice, Q and R are normally 

diagonal, with leading diagonal elements of Q being non-negative and those 

of R being positive. 
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5.2.1 SVF Design 

Optimal control theory produces regulating controllers with the structure 

shown in Figure 5.1. Regulators are not suitable for this problem as it is 

necessary for the output to track the input. However, a tracking problem 

can be considered as regulation of the error. Conversion of the problem to 

the error space[62] would then require a regulating controller and allow use 

of standard optimal control theory. 

Error Space Transformation 

The model of a single axis is represented by: 

z = Fz + Gu 

and the input is of the form: 

r = 0 (5.4) 

The input could be defined as a more complicated waveform, though this 

increases the complexity in the final controller structure. The error is defined 

to be: 

e — y — r (5.5) 

Differentiating twice and substituting for r and y gives: 

e = Hz (5.6) 

Defining the error space vector to be: 

f = 2 (5.7) 

and the control vector in the error space as: 

H = u (5.8) 

then the state equation in error space is: 

i = + (5.9) 
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This can be written in the normal state variable form of: 

X = Ax + Bfx 
y = Cx 

if: 
e " 0 1 0 " 0 ' 

X = e ; A=^ 0 0 H ; B = 0 

X . OOF G 
C=-H 

(5.10) 

(5.11) 

The control effort, ju, is defined to be: 

Ki K2 ifo ] 
e 
e 
e 

(5.12) 

The controller structure can be determined by substituting for ^ in Equation 

5.12 and expanding to give: 

u —Ki f f edtdt — K2 f edt — Koz (5.13) 
JQ JQ JQ 

The desired controller therefore has an integral arrangement (Figure 5.2), 

commonly referred to as an internal model structure. 

nterna Mode 

Figure 5.2: Tracking SVF block diagram 

Simulation is then used to determine the most suitable values of Q and 

R in Equation 5.2. With R set t o l a satisfactory response is obtained with 

Q as: 

Qi i = 1x109; Q22 = 1 X 10^ (5.14) 
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for the conveyor and 

Q l l = l x # ; Q 2 2 = 1 X 10» (5.15) 

for the dispenser, all other elements in Q being zero. As the states involved 

are e and e then variation of Q n and Q22 eflFectively allows control of 

proportional and damping gains. 

5.2.2 Results 

To implement the optimal controller, a method of measuring the system 

states is required. The Kalman filter designed in Chapter 4 was first assessed 

but the simulation suggested that it is unstable when used in a closed loop 

configuration. High frequency components introduced by the encoder are 

especially noticeable on some states, even with filtering. If this state is 

associated with a high gain in Kq then the system can become unstable. For 

this reason a model of the plant rather than an observer was implemented 

(Figure 5.3). The two state space models of Figure 5.3 could be combined 

into a single regulating structure. The chosen method of implementation has 

the advantage that access to the gains Ki and K2 is possible. This allows 

for some tuning of the controller to compensate for discrepancies between 

the model and plant. 

s t a t e Space Model 
of Internal Model 

State Space Model 
of Plant 

Plant 

Figure 5.3: Implementation of tracking controller 
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Experimentation produced cost function results of 0.42 and 0.62 for the 

conveyor and the dispenser respectively, and the average results are dis-

played in Table 5.1. The optimal controller performs considerably better 

than PID except for the dispenser settling time. The controller is slightly 

worse at low unit rates, but a small increase is less significant here when 

the settling time is small compared with the time to complete one unit. At 

higher unit rates the settling times for PID and the optimal controller are 

the same (Figure 5.4), but the superior position performance of the opti-

mal controller produces the excellent cost function. The performance of the 

controller on both axes degrades as the unit rate is increased, but not as 

quickly as for PID. 

Parameter 
Conveyor Dispenser 

Parameter Optimal PID Optimal PID 
MSE 0.45 0.81 0.34 0.46 
MSE(Z)t) 0.29 0.75 69 107 
Settling Time 0.01 0.01 0.17 0.14 

Table 5.1: Motor average results for Optimal and PID controllers 

40 50 

Unit Rate (UPM) 

PID 

Optimal 

Figure 5.4: Dispenser optimal and PID settling times 

For comparison the conveyor was also tested with an optimal controller 
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designed for a constant input, r = 0 in Equation 5.4. This achieved a cost 

function of 0.69, again improving on PID but not matching the result for the 

ramp input optimal controller. The constant input controller is penalised 

for a poorer MSE(Z?t) and settling time caused by slightly worse tracking. 

As the system is only designed to have zero error to a constant input, worse 

tracking of the indexing profile is to be expected. 

5.3 Digital Controllers 

There are a number of methods for designing controllers directly in the z-

domain[27, 52, 70, 71]. Kalman's method attempts to force the plant to 

settle in the minimum number of samples, the theoretical minimum being 

equal to the order of the plant. Deadbeat response follows an input exactly 

at the sample instants with one sample delay, and Dahlin's method produces 

a closed loop response that is characterised by a first order lag and a pure 

time delay. None of the above methods are considered suitable for this 

application. The deadbeat and Kalman's method are too severe for this 

purpose and may lead to excessive controller effort due to the very short 

sample time. Dahlin's method does not deal well with ringing poles or zeros 

outside the unit circle. This can lead to a response that is far from first 

order. The method chosen is to use a direct digital design method where the 

required closed loop response is specified. This does have the disadvantage 

of producing high order controllers but allows more flexibility in design. 

5.3.1 Direct Digital Design 

If the plant is represented by the discrete time transfer function Gp{z) then 

the direct digital design method produces a controller of the form: 
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where F{z) is the desired closed loop transfer function. Design is performed 

by specifying the steady state accuracy, rise time and the velocity error 

constant. 

For zero steady state error, the steady state gain of the closed loop 

system must have a value of 1. This implies that: 

jF(2)l,=i = 1 (5.17) 

It can be shown[27] that the velocity error requirement can be fulfilled if: 

1 dFiZ) 

Initially F{z) is specified to be: 

(5.18) 
2 = 1 

(6.19) 

This provides two degrees of freedom which can be solved to satisfy the 

design criteria of Equations 5.17 and 5.18. 

5.3.2 Selection of F{z) 

To satisfy the causality constraint, F{z) must have at least the same pole 

zero excess as the plant. In discrete time systems pole zero excess is a 

measure of the transport delay, so reduction of the poles zero excess would 

require the controller to anticipate changes in the demand signal. If a zero 

order hold is used to transform the continuous time linear model then the 

pole zero excess for both axes is 1. Therefore an extra pole must be added to 

F{z). The controller must also satisfy the stability constraint. This requires 

that F(z) must incorporate as zeros, any zeros of the plant which lie outside 

the unit circle. The required transfer functions for F{z) are therefore: 

. X _ (bp + biz){z - Ci){z - C2) 
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where ci, C2, and di are the zeros outside the unit circle. Applying the 

steady state and velocity error requirements results in a set of simultaneous 

equations that are then solved for 60 and 61. 

Simulation showed that the control effort saturated on the supply rails at 

specific points (Figure 5.5). The design procedure inverts the plant and as 

the plant contains an integrator, the compensator contains a differentiator. 

The discontinuities caused by instantaneous changes in acceleration in the 

demand signal and quantisation caused by the encoder are responsible for 

the higher frequencies. These are differentiated and cause the sudden and 

dramatic increase in control effort. This could be minimised by smooth-

ing out the acceleration profile which can not be achieved by filtering of 

the demand signal as this alters the location of critical points in the pro-

file. Preliminary investigations suggest that to obtain a reasonable control 

effort, the differential of acceleration has to be specified as consisting of a 

series of ramps. It is then necessary to integrate repeatedly to obtain the 

required position profile. Implementation of such a demand would make 

direct comparison between this controller and PID difficult. Therefore, the 

large control effort excursions were removed by placing low pass filters on 

the encoder feedback signal and the output from the controller. The design 

then balances the performance of the controller with acceptable lags for the 

filters. 

The encoder in the plant provides an integrator in the forward path sug-

gesting that the controller does not require an integrator to remove steady 

state error. This is not so as the encoder is placed beyond the point where 

disturbances enter the system, hence the controller adds an integrator. Sim-

ulation shows that this produces an acceptable error for the conveyor during 

the dispensing time, but not for the dispenser. Both systems are effectively 

Type 1, but the dispenser requires zero error to a ramp. This is normally 

achieved by adding a second forward path integrator to create a Type 2 
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Figure 5.5: Dispenser control effort for the linear model. 

system. The PID controller is only Type 1 but achieves a small error to 

a ramp by having a large value of integral gain. In this case the velocity 

error is not zero but small enough to satisfy the specification at most unit 

rates. Such an effect could be achieved by increasing the Ky term but this 

leads to an unacceptable control effort. Increasing reduces the value of 

6i, which moves the zero closer to the unit circle making the system more 

sensitive to high frequencies. Improvement of the direct digital controller 

is therefore achieved by adding a gain and integral term in parallel with 

the compensator (Figure 5.6). This reduces the error to a ramp, but also 

provides a degree of tuning by which modelling errors can be compensated 

for. 

5.3.3 Results 

The controller and associated filters have been implemented as state space 

models with the compensating integral gain tuned to produce the best re-

sponse. Cost functions obtained for the direct digital controller are 0.57 
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Figure 5.6: Direct digital plus integral controller block diagram. 

and 0.02 for the conveyor and the dispenser respectively. The reason for 

the dramatic improvement in dispenser response is due to a significant im-

provement in the MSE(Z)t). The average results for this parameter are 1.71 

and 107 for the Direct Digital and PID controllers respectively. Though at 

low unit rates the values are similar, above 52 UPM the PID values rise by 

around a factor of 300 at 60UPM (Figure 5.7). The direct digital controller 

only increases by a factor of 3 between 52 and 60UPM, this controller being 

far more consistent across the unit range. This is also true of the conveyor, 

with very little increase in parameter values as the unit rate is increased. 

The use of knowledge of the dynamics in the controller design produce the 

considerably more consistent performance. 
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Figure 5.7: Dispenser MSE(Z)t) results for direct digital and PID control 
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5.4 Summary 

The performance of both model based controllers is superior to that of PID 

control. However, their very natnre requires knowledge of the system dy-

namics. Due to non-linearities, design is not as straightforward as for a 

purely linear system and care must be exercised to ensure that the control 

effort is not excessive. The direct digital controller is particularly sensi-

tive to high frequency components due to the presence of a differentiator. 

Both controllers contain a tuning parameter that can be used to overcome 

deficiencies in the model. 
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Chapter 6 

Knowledge Based Controllers 

6.1 Introduction 

Knowledge based controllers fall broadly into two types; those that are con-

structed with knowledge inbuilt and those that obtain their knowledge dur-

ing operation. Fuzzy controllers axe an example of the earlier type with the 

knowledge being encoded into a rule base. The knowledge is obtained either 

from the operator of the plant, if the controller is to automate a system that 

is currently manual, or from the design engineer. Iterative learning control 

obtains knowledge of the plant during operation. In this type of controller 

the performance is improved based on knowledge recorded from previous 

trials. 

Fuzzy control attempts to allow linguistic variables such as more and less, 

faster and slower to be used in the design of controllers. This is achieved by 

dividing the range of inputs into a series of overlapping sets[72, 73, 74]. An 

input variable is then fuzzified by determining by how much it belongs to 

each of the fuzzy sets. Each result is used in a series of if-then statements, 

which form the knowledge base, to determine a new fuzzy set. This new 

fuzzy set is then converted to a crisp value by either taking the centre of area 

or the centre of mass of the set. The performance of the fuzzy controller 
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is almost entirely dependent on the rule base, design of which could be 

considered almost as much of a "black art" as tuning of a PID controller. 

Consequently there are numerous papers describing the arrangement of fuzzy 

controllers, especially those b^ed around PID type structures[75, 76, 77, 78, 

79]. Fuzzy theory has also been used in the online tuning of conventional 

PID controllers[80, 81, 82]. 

Iterative learning control is a relatively new technique, first being pro-

posed in 1984[83]. This method of control is only applicable to systems that 

continually repeat the same demand profile. The concept is to record the 

error for the current trial and use this to alter the shape of the demand 

profile such that the tracking error between output and a reference profile is 

reduced. As the number of iterations increase then, theoretically, the track-

ing error should fall to zero. As the system now operates in two dimensions, 

one of time and one of trial number, the analysis becomes considerably more 

complicated. Research in recent years has been focused on determining the 

stability of iterative learning controllers, and to predict the rate at which 

the error converges. This is commonly achieved by analysis of the system 

in a suitable function space, initially that of the Hoc space, though other 

spaces are also used[84, 85, 86, 87, 88]. Recent work also looks at the design 

of optimal iterative learning controllers where the system learns such that a 

cost function is minimised[89]. 

Originally the iterative learning controller was developed for use in robo-

tic manipulators [90, 91]. Other applications are uncommon, with reported 

applications in CNC[92] and servo systems [93, 94]. Whereas fuzzy control 

has been applied to almost every aspect of control engineering, and it is 

possible to buy commercial microprocessors optimised for fuzzy computa-

tion, it would appear that learning control has not found wide application. 

There is a considerable base of theoretical papers and papers that evaluate 

claims using simulation but very few practical applications. An overview of 
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learning control is provided in Moore[95] and Horowitz[96]. 

6.2 Fuzzy Control 

A fuzzy controller is divided into three distinct elements (Figure 6.1). The 

fuzzifier transforms the crisp input to the fuzzy space. The inference engine 

uses these values and the knowledge base to determine the required fuzzy 

output. The defuzzifier then converts the fuzzy control eflFort into a crisp 

control signal. 

Fuzzy 
Controller 

Output 

Demand 
Plant Fuzzifier > Defuzzifier Inference 

Engine 

Figure 6.1: Fuzzy controller block diagram 

6.2.1 Fuzzifier 

The fuzzifier has three inputs; the error, the change in error and the acceler-

ation. These are scaled such that they lie in a universe of discourse between 

-100:100. To simplify computation this range is also discretised into integer 

values. The universe is divided into a number of overlapping sets (Figure 

6.2) ranging from Large Negative to Large Positive. For ease of computation 

the sets have been defined to have a triangular shape, but a shape based 

on an exponential is equally valid. For each of the inputs the membership 

value, //, is determined such that: 

0 
2{x-xo)+b 

n{x,XQ,b) = < 2{x—xo)+b 
b 
0 

X <C 2^0 — 2 

Xo - ^ < X < Xq 

Xq<X <XQ + \ 

a; > a;o + I 

(6.1) 
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where x is the input value, xq is the location of the centre of the fuzzy set 

and b is the breadth at the base of the fuzzy set. The fuzzifier determines a 

value of for each input and each set. These values are then passed to the 

inference engine. 

100 

Universe of Discourse 

Figure 6.2: Fuzzy sets 

6.2.2 Inference Engine 

The inference engine contains the controller knowledge in a series of look-

up tables (Figure 6.3) with the implemented controller consisting of two 

sections. The first has an output that is dependent on the error and the rate 

of change of error. The second uses the demand acceleration to determine a 

value for the integration limit. As there is only one forward path integrator, 

the system is only Type 1. Therefore, the error increases rapidly in the 

presence of acceleration causing the integral sum to wind-up. To avoid 

overshoot when the acceleration falls to zero the value of the integral sum 

is limited during acceleration. This is achieved by implementing a normal 

integral summation, and then using a fuzzy rule base and the acceleration 

as the input to determine the value to which the integral sum should be 

limited. In effect, the controller is a fuzzy PID controller with an additional 

integral limit to improve response. 

There are a number of possible inference methods [74]. The star impli-
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Figure 6.3: Fuzzy rule bases 

cation method is used here as this is believed to give a smoother change 

in output than other implication methods [73]. A new table with the same 

dimensions as the rule base, referred to as the table of weights, is calculated 

such that the weight at element l^j is: 

Wfj = Ai{e) X Aj{ce) (6.2) 

where Ai{e) is the membership for the error of set I and Aj{ce) is the mem-

bership of the change in error for set j. Each fuzzy set indicated in the rule 

base is then scaled so: 

= wijBij I < k < Number of Rules (6.3) 

where B i j is the fuzzy set indicated in the rulebase at row I, column j. 

This produces a series of k weighted overlapping fuzzy sets. These are then 

combined by moving through the discrete universe comparing the values of 

each weighted set at each point and taking the maximum value: 

B{y) = max{B'if,) 
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where i is the point in the discrete universe of discourse. This creates a 

single fuzzy set that becomes the input to the defuzzifier. 

6.2.3 Defuzzifier 

The defuzzifier converts the fuzzy set that it is passed by the inference engine 

to a crisp single value that is suitable for output to the plant. This can be 

achieved in a number of ways [74] but the simplest is to take the centre of 

area. For a discrete universe this is achieved by: 

90 = (6.5) 

i = l 

where n is the number of discrete points in the universe of discourse and y 

is the value of the universe at the point n. 

6.2.4 Results 

When implemented, the maximum speed of execution for the controller was 

only 60Hz. Due to the requirement to compute values for each fuzzy set, 

each element in the rule base and each point in the universe of discourse, the 

number of multiplications required at each time step is immense. To improve 

the speed of execution the software has been modified to minimise floating 

point calculations. By detecting zeros it is possible to omit a considerable 

portion of the computation. In this manner the speed of computation has 

been increased to IkHz, but as this is still 2.5 times less than that of the other 

controllers, the fuzzy controller immediately sufiers a performance penalty. 

The controller requires three gain values, one on each input so that they 

may be scaled to the range of the universe of discourse. With these gains 

suitably selected the cost function results for the fuzzy controller are 2.94 

and 0.55 for the conveyor and dispenser respectively. Though the dispenser 

appears to have an improved response, this belies a very poor settling time 
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(Figure 6.4). The fuzzy controller only brings the dispenser to within spec-

ification below 44UPM compared with 54UPM for the PID controller. The 

reason for the superior cost function result is a less dramatic increase in 

MSE(Dt) above 50UPM than the PID controller, leading to a better aver-

age value for MSE(Z>t) (Table 6.1). 

Parameter 
Conveyor Dispenser 

Parameter Fuzzy PID Fuzzy PID 
MSE 1.07 0.81 0.37 0.46 
MSE(A) 3.22 0.75 61.3 107 
Settling Time 0.07 0.01 0.37 0.14 

Table 6.1: Motor average results for fuzzy and PID controllers 
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Figure 6.4: Comparison of fuzzy and PID performance for the dispenser 

The conveyor performs considerably worse under this fuzzy controller 

than PID control. The MSE for the entire profile is very similar to the PID 

result, but increases more rapidly above 50UPM. The reason for the poor 

performance is a very poor MSE(Dt) (Table 6.1). This result is in part 

due to the reduction in sampling frequency and to the design of the integral 

limit. As the conveyor acceleration is always non-zero apart from during the 

dispensing time, the integral summation will always be limited. This may 

lead to an increase in the tracking error that the integral term is unable to 

remove between the demand acceleration falling to zero and the conveyor 
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coming to rest. 

6.3 Iterative Learning Control 

As the system is required to follow the same position profile for each unit, it is 

ideally suited to an iterative learning controller which has been constructed 

around the existing PID loop. The PED is required to provide disturbance 

rejection and the learning controller slowly removes position error as the 

number of completed iterations increases. A memory is used to store the 

cumulative effect of some proportion of the tracking error over the previous 

iterations, which is then used to update the demand for the current iteration. 

This can be represented by: 

Uk+iit) = Uk{t) + L{t)ek+i{t) (6.6) 

where k is the iteration, A:+1 is the current iteration L{t) is the learning 

controller function and t is the time during a single iteration. This approach 

is referred to as the current error method[97]. Substituting for Uk{t) gives: 

Ukit) = Uk-iit) + L{t)ekit) 
=» Uk+i{t) = luk-i{t) + L{t)ek{t)] + L{t)ek+i{t) 

This can be generalised to: 

/c+l 
Uk+iit) = Uk-m{t) + L{t) (6.8) 

i=k—m+l 

If m = k then this reduces to: 

/c-f-l 
Uk+iit) = mit) + L{t) ^ ei(t) (6.9) 

Z=1 

where: 

and 

ek+i{t) = r{t) - yk+i{t) (6.10) 

uo(i) = 0; v{t) = u{t) + r{t) (6.11) 
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This is implemented as indicated in Figure 6.5 where N is the number of 

samples in one iteration. It should be realised that this system is not true 

iterative learning as the initial conditions for each iteration are not identical. 

Resetting to identical initial conditions is not practical due to the time 

required to achieve. This would dramatically reduce the overall unit rate 

for the system. 

Reference 
Demand y(t) u(t) e(t) 

v(t) 

Learning Controller (L(t)) 

Plant PID 

Figure 6.5: Learning controller block diagram 

6.3.1 Initial Learning Controller Design 

When the iterative learning controller is implemented as indicated in Figure 

6.5 then the mean square error reduces by a small amount before growing, 

eventually leading to instability (Figure 6.6). 
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K=0.05 
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Figure 6.6: Error results for the initial learning controller 
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For a step input applied at time t, the output will not reach the desired 

value until some time later, t+r. If the response at t is required to be at the 

desired value then it will be necessary to apply the step t' seconds earlier. 

For the iterative learning controller this means that the learning demand is; 

fc + l 
Uk+i(t) = r{t) + L{t) ^ ei{t - t') (6.12) 

i=l 

This is very simply represented in the z-domain, with the delay becoming; 

(6.13) 

where; 

T = t' X fs (6.14) 

6.3.2 Online computat ion of r 

The necessary time lag could be determined offline, but this would require 

knowledge of the plant. One of the main attractions of the iterative learn-

ing controller is that it does not require this knowledge. As both the refer-

ence position and the system output are known, then approximation to r 

is straightforward. The demand reference and system output are recorded, 

and at the completion of the iteration the output position data is shifted rel-

ative to the demand position data until a minimum for the magnitude error 

sum is obtained. The number of repetitions required to achieve a mmimum 

provides an approximation for r . If N is the number of samples in the data 

then T can be found from; 

T = T' ; min j ^ ^ ^ |uo(n) - yo(n + r')|, 0 < r ' < i v j (6.15) 

Mean square error would normally be used but this introduces a large num-

ber of multiplications. Use of the mean of the error magnitude reduces the 

computational overhead. The data is recorded in uo(n) and j/o(") at a lower 

sample frequency than the main controller, also to reduce computation time. 
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Even so, it can require up to 2ms before the algorithm determines a mini-

mum. For this reason the computation is only performed at the start of the 

run. 

Figure 6.7 shows that with the time lag compensation added to the 

controller, the error has been found to converge to an acceptable value and 

then begin to diverge. This is due to discrepancies in the calculation of r 

caused by quantisation effects. As the data from which r is determined is 

sampled at 500Hz it is only possible to determine r to an accuracy of ±lms. 

An error in the value of r introduces a cumulative error in the updated 

demand profile. At large MSB values this will be insignificant, but will 

become more important as the controller attempts to reduce the MSE to 

zero. 
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Figure 6.7: Error convergence for new controller 

By inserting a MSE threshold a sufficient iterative learning controller is 

created. If the MSE falls below a predetermined point, the performance of 

the system is considered to be sufiicient and the learning controller is then 

deactivated. The system is now a normal PID controller, and can therefore 

be analysed using classical control theory. As such, the system will be 

stable for all further iterations, as long as the dynamics of the plant remain 
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substationally unaltered. If the dynamics of the system should change, or 

a suitably large disturbance occur, then the sufficient learning controller is 

reactivated. Hysteresis between the switching points ensures that continual 

activation and deactivation of the learning controller is avoided. 

Figure 6.8 demonstrates the disturbance performance of the controller. 

The proportional term of the PID controller is instantly halved at iteration 

150 dramatically slowing the response. In the face of this large change in 

system dynamics, the iterative learning controller is reinitiated and returns 

the MSE to the sufficient MSB threshold. 
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Figure 6.8: Response of learning system to a change in system dynamics 

6.3.3 Results 

A learning gain value of k — 0.05 was used for all tests. This produces a 

superior control effort profile than & = 0.1. There is little difference between 

control efforts for k = 0.05 and k = 0.01 but the higher value converges 

considerably quicker. 

The sufficient iterative learning controller has cost function results of 

0.26 and 0.01 for the conveyor and dispenser axes respectively. The dis-

penser is improved well beyond that of the conveyor, performance of the 

conveyor being limited by the requirement for it to come to rest. As the 

dispenser velocity never falls to zero continual improvement is possible. The 
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performance of the learning controller on both axes is significantly improved 

over that of a standard PID controller, and is achieved at very little com-

putational expense or increase in controller complexity. The performance is 

also very consistent as the unit rate is increased. Only the flux vector system 

has performance indices that are similar and this requires new equipment 

and tuning of up to six gain terms. It is also incapable of reacting to changes 

in dynamics without manual intervention. 

Figure 6.9 shows results obtained for the dispenser with a PID con-

troller and for the sufiicient iterative learning controller after it has learnt. 

The iterative learning system follows the demand with considerably greater 

accuracy than the equivalent PID system. The integral term in both the 

learning and the PID controllers has been detuned and this demonstrates 

the ability of the learning controller to improve poorly tuned systems. 
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Figure 6.9: Dispenser position results for the PID and learning controllers 

When the dispenser is in synchronising mode, the precise position of the 

dispenser is less important than the relative position between the two axes. 

Figure 6.10 shows the relative error between the conveyor and the dispenser. 

The PID system has a PID controller on both axes. The learning system 
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has a PID controller on the conveyor axis and a learning controller on the 

dispenser axis. The performance of the PID controller for the constant speed 

requirement of the conveyor in this mode of operation has been shown to be 

acceptable (Chapter 4). The learning system maintains the relative position 

within specification for the majority of the profile. The PID system is only 

just within specification by the start of the dispensing time. As the unit 

rate is increased, the PID controller would not be able to ensure satisfaction 

of the specification by the start of the dispensing time. 
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Figure 6.10: Relative error for the learning controller (50UPM) 

The effect of the iterative learning controller on shaping the demand pro-

file is indicated in Figure 6.11 where a dispenser demand signal is presented. 

The lag in the system causes the updated demand to appear in advance of 

the reference signal. However, closer inspection reveals that the learnt de-

mand is not simply a time displaced copy of the reference. Firstly, the time 

difference between the two signals is not constant. Secondly, the effect of 

non-linearities in the system can be seen, especially where the velocity de-

mand passes through zero. To overcome the effect of the inverter deadzone 

at this point the learnt signal differs considerably from that of the reference. 

The repeatability of a system is commonly quoted as a range around 

the mean equivalent to three standard deviations[98]. If the error is con-
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Figure 6.11: Demand signal shaping for the dispenser axis 

sidered to have a normal distribution then three standard deviations from 

the mean will include 99.8% of all units. The results averaged across the 

unit rate range are reproduced in Table 6.2. Neither controller succeeds in 

operating the conveyor in such a way that the mechanical components are 

consistently within the position specification of 53mrad though the motor is. 

The poor mechanics make repetition very difficult compared to the motor, 

hence the increase in standard deviation. Also the control is hindered by 

the mechanical components being outside the control loop. 

Location 
Conveyor Error (mrad) Dispenser Error (mrad) 

Location Learning PID Learning PID 
Motor 
Mechanical 

-3±47 
-33±140 

-13±44 
-39±140 

19±24 
20±21 

127±33 
137±28 

Table 6.2; Average error and repeatability results during Dt 

The dispenser PID controller achieves the repeatability requirement but 

the error causes the system to be outside the position specification. The 

learning controller has a considerably superior error value with a similar 

repeatability, ensuring that the motor is within specification at almost all 

unit rates (Figure 6.12). 
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For both axes the repeatability of the two controllers is very similar. 

This is to be expected as the disturbance rejection in the learning controller 

is provided by the PID loop. 

Error 

Repeatability 

Specification 

10 2 0 - -

Unit Rate 

Figure 6.12: Dispenser repeatability under learning control 

Figure 6.7 suggests that the error profile should decay. This is confirmed 

in Figure 6.13 where the improvement in the actual error as the unit number 

increases is clearly visible. From this plot it would appear that the learning 

controller is unable to compensate for all the dynamics. However, if the 

system could be left to operate for long enough without becoming unstable, 

the error would fall to zero in all places. 

6.4 Summary 

The fuzzy controller cost function appears to indicate that the controller, 

certainly for the dispenser, performs better than PID. Closer inspection in-

dicates that the performance at low unit rates is considerably worse than 

PID but does not degrade to the same extent above 50UPM. The poor 

performance is partly caused by the exceptionally high computational over-

head. Also the fuzzy controller is not well suited to this specific application. 
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The problem is well defined with an accurate mathematical model of the 

system. The required performance is also well defined, with a very specific 

goal. Therefore, there is no area for fuzziness, the application being better 

served by a more rigorous solution. Though fuzzy control is not suited to 

the error path controller, it would be suitable in a tuning role as indicated 

in the literature. 

The learning controller is similar to the fuzzy controller in that it is a 

knowledge based system, but in this case the knowledge is obtained directly 

by the controller. The difi'erence in performance is dramatic, with the learn-

ing controller performance equal to that of the flux vector drive. However, 

the learning controller requires minimal tuning, can be retrofitted to existing 

systems and is adaptive. The learning controller also benefits over model 

based systems in that it does not require knowledge of the system dynamics. 
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Figure 6.13: Learning error profile for the conveyor at 50UPM 
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Chapter 7 

Drift and Synchronisation 

Compensation 

7.1 Introduction 

It is the intention of the system to control the linear position of the mechan-

ical axis, but for reasons of expense and simplicity only motor rotational 

position is available for feedback. Consequently, the desired linear position 

has to be converted to angular position, with the radius of the drive sprocket 

forming the constant of proportionality. This value cannot be known exactly 

and will vary with operating conditions. Consequently, any error will result 

in a cumulative error in the linear position. The nett effect is to cause the 

linear position of the mechanical system to drift relative to the rotational 

position of the motor. This drift is not compensated for by the controller 

as the mechanical components are open loop. It is therefore necessary to 

consider ways of closing this loop to prevent position drift, but without in-

troducing a significant increase in sensor requirements. A method has been 

proposed in the literature that uses a flag and a homing sensor to measure 

the average length of the chain[99]. The indexing distance is then varied 

accordingly. This will eliminate drift, but not errors incurred during the 
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measurement of the chain length. 

Under synchronisation the position of the two axes are related, the cor-

rect relative position being required for proper synchronisation. The current 

controllers take no account of this, treating each axis as an independent en-

tity. Consequently any position error in one axis is not reflected in the other, 

causing an error in the relative position between the two. To maintain the 

relative position within specification, it is therefore desirable to investigate 

methods of coupling the axes so that errors occurring in a single axis are 

compensated for in both. This can be accomplished in one of two ways[100]. 

The first, master-slave synchronisation, treats one of the axes as the master 

and the other is constrained to follow[101, 102]. This system performs best 

where the two axes follow the same trajectory and where the constant lag-

ging of the slave is acceptable. The second method is to treat the two axes 

as equals and cross couple the error for each axis into the other[103, 104]. 

This has the disadvantage that it is possible that neither axis will have 

an acceptable error, but if the relative position is important this may be 

of little concern. Derivations of these techniques include the use of fuzzy 

control[105], preview systems[106], robust and optimal control[107]. 

Synchronisation and drift both require a linear position accuracy in ex-

cess of ± lmm which converts to approximately 17 counts or 53mrad at the 

motor shaft. 

7.2 Open Loop Disturbance Compensation 

The linear distance, I, moved by a sprocket of radius r through an angle 9 

is given by: 

/ = rO (7.1) 
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If dr and dO are the errors in the measured values, then the error in the 

linear distance is given by: 

dl = ddr + rdO (7.2) 

Errors in 9 caused by rounding in the demand generation have been min-

imised by the use of double precision floating point numbers. The encoder 

has a finite resolution of ±3.14mrad, but over a large number of measure-

ments the average error will tend to zero, so will not contribute to drift. The 

controller ensures that the motor follows the demand 6 with the minimal 

error so it is therefore valid to assume: 

d e ^ O (7.3) 

which implies that the error in the linear position is simply: 

dl = Odr (7.4) 

Any error in the sprocket radius causes an error in the linear position that 

increases the further the axis moves. 

Error in the linear position is defined as the difference between the de-

sired position and the actual position: 

E = ld-la (7.5) 

where and are the demand and actual positions. Drift is the difference 

between actual linear positions for successive measurements, which can be 

considered as the rate of change of error: 

D = la{n) - lain - 1) 
but lain) = Ein) - lain) and /^(n - 1) = Idin) (7.6) 
=> D = Ein) — Ein — 1) 

7.2.1 Uncompensated Drift 

To measure drift for the conveyor axis, a fiag was attached to the conveyor 

such that it passed through a sensor once every conveyor cycle of 20 units. 
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Triggering of the sensor activates an interrupt that saves the values on the 

encoder counters. If there is no drift then the encoder count will be nl^ where 

n is the number of complete cycles. Comparison of the value recorded from 

the encoder with the demand position gives an indication of the drift. A 

similar mechanism was constructed for the dispenser. 

Figure 7.1 shows that the conveyor exhibits an average drift of-83mrad 

per cycle while the average dispenser drift is only -O.Smrad. As the nett 

position demand for the dispenser is zero, Equation 7.4 implies that the 

error and hence the drift will also be zero. 

lOOr 

5 a -

I ° 

i -50ft 

1/4^1/ BOO ' ' 800 ' iooo 
>,/ V Unit Number 

iooR r ' V 
— Conveyor 

.-I SQL Dispenser 

Figure 7.1: Conveyor and dispenser uncompensated drift at 50UPM 

7.2.2 Drift Compensat ion 

Equation 7.4 suggests that the relationship between position error and sproc-

ket radius is linear. Hence, if the sprocket radius is constant the change 

in error over successive measurements, or the drift, will also be constant. 

Figure 7.2 confirms this experimentally and indicates that it is possible to 

eliminate drift by variation of the sprocket radius, an effect that is achieved 

by adjusting the radius value used in the calculation of the demand signal. 

By measuring the drift, an estimate for the straight line can be made and 

the correct sprocket radius determined. 

In practice this is not possible as the drift value is corrupted with noise. 
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Figure 7.2: Relationship between drift and sprocket radius 

To overcome this, a least squares approach is used to estimate the radius. 

Feedback data is used to generate an equation relating drift and radius of 

the form: 

r = Co + cid (7.7) 

where r and d are the radius and drift respectively and cq and ci are con-

stants. Using least squares[108], n measurements can be used to generate 

an approximation for Equation 7.7 by solving the simultaneous equations: 

"CO + f ̂  (f;) ci = n 
\j=i / i=i 

(7.8) 

(7.9) ^ d , I Co + ^ c i = J^diri 
\i=l ) \ i = l / i = l 

where n and di are the radius and the drift at iteration i. The drift is 

required to be zero, so Equation 7.7 implies r = co. Equations 7.8 and 7.9 

are then used to eliminate ci and the estimate for the new radius is: 

r = 2=1 i=l 2=1 j —1 

(
71 \ 2 n 

i=i / i=i 

(7.10) 

The results for such a system (Figure 7.3) show that the average drift 

for the conveyor is reduced from -83mrad to 4.5mrad per cycle, and this is 
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still sufficient to cause the error to exceed the specification within 200 units. 

Obviously it is insufficient to compensate for drift only, error and drift must 

be corrected simultaneously. 

1 5 0 - r 

500 
Unit Number 

- 1 0 0 - " -

Specification 

Figure 7.3: Conveyor error and drift with drift compensation only 

7.2.3 Error and Drift Compensat ion 

To compensate for the error, the least squares algorithm is used as before but 

the estimated value of radius is adjusted further so that the error is reduced 

to zero at completion of the next cycle. The demand angle of rotation for 

the sprocket is updated based on the estimate of sprocket radius. This and 

the error value are used to determine the required value of radius that will 

set the error to zero at completion of the next cycle, and is found from: 

e dm 

d-n (7.11) 

where dm and Ej-ad are the linear distance between units and the linear 

position error referred to the motor shaft. 

Simulation showed that if the radius of the drive sprocket changed, the 

least squares algorithm was very slow to recover (Figure 7.4). Limiting the 

number of samples in the least squares algorithm produced a system that 

responded much more quickly but makes the estimate more sensitive to noise 

on the measurement signal. 
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Figure 7.4: Simulated compensator responses to a step change in radius 

The drift compensator described was implemented and found to bring 

drift and error to within specification in under 100 units (Figure 7.5) with 

the least squares algorithm limited to 5 samples. 
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Figure 7.5: Experimental response of fully compensated system 

7.3 Synchronisation Control 

When the system is in the synchronisation mode of operation, the precise 

position of an individual axis is less important than the relative position 

between the two axes. Under normal PID control at 50UPM the relative 
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position error, the synchronising error, is within specification. The addition 

of synchronising elements has been investigated to ascertain whether they 

can reduce the synchronising error in the presence of disturbances applied 

to one axis. 

7.3.1 Master-Slave Synchronisation Controller 

The demand profile for the conveyor is altered so that it becomes the dif-

ference between the dispenser and the original conveyor position demands 

(Figure 7.6). To minimise the synchronising error a proportion of the dis-

penser error is coupled into the conveyor axis. The updated demand profile 

Demand 

Demand PID and 
Dispenser 

PID and 
Conveyor 

Figure 7.6: Master-slave controller block diagram 

for the conveyor results in the conveyor accelerating and then rapidly de-

celerating, with the profile attempting to keep the axes in synchronisation 

throughout the entire unit. This more arduous conveyor profile wiU negate 

many advantages introduced by running the system under synchronisation, 

and will introduce larger errors onto the conveyor axis than would otherwise 

have been incurred. 

7.3.2 Cross-Coupled Synchronisation Controller 

A proportion of the error is coupled into each axis via a gain (Figure 7.7). 

In this manner each axis follows the demand trajectory, but is afiected by 

the error in the second axis. Because the conveyor is not being driven by a 

profile derived from the conveyor and dispenser profiles, the conveyor moves 
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in a considerable smoother motion and the eflfect of the synchronisation 

controller is less apparent to the eye. The gains have been tuned by use of 

the simulation to provide the minimum error during the dispensing time. 

Demand — > 0 

Demand 

Kz Kz 

K, — 

PID and 
Conveyor 

PID and 
Dispenser 

Figure 7.7: Cross-Coupled controller block diagram 

7.3.3 Optimal Synchronisation 

The optimal controller is designed using the same procedure outlined in 

Chapter 5. The synchronisation error is defined to be: 

es{t) = {ui{t) - U2{t)) - (yi(t) -
= ei ( t ) -e2( i ) 

(7.12) 

The C matrix in the state space model is constructed such that the error 

from each axis forms the output, such that: 

C = 
ci 0 
0 C2 

and the synchronisation objective is then: 

5 = 1̂  Ci — C2 j 

This is then formed into a quadratic cost function[107]: 

J = y \^ix^C'^Cx + a2X^S^Sx + u^Rii^ dt 

which can be rearranged to the more familiar form of: 

roo |. 

= J + u Ru 
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(7.13) 

(7.14) 

(7.15) 

(7.16) 



if: 

Q = a i C ^ C + a2S^S (7.17) 

The design now proceeds as for the single axis optimal controller with the 

parameters cci and ag used to control emphasis on either individual axis 

tracking or the synchronisation objective. 

7.3.4 Synchronisation Resul ts 

Figure 7.8 shows the mean square synchronising error for the various con-

trollers compared to a PID system when operated at 50UPM. Results are 

for a system with no disturbance, and for a simulated disturbance achieved 

by applying a gain of 0.7 to the dispenser control effort. Results obtained 

are then normalised around those of the PID controller. The performance 

of the cross-coupled and the master-slave controller without a disturbance 

is considerably poorer than that of the PID controller alone. However, both 

controllers reduce the effect of the disturbance applied to the system, the 

cross-coupled system noticeably so. 

The degradation in performance is due to the new conveyor trajectory. 

Under normal PID control the conveyor has to follow a constant velocity, 

a requirement that PID control fulfils admirably. The synchronisation con-

trollers effectively change the trajectory that the conveyor must follow. If 

the conveyor could track the new trajectory perfectly then errors in the dis-

penser axis would be compensated for and the synchronising MSB would 

improve. As the conveyor can not track the new trajectory perfectly, the er-

rors on the dispenser axis will not be compensated for, errors in the conveyor 

axis increase and the overall MSE increases. 

The only controller that shows an improvement over PID control is the 

optimal controller. This may be entirely due to improved tracking of the 

demand signals, but the synchronising MSE for the optimal controller with 

no cross-coupling shows that this is not so. The large synchronising error for 
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Figure 7.8: Normalised mean square synchronisation error comparisons 

the non-cross-coupled optimal controller, % = 0, is due to poorer tracking 

of the conveyor signal than the PID controller, which could be improved 

to some degree by increasing the integral gain value. When the optimal 

controller is cross-coupled with og = lOOai then the improvement in syn-

chronisation error is significant. 

Figure 7.9 shows that though the MSE for the entire profile is improved 

under optimal control, in the absence of a disturbance none of the con-

trollers give a better performance during the dispensing time than the PID 

controller. For all the controllers adding extra degrees of freedom to regulate 

the synchronisation error has made the system more oscillatory. 

Synchronisation control is obtained through adjusting the profiles of the 

two axes to minimise the synchronisation error. This results in the conveyor 

operating with violent changes in speed for which it is not designed. For 

unit rates in excess of 50UPM, attempting to control the synchronisation 

error in this way is not suitable. The synchronisation error is only required 

to be minimal during the dispensing time. To extend the application of 

synchronisation control to above 50UPM, a method of only applying syn-
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chronisation control when it is required must be developed. In this manner, 

violent changes in conveyor speed caused by the large error in the dispenser 

axis when it returns to the origin can be avoided. 

7.4 Summary 

The causes of drift in the conveyor axis have been identified and shown to 

consist of random and constant components. A method has been suggested 

to overcome these effects and ensure that the conveyor position remains close 

to that of the motor. 

Under dispensing, the precise position of each axis is less important 

than the relative position between the two. Controllers have been tested 

to determine whether it is possible to reduce the synchronisation error by 

considering the conveyor and dispenser as a coupled system. A performance 

improvement over PID is only achieved by use of an optimal controller, and 

in the absence of disturbances the performance of the PID controller during 

the dispensing time is superior. Due to the nature of the new demand on 

the conveyor, attempts to couple the two axis are limited to unit rates less 

then 50UPM. 
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Figure 7.9: Comparison of synchronisation error for different controllers 
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Chapter 8 

Conclusions and Further 

Work 

8.1 Conclusions 

The controller cost function for both axes has been combined and then 

normalised around the value obtained for the PID controller. This provides 

a single value that compares the performance of the various controllers and 

the results are shown in Figure 8.1. 

From this, it is apparent that the fuzzy controller and the flux vector 

inverter in open loop mode are inferior to the original PID system. The fuzzy 

controller is difficult to design properly and executes slower than the other 

controllers. The flux vector system is penalised heavily for a poor settling 

time and MSE(Z?t) for the conveyor even though the dispenser performs 

better than PID. 

By adding information about the dynamics of the system in the form of 

a model, the performance can be improved to around 0.4 of the PID value. 

These systems are limited by the requirement to design the controller around 

detailed knowledge of the system dynamics, whereas a similar improvement 

can be obtained by the addition of a velocity feedforward term to the PID 
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Figure 8.1: Controller performance indices 

system. This has the advantage of not requiring knowledge of the dynamics 

but does provide another gain that requires tuning. 

The most superior systems are the flux vector inverter in closed loop 

mode and the learning controller, both producing a performance index of 

approximately 0.1. Implementation of a flux vector system requires replace-

ment of existing system components and also the tuning of another con-

troller. Conversely, the learning controller only adds a single gain to the 

system and in addition, there is no requirement to replace existing hard-

ware. 

A method for compensating for drift has been proposed and has been 

shown to adequately remove drift and error. However, there are a number of 

limitations to the proposed method. Firstly, it requires a flag to be attached 

to the system which may be accidentally moved out of alignment. Secondly, 

it only operates once per conveyor cycle, resulting in a very poor resolution. 

Methods for ensuring synchronisation have been investigated. Of these, 

the method based on optimal control was found to be the most suitable. As 

the unit rate was increased, difiiculties were encountered with the synchroni-

sation controllers as the demanded trajectory for the conveyor became more 
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severe. Further investigation in this area will need to consider methods of 

relaxing the synchronisation requirement when it is not expressly required. 

From these results it is suggested that the most appropriate method of 

improving the control of chain conveyor systems is to use a sufficient iterative 

learning controller. This has been shown to improve the trajectory following 

and synchronisation error but also has the advantages of not eliminating the 

PID controller or requiring new equipment. This solution is therefore very 

attractive to an industry that is reluctant to replace a system that is well 

known. The learning controller is also adaptive and will ensure an adequate 

performance even if the dynamics of the system change, without the need 

for manual intervention. The ability to learn also provides compensation for 

poorly tuned controllers. 

8.2 Further Work 

This project has identified a possible solution for the control of chain con-

veyor systems that fulfils all the requirements. From this work a number of 

possible directions for further research have become apparent. 

• Close the loop around the mechanical plant 

All the proposed controllers fail to improve the performance of the 

conveyor during the dispensing time much beyond that of PID. To 

overcome this difficulty the control loop must be closed around the 

mechanics. A sensor may be added to the conveyor but such a sensor 

must be mechanically robust and not require expensive cabling. It 

may be possible to use a magnetic system to monitor the passing of the 

chain. Electronics located at the computer end would then extrapolate 

an accurate position measurement from this data. 

Alternatively it may be possible to model the system more accurately. 

Further research may be able to determine a method of modelling the 
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variation in sprocket radius based on the system velocity and accel-

eration. This could be combined with a more accurate model of the 

system dynamics to provide an estimate of the conveyor position. Such 

an estimator could be combined with the new sensor. 

Once the improved feedback data is obtained then some method would 

need to be found of integrating this into the controller. It may form 

the sole source of position feedback, but is more likely to supplement 

that from the motor encoder. 

Development of the learning controller 

This can progress in a number of directions: 

- Replacement of the PID loop 

The repeatability of the learning controller has been shown to be 

similar to that of the PID controller. This is due to the learning 

controller operating over a time period equivalent to one unit 

as opposed to one sample instant for the PID controller. The 

learning controller therefore relies on the PID loop for disturbance 

rejection. If the PID controller is replaced with a controller that 

exhibits a lower MSE(Z?t) then the repeatability will be improved. 

- Calculation of the Learning Gain 

At present, tuning of the learning gain has been achieved man-

ually. Due to the nature of the system this can be a very time 

consuming exercise. Firstly, the controller should be implemented 

on a number of systems with a wide range of dynamics. If from 

this it is found that a range of learning gain values is required 

then a method for determining the optimum value, preferably 

online, should be obtained. Such methods exist in the literature 

but require knowledge of the plant dynamics. A more desirable 

method may be a Zeigler-Nichols equivalent method for learning 
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control. 

- Specification of the number of iterations for convergence 

The current system has no method of predicting when the sys-

tem will reach the sufiicient error condition. From an industrial 

perspective it would be most desirable to be able to specify the 

number of iterations that are to be performed to obtain the re-

quired performance. 

• Online modelling 

The model based controllers discussed in this project were constructed 

around a simple model, ofiline. It would be interesting to investigate 

whether a model generated at run-time would produce a better con-

troller. Also a number of the above suggestions may require system 

models, and if these were to be practicable then models of the system 

would need to be generated online. 

To conclude, a significant improvement in the performance of chain con-

veyor system can be obtained by the use of a sufficient iterative learning 

controller. Given the computational power of PLC's and the high require-

ments of modern manufacturing, then there would appear to be little reason 

to remain solely with a controller design that is 60 years old. 
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Appendix A 

Full Model Parameter Values 

A . l General Parameters 

OPERATIONAL PARAMETERS 
UPM = 50 

opjnode = -1 -1 for indexing, 1 for syndiron 
GEAR RATIOS 

conv_gear = 2.5 
disp-gear = 2.4 

CONTROLLER SAMPLING FREQUENCY 
fs = 2500 

Ts = 1/fs 
SPROCKET RADIUS 

rd_conv = 0.046482 Conveyor sprocket radius (m) 
rd_disp = 0.038195 Dispenser pulley radius (m) 

ENCODER PULSES 
pulses = 2000 PPR from motor encoders 

DEMAND PROFILE PARAMETERS 
pt = 0.4 Dispensing time (s) 

beta = 0.75 Time for conveyor to reach Vc 
delta = 0.5 Ratio of forward travel to dm 

sigma_synch = 0.4 Dispensing time 
dm = 0.3175 Distance between centres 
dt — 0.1 Finable length of tray 
da = 0.25 Proportion of dt to synch in 

I /O CARD PARAMETERS 
DACJimit = 10000 Maximum DAC voltage 

DAC -resolution = 12 
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ENCODER PULSES PER UNIT AT THE MOTOR 
dm_conv-mot = dm x pulses x conv-geax/ (2.0 x tt x rd-conv) 
dm_disp_mot = dm x pulses x disp-gear/ (2.0 x tt x rd.disp) 

A.2 Drive Parameters 

INVERTER 
deadzone = 

r = 
slewjrate = 

kspeed -
cr = 

0.121 
2.0151 
211.8675 
59.4519 
134 

Inverter losses 
Inverter slew rate 
Inverter speed integral 
Inverter filter 

INDUCTION MOTOR 
Vs = 415 Supply Voltage 

f = 50 Supply frequency (Hz) 
Rs = 11 Stator resistance (0) 
Rr = 12 Rotor resistance (J)) 
Lsl = 0.03 Stator self inductance (H) 
Lrl = 0.0442 Rotor self inductance (H) 
Lm = 0.81 Mutual inductance (H) 
Ls = Lsl + Lm 
Lr = Lrl + Lm 

Msr = Lm 
P = 2 No of Poles 

Jm = 0.00427 Inertia {kgw?) 

Bm = 0.005 Viscous friction (Ns/m) 
Cm = 0.1 Dry friction (Nm) 

A.2.1 Conveyor Parameters 

Kc = 175052 Stiffness (N/m) 
Mlc = 9.1 Part chain mass (kg) 
M2c = 9.2 Part chain mass (kg) 
Blc — 0.9 Viscous friction (Ns/m) 
B2c = 0.01 Viscous friction (Ns/m) 
Brc = 0.02 Bearing viscous friction 
Cc = 25.2 Dry friction (N) 

J lc = 0.002 Sprocket inertia {kgw?) 

J2c = Jlc Sprocket inertia {kgw?) 

rlc = rd-Conv Sprocket radius (m) 
r2c = rd_conv Sprocket radius (m) 
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A.2.2 Dispenser Parameters 

Kid = 50000 Stiffness (N/m) 
K2d = Kid Stifl&iess (N/m) 
Mid = 1 Dispenser mass (kg) 
J ld = 2e-4 Pulley inertia { k g m ^ ) 

J2d = J ld Pulley inertia {kgw?) 

Bid = 1 Viscous friction (Ns/m) 
Brd = 0.0125 Bearing viscous friction 
rid = rd_disp Pulley radius (m) 
r2d = rid Pulley radius (m) 
Cd = 20.92 Dry friction (N) 
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Appendix B 

Controller Gain Values 

B . l PID Controller Gains 

Unit 

Rate 

Conveyor Dispenser Unit 

Rate kp ki kd kp ki kd 

30 4.5 0.00015 51 5.6 0.011 69.8 

32 4.5 0.00015 51 5.6 0.011 69.8 

34 4.5 0.00015 51 5.6 0.011 69.8 

36 4.5 0.00014 51 5.6 0.011 69.8 

38 4.5 0.00013 51 5.6 0.011 69.8 

40 4.5 0.00012 51 5.6 0.011 69.8 

42 4.5 0.00012 51 5.6 0.011 69.8 

44 4.5 0.00011 51 5.6 0.011 69.8 

46 4.5 0.00011 51 5.6 0.011 69.8 

48 4.5 0.00010 51 5.6 0.011 69.8 

50 4.5 0.00010 51 5.6 0.011 69.8 

52 4.5 0.00010 51 5.6 0.009 69.8 

54 4.5 0.00009 51 5.6 0.007 69.8 

56 4.5 0.00008 51 5.6 0.005 69.8 

58 4.5 0.00007 51 5.6 0.003 69.8 

60 4.5 0.00006 51 5.6 0.001 69.8 
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B.2 PID with Velocity Feedforward 

Unit 

Rate 

Conveyor Dispenser Unit 

Rate kp ki kd kv kp ki kd kv 

30 4,5 0 51 900 5.6 0.011 69.8 500 

32 4.5 0 51 790 5.6 0.011 69.8 480 

34 4.5 0 51 670 5.6 0.011 69.8 460 

36 4.5 0 51 570 5.6 0.011 69.8 440 

38 4.5 0 51 500 5.6 0.011 69.8 420 

40 4.5 0 51 440 5.6 0.011 69.8 400 

42 4.5 0 51 320 5.6 0.011 69.8 380 

44 4.5 0 51 270 5.6 0.011 69.8 360 

46 4.5 0 51 270 5.6 0.011 69.8 340 

48 4.5 0 51 230 5.6 0.011 69.8 320 

50 4.5 0 51 190 5.6 0.011 69.8 300 

52 4.5 0 51 120 5.6 0.009 69.8 280 

54 4.5 0 51 120 5.6 0.007 69.8 260 

56 4.5 0 51 112 5.6 0.005 69.8 240 

58 4.5 0 51 110 5.6 0.003 69.8 220 

60 4.5 0 51 100 5.6 0.001 69.8 200 
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B.3 Speed and Position Loop Gains 

Unit 

Rate 

Conveyor Unit 

Rate Kp(pos) Ki(pos) Kd(pos) Kp(spd) Ki(spd) Kd(spd) 

30 0.007 0 0.001 1200 0.030 100 

32 0.007 0 0.001 1200 0.029 100 

34 0.007 0 0.001 1200 0.028 100 

36 0.007 0 0.001 1200 0.027 100 

38 0.007 0 0.001 1200 0.026 100 

40 0.007 0 0.001 1200 0.025 100 

42 0.007 0 0.001 1200 0.024 100 

44 0.007 0 0.001 1200 0.023 100 

46 0.007 0 0.001 1200 0.022 100 

48 0.007 0 0.001 1200 0.021 100 

50 0.007 0 0.001 1200 0.020 100 

52 0.007 0 0.001 1200 0.021 100 

54 0.007 0 0.001 1200 0.023 100 

56 0.007 0 0.001 1200 0.020 100 

58 0.007 0 0.001 1200 0.020 200 

60 0.007 0 0.001 1200 0,020 200 

Unit 

Rate 

Dispenser Unit 

Rate Kp(pos) Ki(pos) Kd(pos) Kp(spd) Ki(spd) Kd(spd) 

30 0.0100 0.00003 0.001 1000 0.7 5000 

32 0.0102 0.00003 0.001 1000 0.7 5000 

34 0.0104 0.00003 0.001 1000 0.7 5000 

36 0.0106 0.00003 0.001 1000 0.7 5000 

38 0.0108 0.00003 0.001 1000 0.7 5000 

40 0.0110 0.00003 0.001 1000 0.7 5000 

42 0.0110 0.00003 0.001 1000 0.7 5000 

44 0.0110 0.00003 0.001 1000 0.7 5000 

46 0.0110 0.00003 0.001 1000 0.7 5000 

48 0.0110 0.00003 0.001 1000 0.7 5000 

50 0.0110 0.00003 0.001 1000 0.7 5000 

52 0.0110 0.00003 0.001 1000 0.7 5000 

54 0.0100 0.00003 0.003 1000 0,7 5000 

56 0.0100 0.00001 0.005 1000 0.7 5000 

58 0.0100 0.000001 0.010 1000 0.7 5000 

60 0.0080 0.0000001 0.010 1000 0.7 5000 
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B.4 Closed Loop Flux Vector Inverter 

Unit 

Rate 

Conveyor Unit 

Rate Kp(pos) Ki(pos) Kd(pos) Kp(spd) Ki(spd) Kd(spd) 

30 14 0 51 200 40 40 

32 14 0 51 200 40 40 

34 14 0 51 200 40 40 

36 14 0 51 200 40 40 

38 14 0 51 200 40 40 

40 14 0 51 200 40 40 

42 14 0 51 200 40 40 

44 14 0 51 200 40 40 

46 14 0 51 200 40 40 

48 14 0 51 200 40 40 

50 14 0 51 200 40 40 

52 14 0 51 200 40 40 

54 14 0 51 200 40 40 

56 14 0 51 200 40 40 

58 14 0 51 200 40 40 

60 14 0 51 200 40 40 

Unit 

Rate 

Dispenser Unit 

Rate Kp(pos) Ki(pos) Kd(pos) Kp(spd) Ki(spd) Kd(spd) 

30 20 0.08 100 200 40 40 

32 20 0.08 100 200 40 40 

34 20 0.08 100 200 40 40 

36 20 0.08 100 200 40 40 

38 20 0.08 100 200 40 40 

40 20 0.08 100 200 40 40 

42 20 0.08 100 200 40 40 

44 20 0.08 100 200 40 40 

46 20 0,08 100 200 40 40 

48 20 0.08 100 200 40 40 

50 20 0.08 100 200 40 40 

52 20 0.08 100 200 40 40 

54 20 0.08 100 200 40 40 

56 20 0.08 100 200 40 40 

58 20 0.08 100 200 40 40 

60 20 0.04 100 200 40 40 
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B.5 Model Based Controller Gains 

Direct Digital 

Unit 

Rate 

Conveyor Unit 

Rate ki 

30 0.00030 

32 0.00030 

34 0.00029 

36 0.00028 

38 0.00027 

40 0.00026 

42 0.00025 

44 0.00023 

46 0.00021 

48 0.00019 

50 0.00017 

52 0.00011 

54 0.00005 

56 0.00003 

58 0.00001 

60 0 

Unit 

Rate 

Dispenser Unit 

Rate 1(1 

30 0.0070 

32 0.0072 

34 0.0074 

36 0.0076 

38 0.0078 

40 0.0080 

42 0.0082 

44 0.0084 

46 0.0086 

48 0.0088 

50 0.0090 

52 0.0092 

54 0.0094 

56 0.0096 

58 0.0098 

60 0.0100 

SVF witli Ramp Input 

Conveyor 

k1 k2 

0.tXX3070 2.02 

0.000065 2.02 

0.000060 2.02 

0.000055 2.02 

0.000050 2.02 

0.000040 2.02 

0.000036 2.02 

0.000032 2.02 

0.000028 2.02 

0.000024 2.02 

0.000020 2.02 

0.000013 2.02 

0.000006 2.02 

0.000002 2.02 

0.000002 2.02 

0.0000008 2.02 

Dispenser 

k1 k2 

0.00120 0.8561 

0.00124 0.8561 

0.00128 0.8561 

0.00132 0.8561 

0.00134 0.8561 

0.00140 0.8561 

0.00152 0.8561 

0.00164 0,8561 

0.00176 0.8561 

0.00188 0.8561 

0.00200 0.8561 

0.00200 0.8561 

0.00140 0.8561 

0.00100 0.8561 

0.00050 0.8561 

0.00020 0.8561 

SVF 

Conveyor 

k1 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.94 

0.94 

0.86 

0.80 

0.60 

0.55 

0.58 

0.59 

0.60 
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B.6 Knowledge Based Controller Gains 

Fuzzy Controller Learning Contoriler 

Unit Conveyor Conveyor 

Rate Error CE PD Int kp kl kd kl 

30 0.070 1 65 0.00030 4.5 0.0001 51 0.05 

32 0.070 1 65 0.00028 4.5 0.0001 51 0.05 

34 0.070 1 65 0.00026 4.5 0.0001 51 0.05 

36 0.070 1 65 0.00024 4.5 0.0001 51 0.05 

38 0.070 1 65 0.00022 4.5 0.0001 51 0.05 

40 0.070 1 65 0.00023 4.5 0.0001 51 0.05 

42 0.070 1 65 0.00020 4.5 0.0001 51 0.05 

44 0.070 1 65 0.00005 4.5 0.0001 51 0.05 

46 0.070 1 65 0.00005 4.5 0.0001 51 0.05 

48 0.070 1 65 0.00010 4.5 0.0001 51 0.05 

50 0.070 1 65 0.00500 4.5 0.0001 51 0.05 

52 0.065 1 65 0.00500 4.5 0.0001 51 0.05 

54 0.065 1 65 0.00500 4.5 0.0001 51 0.05 

56 0.060 1 65 0.00500 4.5 0.0001 51 0.05 

58 0.055 1 65 0.00500 4.5 0.0001 51 0,05 

60 0.050 1 65 0.00500 4.5 0.0001 51 0,05 

Unit Dispenser Dispenser 

Rate Error CE PD Int kp ki kd kl 

30 0.11 1.5 65 0.01 5.6 0,001 69.8 0.05 

32 0.11 1.5 65 0.01 5.6 0.001 69,8 0.05 

34 0.11 1.5 65 0,01 5,6 0.001 69,8 0.05 

36 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

38 0.11 1.5 65 0.01 5,6 0.001 69.8 0.05 

40 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

42 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

44 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

46 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

48 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

50 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

52 0.11 1.5 65 0.01 5.6 0.001 69.8 0.05 

54 0.11 1.5 65 0.01 5.6 0,001 69.8 0.05 

56 0.11 1.5 65 0.01 5.6 0,001 69.8 0.05 

58 0.11 1.5 65 0.01 5.6 0,001 69.8 0.05 

60 0.11 1.5 65 0.01 5.6 0,001 69.8 0.05 
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Appendix C 

Tables of Results 

The following tables contain the average results for each controller at each 

value in the unit rate range. Only one set of results for the PID controller 

has been included. In practice, a number of results were obtained over a 

period of time. The set of PID results nearest to a controller were then used 

in the comparison of that controller. This is to allow for subtle changes to 

the system dynamics. 
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C. l Conveyor Motor Results 
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C.1.3 Settling Time Results 
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C.2 Conveyor Output Shaft Results 

C.2.1 MSE Results 
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C.2.2 MSE(Dt) Results 
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C.2.3 Settling Time Results 
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C.3 Dispenser Motor Results 

C.3.1 MSE Results 
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C.3.2 M S E ( A ) Results 
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C.3.3 Settling Time Results 
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C.4 Dispenser Output Shaft Results 

C.4.1 MSE Results 
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C.4.2 M S E ( A ) Results 
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C.4.3 Settling Time Results 
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C.5 Cost Function Results 

Controller 
Conveyor Dispenser 

Controller Motor Output Total Motor Output Total 

PID 1.00 2.16 1.00 1.00 1.07 1.00 
PID 2 1.00 2.78 1.00 1.00 1.08 1.00 
Lag/Lead 20.63 26.94 15.05 2.09 2.20 2.07 
Velocity F /F 0.54 3.29 1.01 0.29 0.31 0.29 
Speed + Position 1.76 2.62 1.39 0.73 0.79 0.73 
Flux Vector 0 / L 3.42 4.37 2.46 1.01 1.07 1.00 
Flux Vector C/L 0.11 0.65 0.24 0.00 0.01 0.01 
Optimal 0.33 1.27 0.42 0.63 0.65 0.62 
Direct Digital 0.35 1.46 0.57 0.02 0.03 0.02 
Fuzzy 3.54 5.76 2.94 0.58 0.56 0.55 
Learning 0.09 0.90 0.26 0.00 0.01 0.01 
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Appendix D 

Motion Control Card 

Specifications 

The motion control card is a two axis interface card that resides in a single 

ISA slot within the PC. The hardware consists of a programmable interrupt 

controller that is capable of interrupting the host PC at periods of 0.1ms 

increments. Two 32 bit counters provide an interface to the encoder feedback 

signal. Software allows configuration of the counters so that receipt of a 

marker pulse will generate an interrupt to latch the value currently in the 

counter. Two 12 bit DAC's provide a ±10V analogue demand signal. Digital 

I/O on the card allows the implementation of enabling signals. The pin 

designations are provided in the following table. 

The software consists of a TSR function that is loaded at boot up. A C 

function, open-motion, opens the card and provides access from within a C 

program. The card is closed by use of function close-motion. 

Communication with the card at run time is through two functions: 

long read-motion (long command, long channel) 

and 

void write-motion (long command, long channel) 
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Encoder Output 
Pin No. Signal Function Signal Function 

1 Ai A phase input -t-15V -t-15V supply 

2 Bi B phase input OV OV common 
3 Reserved -15V -15 V supply 
4 Mi Marker input enCl Motor enable l(coll) 

5 Prb Probe input enEl Motor enable l(emit) 
6 nAi Inverse A input Anl Analogue output 1 
7 nBi Inverse B input An2 Analogue output 2 
8 Reserved enC2 Motor enable 2 (coU) 
9 nMi Inverse marker i /p enE2 Motor enable 2 (emit) 
10 nPrb Inverse probe i /p 
11 +12V +12V supply 
12 +5V +5V supply 
13 ov OV common 
14 -5V -5V supply 
15 -12V -12V supply 

Table D.l; Interface card connections 

Channel is an integer that selects the channel upon which the command 

is to be performed. Write-motion adjusts the card as required, whereas 

read-motion returns a long representing the desired parameter. Command 

is one of a number of defined strings that allow access to the various parts 

of the card such as the interrupt controller, the encoder counters and the 

DAC's. Using this structure the command to read the 32 bit value on the 

encoder counter of axis 0 is: 

count = read _motion( AXIS _32,0L) 

and to write 2000mV to the DAC for axis 1 is: 

write_motion(DAC_MV,lL,2000L) 
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