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ABSTRACT.
Continuous path, multi-axis stepper motor driven machinery frequently suffers from performance 

limitations. This performance limitation manifests itself as microscopic rough motion. It has been 
hypothesised that rough motion present in stepper motor systems generally arises from the excitation of 
the machine dynamics through interpolation. The interaction of acceleration with interpolation severely 
compounds the problem. The ‘art of stepper motor system design’ suggests that motors typically having 
a torque capability o f double the load requirement should be sufficient to ensure reliable operation. 
However when full account of interpolation and ramping are considered, yet larger motors may be 
required. Steiger has shown theoretically that the resulting rough motion of the machine, causes the 
limitation in performance through an increase in load being reflected back to the motor. The aim of the 
current research is to confirm the principal causes of this performance limitation through 
experimentation, and further, to develop control techniques to minimise the effect.

Building upon the work of Steiger, a test platform representing a single axis o f a conventional CNC 
machine was built. Sensors in the form of incremental encoders where attached to the rig at all the 
motion transfer points. The sensors include a high-resolution linear encoder able to measure the 
movement of the end effector to a resolution of 0. 2 microns, whilst the shaft encoder mounted on the 
stepper motor can measure angular movement to a resolution of l/50th of a full motor step. Experiments 
under a range of variable conditions have been closely examined in order to characterise the resulting 
continuous path motion of a stepper motor driven machine. A special purpose data acquisition system 
was enhanced to allow the synchronous capture of pulse timing data over multiple channels. Validation 
of the performance hypothesis mentioned above was obtained through the instrumentation of a 
production CNC machine provided by Pacer systems Ltd. , a manufacturer of CNC machinery 
collaborating in this research.

The information obtained from the test rig, and later from the CNC machine substantiated the 
theoretical findings of Steiger. However other features of the mechanical system and electronic drives 
were shown to have an equally important effect on the overall performance. These factors have been 
examined in detail and ranked as to their significance in typical application.

Experimental and simulation work confirmed the validity of the approach suggested by Palmin 
concerning maximum torque utilisation for single axis systems. The experimental results supported the 
solution implemented, a solution to smooth the motion on the secondary axis. Palmin’s principles are 
extended to the continuous path multi-axis case through a processor based velocity smoothing algorithm 
minimising system excitation and corresponding path errors. This solution was realised in the form of a 
novel inverse velocity filter algorithm implemented on a DSP. The research then continued towards 
developing a technique of measuring the true stepper motor’s performance. This method of deducing the 
static and dynamic rotor position can form the basis of calculating the torque/speed graph for the stepper 
motor driven system under test. This method was used to measure the effectiveness of the filtering 
solution.

Thus the significant performance limitations of continuous path stepper motor driven machinery 
have been demonstrated. These experiments concerning the motion of CNC machinery have resulted in 
new knowledge being developed within the field of engineering. The work has successfully shown the 
validity of both Steiger and Palmin. Steps to overcome the performance limitation have led to the 
development of a novel inverse velocity control algorithm. This solution was realised in hardware and 
reduces the excitation of the machine dynamics significantly. The research has verified the path 
following accuracy of the solution through step error measurement demonstrating increased performance 
together with increased accuracy. To summarise the research has shown that the engineer can achieve a 
higher level of performance in terms of path accuracy and top speed if a technique such as the one 
presented is utilised in the control system.
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PCB:

Digital Differential Analyser. Interpolator for geometric 
path.

Direct Numerical Control. There are two meanings for 
this acronym. Originally it referred to the sharing of a 
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Man Machine Interface. Important interface between 
human operator and a tool (usually a computer).
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numerical data is generated through a computer and is 
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Optical Shaft Encoder. Rotary measurement device for 
closed loop feedback information (displacement). Can be 
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Since the torque of a stepping motor is not constant over 
the whole frequency (velocity range), this information is 
supplied in the form of a graph, known as the pull-out 
torque/speed characteristic. This graph shows the 
maximum torque exceeds the pull-out torque at a certain 
speed the motor pulls out of synchronism with the 
magnetic field and the motor stalls.

A method of capturing information from such devices as 
digital encoders (OSE). Distance is detennined by 
counting the number of pulses arriving with respect to 
time. Also referred to as discrete differencing.

A method of capturing information from such devices as 
digital encoders (OSE). Distance is determined by 
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changing the mark to space ratio. Sometimes misused to 
refer to a method of PFM where the mark period is 
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Random Access Memory.

Reduced Instruction Set Computer. High performance 
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optimised design and reducing the range of implemented 
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are equal, however research has shown that the friction of 
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Adrian J. Stout Chapter One.

Chapter One Introduction

1. 0 Overview

Stepper motors have been available for many years, but commercial exploitation 

only began in the sixties, when improved silicon wafer fabrication techniques made 

available devices capable of switching large DC currents in the motor windings. This 

feature of switched winding currents gives the stepping motor its unique digital machine 

properties, which are a considerable asset when interfacing to other digital systems. The 

rapid growth of digital electronics through the seventies and eighties assured the stepper 

motors future. Today, where everything is heading towards the digital revolution, there 

is world-wide interest in its manufacture and application.

The use of stepper motors within CNC machinery has traditionally been considered 

to be a poor substitute for AC or DC servomotors because of their poor high-speed 

capabilities. However, advances in motor design and drive systems make stepper 

motors very attractive actuators in digital control systems. In a simplistic sense stepper 

motors can be considered to be digital in nature since the rotor moves in discrete steps 

when the coils are energised with power. The stepper motor offers lower cost than other 

electrical motors, and with advances in technology, comparable performance. Stepper 

motors provide excellent torque at low speeds, up to five times the continuous torque of 

a brush motor of the same frame size, or double the torque of the equivalent bmshless 

motor [8]. These advantages mean that stepper motors are commonly used in a variety 

of control systems from disk drives & printers to CNC lathes and robot aims.

The advances made with stepper motors are only a small part of the overall advances 

made within the automated control industry. The driving force behind the advances in 

automated control came from the military and aerospace industry where there is the 

constant need for highly accurate machined components. Postlethwaite et al. [1] discuss 

the need for these advances in tenns of machine accuracy, and precision. In the 

manufacturing industry the need for highly accurate machined components, has resulted 

in the need for controllers being able to produce smooth continuous path motion.
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Adrian J. Stout Chapter One.

The research documented within this report is concerned with the use of stepper 

motors within smooth continuous path multi-axis machinery. The author builds upon 

the theoretical work carried out by Steiger [2]. Sherkat & Steiger[3] have postulated that 

problems may arise from the excitation of machine dynamics as a subsequence of 

acceleration interacting with interpolation. Steiger [2] has theoretically shown that the 

velocity profile on a slave axis may be very rough. The consequence of this rough 

motion is lower achievable system performance. Engineers fail to fully realise the 

extent of the problem and compensate against the performance limitation by designing 

systems with larger motors and drive amplifiers.

Building upon the work of Steiger [2], this project investigates the performance of 

continuous path multi-axis stepper motor driven machinery, by measuring the true 

extent of rough motion within the machinery, identifying key problem areas and by 

showing how the performance can be improved. An experimental test rig was first 

developed to carry out velocity profile measurements, this is shown in Figure 1. From 

the experimentation and literature survey the limitation in performance was analysed, 

which in turn led to a solution. This thesis documents these ideas, experiments, and 

theories and concludes with an evaluated solution to the problem of generating smooth 

continuous path motion.

Figure 1: Photograph of Experimental Platform.
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Adrian J. Stout Chapter One.

1.1 A Brief History of Computer Numerical Control.

Numerical Control can be traced back in history to the industrial revolution in the 

nineteenth century when in 1808 Joseph M. Jacquard introduced his first automatic, 

punch card based loom. He used punched sheet metal cards, arranged on weaving 

machines in various ways, for the automatic control of weaving patterns. The presence 

or absence of a hole determined whether or not a needle would be activated. Little 

progress was made until M. Foumaux, 55 years later patented the automatic piano 

player under the world-renowned name of pianola, Kief [4].

This was the general pattern of advancement until 1949 when John C. Parsons and 

the Massachusetts Institute of Technology (MIT) won a study contract from the United 

States Air Force. After the end of the Second World War the aircraft industry had 

become aware that machined structural parts would be required in order to meet the 

strength-to-weight ratio for future supersonic aircraft, Kief [4]. Manual controlled 

machines could not meet the accuracy requirements, nor could they readily 

accommodate the many engineering design changes required in the manufacturing of 

aircraft. These highly geometric, complex shapes were normally machined by the use 

of French curves or splines; for the same shapes to be machined by the use of numerical 

control they would need precise mathematical descriptions and voluminous 

mathematical computations that would take years if computed manually. This is the 

reasoning behind utilising a computer. The initial study contract would therefore 

develop a system for machine tools that could control the positions of the leadscrews 

from the output of a computer. This output would then act as input into a system that 

would automatically operate the machine tool. The idea was realised to involve the 

following: The computer would compute the path of a cutting tool and store the 

computed cutter positions onto punched cards. These would then be fed into the 

machine control system. This machine control system would continuously output the 

appropriate data to servomotors, which were attached to leadscrews, in order to drive 

the cutter over the complex geometry to be machined.
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Adrian J. Stout Chapter One.

Computer Aided Design System.

I
t”**! r̂ -ir̂ n

Machine Control System.

CNC Machine Table.

Figure 2 : Concept of a Computer Numerical Controlled Machine.
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Adrian J. Stout Chapter One.

In 1952 the first numerically controlled machine, a Cincinnati Hydrotel vertical 

spindle milling machine, was successfully demonstrated at the MIT. The machine 

control imit was built with electron tubes, controlling three axes with Linear 

Interpolation and received its data via binary coded punch tapes. The manufacturing 

industry has changed significantly since then, especially with the invention of 

semiconductors and microprocessors, but the overriding principle of controlling 

machines by the process of numbers has not. This principle is known as Numerical 

Control. The process of transferring the data from computer to machine has progressed 

from being punched card to housing the computer on the machine and fitting a direct 

feed from the computer to the control system that would control the motors. This 

principle is known as Computer Numerical Control (CNC).

The wide varieties of CNC machines offer a range of capabilities. The most 

important differences lie in the degree of precision attainable and the method used for 

realisation of the predetermined cutter path. The complexity in geometry of the shapes 

has also increased in proportion to the capabilities of the machine. The increasingly 

wide range of CNC applications has led to the requirement for more complex control 

systems to fulfil these demands. A typical demonstration of the demands placed upon 

the motion control system can be seen in Figure 3, which shows a complex engraving 

pattern.
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Figure 3 : Complex Engraving Pattern.
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Adrian J. Stout Chapter One.

1. 2 Overview of Motion Control Systems.

Definitions of motion control vary widely in industry today. Depending on the 

application, motion control can refer to simple on-off control or a sequencing of events, 

controlling the speed of a motor, moving objects from one point to another, or precisely 

constraining the speed, acceleration, and position of a system throughout a move. 

Essentially they may be divided into three distinct categories: sequencing, speed 

control, and incremental motion (which again can be sub-divided into point to point and 

continuous path motion, also described below).

Sequencing refers to the control of several operations so that they all occur in a 

particular order. Perhaps the simplest example of sequential motion is the progression 

of events that take place through the mechanical linkages of a player piano (a 

mechanical piano player). When a player piano plays a tune, holes in a paper roll cause 

piano wires to be struck in a specific sequence. Similarly, opening and closing valves 

can be sequenced mechanically with camshafts.

Speed control refers to applications involving machines running at varying speeds or 

torque’s. The source of power for such applications is generally an internal combustion 

engine, an electric, hydraulic, or pneumatic motor. Speed can be controlled either 

mechanically or, in the case of electric motors, electronically. Mechanical speed- 

control components include clutches and brakes, variable-speed drives, traction drives, 

transmissions, and fluid-coupled drives. There are also mechanical clutches and brakes 

which are electrically or hydraulically actuated. Examples illustrating where such 

technologies are used include web presses, filament-winding machines, and feedstock 

applications.

Incremental motion control, in contrast with velocity control, generally refers to 

applications where something must move from one point to another at a constant speed. 

An important requirement in such applications is that there are two factors that must be 

controlled: speed and distance. Incremental motion control can be split into two 

specific types, point to point motion or continuous path motion. Point to point motion 

is normally used for robotics or drilling machines where the machine will start at one
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point, perform an operation and then proceed to the next point. Straight line machining 

can be achieved with the appropriate cutter and feedrate. The other type of incremental 

motion control is continuous path control. Continuous path control, or contouring 

systems, use synchronised feed drives and therefore can provide accurate positioning 

along the designated path not only at the end point. The path for such machines is 

typically expressed as a mathematical function rather than discrete movements. An 

interpolator is used to calculate path positions up to the target point. This makes it 

possible to reach any point in the X/Y/Z space plane by rectilinear motion, whilst 

maintaining the X/Y/Z path ratio. Contouring is used to control such machine tools as 

lathes, milling machines and machining centres, which remove material over the surface 

of the workpiece, such as milling of a cam.

In general, the simplest continuous path control system might be found on milling 

machines. They typically contain a positioning system for moving the fixture holding 

the workpiece. The end effector in this case will be the milling tool mounted on the Z 

axis. The positioning system involves a number of axes, both translational and 

rotational. Each axis contains an electrical motor, an adjustable-speed drive, a 

positioning mechanism, and possibly a position transducer that reads out the position of 

each table axis. The positioning mechanism for such a system is usually a ball screw.

Many light manufacturing systems for continuous path motion use a stepping motor 

which is considered particularly well suited for this type of application. Stepping 

motors work by sending pulses to a drive circuit which in turn energises coils within the 

motor. The stepping-motor shaft moves through a specific angle in response to each 

input pulse to the drive circuit. This allows it to rotate in fixed, repeatable, known 

increments, unlike conventional servo motors, which require a position transducer.

Most motors, regardless of type, usually require controlled acceleration and 

deceleration for best response, especially when the motor moves a load having 

significant inertia. To obtain this acceleration and deceleration in stepping motors, 

controllers typically use a technique called motor-clock ramping where the frequency of 

the control pulses are varied to accelerate the motor from zero to maximum speed. This 

variable motor clock rate is often generated through software. An example of this could
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be a computer that controls the time period between control pulses using precalculated 

constants stored in memory tables.

In the simple case, an incremental motion system moves a required distance. But for 

some applications, simply commanding the motor to move a prescribed distance does 

not provide enough accuracy. Machine slippage, back-lash, and other factors may 

prevent the motor from moving the load to the point desired. This error, expressed in 

terms of distance is called the Static Displacement Error. Several factors also effect the 

velocity of the movement, namely pulley mis-alignment, mechanical resonance and the 

excitation of any machine dynamics. These factors result in velocity fluctuations, which 

in turn lead to displacement errors, since velocity is the first derivative of distance and 

time. These errors are called Dynamic Displacement Errors.

Closed-loop control systems can be designed, as demonstrated by D’azzo[5], & 

Kuo[6], to reduce these drawbacks. They provide precise position control with 

feedback, see Figure 4. Feedback minimises the difference between the commanded 

position or velocity of the system and the actual location or velocity. In other words, 

feedback minimises position or velocity error. Koren [7] provides a good insight on 

developing an adaptive control system that can be used for machining. The adaptive 

system he describes is basically a feedback system that treats the CNC machine as an 

internal unit, and in which the machining variables automatically adapt themselves to 

the actual conditions of the machining process. Koren claims that this will enable the 

machine to run at an optimum level of performance, rather than a level dependant upon 

the skill of the machine operator.

Closed-loop control systems do have disadvantages, namely, cost, complexity and 

problems with stability. A more important aspect to note is that feedback like open loop 

control can only correct errors within the torque capability of the motor. These 

disadvantages can often out-weigh any advantages gained from such a system. This in 

turn leads to manufacturers selecting a compromise between performance and cost.
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The definition of motion control used in this report is that of incremental motion 

control, which use electronic open loop control systems and stepper motor drives to 

provide continuous path motion. Such systems also fall within a limited power range, 

typically up to about 1KW.

Out
controller -—-——* Plant

Open Loop Control

Out

Sens oi-

Plantcontroller

Closed Loop Control.

Figure 4 : Open & Closed Loop Control Systems.
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1. 3 Introduction to Stepper Motor Control systems.

Stepper motors are widely used in industry, especially the space industry, largely 

due to several advantages they have over the other types of electrical motor used in 

control systems. Steppers are inexpensive and economical to run. All stepper motors 

have the following properties; bi-directional control, built-in braking, 110 drift or 

cumulative error and direct digital control (the main reason the space industry uses 

stepper motors). The main disadvantages are transients produced by the constant 

stepping action and the low speed range. A simplified cross-sectional view of a stepper 

motor can be seen in Figure 5. The stepper motor consists of two main components; a 

stator (the outside body of the motor) typically with windings that are energised to set 

up a magnetic field and a rotor which is normally a toothed spindle composed of a 

ferrous alloy. There are normally a number of phase windings, typically two, contained 

within the stepper motor. When one phase is energised the rotor rotates such that a 

tooth is aligned into a position to provide the least magnetic reluctance. When the next 

corresponding phase is energised the rotor rotates to the next position, thus by 

sequentially energising the various phases the rotor moves one rotation.

Stepper motors can be viewed, in a very broad sense, as being digital in nature, 

moving a finite angular distance each time a pulse is applied to the drive circuitry. They 

do not necessarily require feedback to provide precise positioning or speed control. 

Stepper motors provide excellent torque at low speeds, up to five times the continuous 

torque of a brush motor of the same frame size, or double the torque of the equivalent 

bmshless motor, Parker Hannafin [8]. These advantages mean that stepper motors are 

commonly used in a variety of control systems from disk drives & printers to CNC 

lathes and robot arms.

As expressed before, stepper motors are driven by a digital pulse train. The velocity 

is dependent upon the frequency of this pulse train; the higher the frequency the greater 

the velocity. The stepper motor, like other motors has inertia and therefore cannot 

simply be driven at high speeds from stand still. Instead they have to be accelerated up 

to this speed, and then decelerated to an acceptable level. This can be seen overleaf in 

Figure 6.
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Figure 5 : Cross Sectional View of a Stepper Motor.
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There are three main types of stepper motors: permanent magnet, variable reluctance 

and hybrid. Permanent magnet motors as their name suggests have a rotor that consists 

of a permanent magnet.

Permanent magnet stepper motors offer low cost, large step angles and low torque. 

They are typically used in disc drives. Variable reluctance motors do not have a 

permanent magnet, so the rotor spins freely, without “detent” torque. This type of 

motor is frequently used in small frame sizes for applications such as micro-positioning. 

The hybrid motor is by far the most widely used stepper motor in industrial 

applications. The name is derived from the fact that it is a combination of the previous 

two motors.

The hybrid stepper motor is controlled by changing the phase current through two 

sets of magnetic poles. This means there is a total combination of four patterns that the 

current can flow in before repeating. The current required by a conventional stepper 

motor is typically 1-10 amperes and therefore some sort of power amplifier is needed 

between the motor and controller. This power amplifier is typically called the drive 

system since it provides the driving signal for the motor. The drive system accepts 

pulses from the controller and converts them into the appropriate phase current.

Velocity

Acceleration

Time

Figure 6 : Stepper Motor Velocity Profile.
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Research into stepper motor machine control is centred on the various aspects of 

motion generation and its instrumentation; of particular interest is the generation of 

smooth continuous paths. In order to control the motion more effectively then the 

accurate measurement of this smooth motion is needed. The investigation of such 

motion requires dynamic measurement of angular position as well as linear motion, 

Ayandokun [9], Kadhim [10]. Precision measurement at operating speeds requires the 

use of high speed data acquisition techniques. Data acquisition systems with a high 

bandwidth and a high resolution can be complex and costly. The Real Time Machine 

Control group based within The Nottingham Trent University has investigated into the 

development of a high bandwidth, high resolution digital data acquisition board, which 

uses a reciprocal timing architecture, McManus [11]. The author fully developed and 

prototyped this system and utilised the board in support of his research.
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1. 4 Continuous Path Motion Requirements.

Continuous path motion can be described as a series of path segments where the 

movement along each path segment is precisely controlled & known. These path 

segments when linked together form a continuous path, for example the continuous path 

could be the outline for an alphanumeric character. In this example if a machine tool 

followed the path whilst machining then the character will be reproduced in the 

designated material. However a continuous path does not have to be just the outline of 

a character, but could be a continuous path to mill out a pocket in a cam, etc.

The task of generating smooth continuous path motion, can be simply taken as 

moving a machine from point a to point b along a designated path, with constant speed 

and cutter path accuracy. However to fully understand the problems associated with 

generating smooth continuous path motion we must study all the stages that a given 

product goes through from design to manufacture. The four stages of Computer Aided 

Manufacture are shown in Figure 7.

The first process is often to design the object utilising a Computer Aided Design 

Package. The second process is to generate Path Information derived from the 

Computer Aided Design (CAD) drawing. The path information can consist of segments 

of linear, arc or spline movements that when placed together would result in a 

continuous path around the shape.

The next process is to take each path segment and compute the number of steps that 

would be required on each axis to generate the motion. This process often depends 

greatly upon the interpolator used to interpolate between the two axes. Each of these 

interpolation algorithms have their advantages and disadvantages in the areas of path or 

velocity deviation. The last process of CAM is to generate the necessary pulses for each 

motor and then feed them to the drive system to be amplified to a suitable level. The 

Elements of a typical Stepper motor control system are shown in Figure 8.
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Figure 7 : The Four Processes of Computer Aided Manufacture.
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Figure 8 : Elements of a Typical Stepper Motor Control System.
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Upon analysis of the four stages of CAM, shown in Figure 7, the last three are the 

principal causes of machine error. Machine errors are often the result of ‘roughness’ of 

motion or other inaccuracies, both of which cause a loss of performance. Errors can be 

introduced into the system from several points. A list of typical errors follows

• Rounding errors in the path planning algorithm, or interpolation algorithm.

• Inadequacies with the Interpolator algorithm, causing misalignment, or 
speed changes as the tool machines around arcs, or circles.

• Machine vibrations due to resonance effects, chatter, bearing clearances.

• Inadequacies with motion control system or drive system, due to component 
tolerances or control/drive algorithm.

These errors can be found though experimentation and a process of elimination, i.e 

utilising path planning and interpolation algorithms, Steiger [2]. Steiger investigated 

into these two areas, and the author continues this field of research by investigating the 

motion control area. Therefore the main requirements for smooth continuous path 

motion can be expressed as the following;

1, Minimal path error between the designed path and the actual path, taking into 
account, any tolerances.

2, A uniform surface speed whilst the machine tool is machining.

Failure on the part of the continuous path motion control system to meet these 

requirements in any way results in a significant loss of performance.
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1. 5 Summary & Research Objectives.

The research concentrates on displacement errors arising from the excitation of 

machine dynamics within stepper motor driven CNC machines. Rough motion present 

in commercial CNC machines stems from the excitation of the machine dynamics as a 

result of the interaction of acceleration and interpolation. Previous investigations into 

stepper motor control have been concerned with the generation of smooth continuous 

path motion, namely the errors introduced by the path-planning and interpolation 

algorithms, Steiger [2]. Sherkat & Steiger [3] have postulated that problems may arise 

from the excitation of machine dynamics as a consequence of acceleration interacting 

with interpolation. Steiger in particular has theoretically shown that the velocity profile 

on a slave axis may be veiy rough. The consequence of this is likely to be the 

justification for the fact that stepper motor driven multi-axis continuous path machines 

rarely achieve their performance potential. The considerable benefit of cost 

effectiveness means stepper motors are used in a number of manufacturing areas. 

Overcoming this performance limitation will benefit a great number of manufacturing 

industries.

The aim of the research is to investigate & improve the performance of continuous 

path multi-axis stepper motor driven machinery. This involved:

i) Development of a test platform, with suitable instrumentation.

ii) Experimental identification of the scope for improvement in path smoothness 

through improved velocity profile shaping.

iii) The development of a new control technique arising from theoretical and 

experimental analysis of the motion data.

The first step in the project was to construct an experimental test platform 

incorporating important features of a typical stepper motor driven CNC machine. This 

platfonn is essentially a single axis of a multi-axis CNC machine which has been fitted 

with instrumentation at critical points where the motion is transferred. A custom digital
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data acquisition board facilitated the capture of the data. This was developed by the 

author, based upon earlier work within the research group. Several techniques & ideas 

arising from the literature survey formed the basis of the early planned experiments.

Based upon the experimentation earned out the significant performance limitations 

of continuous path stepper motor driven machinery have been investigated. New 

knowledge concerning the operation of stepper motors in multi-axis situations was 

derived from the experimentation. It has been practically demonstrated that rough 

motion arising from the excitation of machine dynamics, does lead to a significant 

limitation in performance. Steps to overcome this rough motion were identified and led 

to the development of a novel inverse velocity control algorithm. This solution was 

realised in hardware and reduces the excitation of the machine dynamics to a 

background level. The new knowledge arriving from the experimentation led to a new 

method of measuring the true stepper motor performance, taking into account the 

controller and drive used. This method of deducing the static and dynamic rotor 

position allows the user to obtain the true torque/speed graph for their system. The 

research has verified the path following accuracy of the solution through this step error 

measurement method demonstrating increased performance together with increased 

accuracy.
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C h a p t e r  Two  

L i t e r a t u r e  S u r v e y .
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Chapter Two Relationship to Other Work.

2.0 Overview

Chapter Two details the literature survey conducted by the author. The literature 

survey was broken down into three distinct fields. These areas are important to the 

understanding of continuous path multi-axis stepper motor driven machinery. One field 

is concerned with motion control techniques both in theory & practice. This area is 

covered to fully understand the problems associated with the generation of smooth 

motion for stepper motor driven machinery, and how the systems performance can be 

measured. The second field concerns interpolation techniques, with special attention 

paid to the interpolation techniques that take into account any dynamic behaviour of a 

machine. Since interpolation plays such a large part in the generation of continuous 

path motion, the choice of an interpolation algorithm greatly affects the cut quality and 

performance of any stepper motor based machinery. The third field concerns sensory 

techniques for measuring the dynamics of computer numerical control machinery. This 

area is important in terms of the experimental part of the work since the choice of 

measurement technique greatly effects the results of any experiment.

The literature survey describes previous work in these three fields and identifies 

their key points and their disadvantages. Relevant ideas from these fields were 

considered in the research of the novel inverse velocity filter.
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2.1 Motion Control Techniques.

This report is only concerned with continuous path motion control systems, rather 

than point to point motion control systems, which are frequently used within robotics. 

The definition of motion control used throughout this section and the rest of the report is 

of the type where the motion controller precisely constrains the speed, acceleration, and 

position of a system throughout a move. Continuous path control, or contouring 

systems, use synchronised feed drives and therefore can provide accurate positioning at 

any point in space. An interpolator is needed to calculate the axial increments to 

traverse along the desired, known path. The control will also need a speed controller, 

which will govern the feedrates in order to maintain the exact feedrate ratio of f(x):f(y).

Many authors consider a particular aspect of motion control, these include positional 

control [7,15,16,18,21,22], improved interpolation techniques [20,23,24,32,33,34], 

velocity control [3,17] and improved drive performance [26,27], to name but a few. A 

wide selection of these techniques are reviewed in the following sub-sections.
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2.1.1 PREVIOUS WORK WITHIN THE GROUP.

The research conducted by the author builds upon the theoretical work conducted by 

Steiger [2,3], and concerns the improvement of stepper motor driven multi-axis 

machinery, through improved velocity profile control & design.

Sherkat & Steiger [3] have suggested that problems may arise from the excitation of 

machine dynamics arising from the interaction of acceleration and interpolation. 

Steiger [2] in particular has theoretically shown that the velocity profile on a slave axis 

may be very rough. The consequence of this is likely to be the justification for the fact 

that stepper motor driven multi-axis continuous path machines rarely achieve their 

performance potential. The main contributors of rough motion in stepper motor driven 

machinery, are path planning, interpolation and machine control. The majority of the 

earlier work was into finding the best path planning algorithm and interpolation 

algorithm, in terms of smoothness of motion. Steiger came to the conclusion that the 

algorithm that would yield the best results, in terms of smoothness of motion, would be 

the Search Step Algorithm, Week [84]. This algorithm is detailed later within this 

chapter. The conclusion of his later work was that the majority of the roughness of 

motion came from the motion control section. The authors work builds upon Steiger’s 

theoretical work by investigating and thereby measuring the real limitation of 

performance caused by the excitation of machine dynamics within stepper motor driven 

machinery.

Interpolation of path segments can contribute to the excitation of machine dynamics. 

There are a variety of interpolation algorithms, each one offering various advantages 

and disadvantages; these are covered later within this chapter. It is essential to the 

requirement of continuous path motion that the movement of each axis is constrained in 

time. The desired path is normally interpolated into chord segments, see Figure 9. A 

chord segment can be comprised of a single step movement in length or many step 

movements. The maximum length of the segment is governed by the angle of curvature 

for the desired path. The interpolation algorithm within the controller governs the 

minimum segment length. In interpolation terms this length should be as long as 

possible, in order to finely resolve the angle, see Figures 9 & 10.
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Single Step Interpolation Multiple Step Interpolation

Figure 9: Interpolated Path Segments

It can be seen that the matter of interpolation and velocity profile generation are inter­

related. Concerning the matter of interpolation the reader can see from Figure 9 & 10, 

that the number of steps that can be interpolated greatly effects the available 

interpolation angle. If the interpolator can only interpolate on a single step basis then 

the machine can only interpolate in 45 degree increments, whilst with a step size of 

three, the resolution of the interpolation angle has improved to approx. 15 degrees.
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Figure 10: Interpolation step size.
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The axes are synchronised at the intersection of these chord segments to maintain 

continuous path motion. At these intersection points the velocity is changed to 

maintain the correct feed-rate. These velocity changes are often coarse in nature, due to 

the discrete nature of the calculations. If the chord segment is only a single step in 

length then each axis will frequently start and stop, causing very rough motion.

Thus for interpolation the step size is linked to resolution, the larger the step size, 

the finer the resolved interpolation angle becomes. Unfortunately due to the 

requirement of synchronising the interpolation step size to the resultant velocity, the 

velocity profile is adversely effected. Step size and velocity quantisation are 

proportional, as the step size increases, the coarser the velocity step size becomes. The 

reader can see from Figure 11 that the resultant input velocity profile is stepped in 

nature.

Velocity

Time

Figure 11: Velocity Profile of Motor Input Pulses.

Ideally the velocity profile would be as smooth as possible with little quantisation, 

i.e. velocity controlled on a step by step basis. In multi-axis applications the problem 

arises that if the velocity profile was controlled on a step by step basis then the 

interpolation angle would be coarse, which in turn leads to machine inaccuracies.
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Various authors (Steiger [2], Lho [33], Palmin [50]) have analysed the resultant 

motion generated by a motion controller and have found that the resultant motion to be 

quite rough with sharp changes of acceleration. Sometimes these errors are due to the 

interpolation algorithm, such as the Search Step algorithm which suffers from increased 

velocity whilst interpolating around a circle. The resultant velocity can be raised by a 

factor as high as V2. This is caused by using the intended end-effector velocity as the 

scaling factor in the sine / cosine equations. Sometimes the sharp changes of 

acceleration are caused by exciting the mechanical dynamics of the system, or by 

inaccuracies in the drive technology. Steiger studied the four stages of CAM, presented 

in the previous chapter and came to the conclusion that since the performance is based 

upon a great number of factors, a good measure of the systems perfonnance could be 

derived from measuring the Jerkiness of the machine. Jerk is the derivative of 

acceleration against time, in other words the third derivative of distance-time, Doebelin 

[19].

Velocity 

Acceleration 

Jerk

Where x(t) is distance.

By calculating the level of system jerk then the engineer could obtain a measure of 

the machines performance. Later he concluded that the real limitation of system 

perfonnance was caused by the control/drive system. The author agrees in part with 

Steiger’s hypothesis, but in light of the Palmin’s work [50], concerning parabolic 

velocity profiles finds that measuring the system jerk should not be the only gauge of 

perfonnance assessment. The reason behind this is partly due to the nature of a 

parabolic velocity profile, where the acceleration changes constantly during acceleration 

phase. Ideally if the torque capabilities of the stepper motor could be detennined, 

(taking into account the controller used etc.) rather than the guide supplied by the 

stepper motor manufacturers, then this could be used as a measure of the performance. 

The following sections discuss the reasoning and ideas around this issue.

V(t) = 

A (t)  =  

J(t) =

dx(t) 
dt

dV(t) d2x(t)
dt dt2 

dA(t) d2V(t) d3x(t)
dt dt2 d t

(2-1)

(2-2)

(2-3)
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2.1.2 SMOOTH MOTION.

Research into the generation of smooth continuous path motion generally follows 

two trends, one following the development of better path generation and interpolation 

algorithms and the other trend following the process of increasing the perfonnance and 

accuracy of drive systems (Dong-il [16], Schweid [17], Bollinger [18]). The first area 

has received great interest from researchers and manufacturers alike, resulting in a 

variety of algorithms. Regardless to the area researched the main objective is the 

generation of Smooth motion. Smooth motion is taken as being motion that is not 

erratic in nature, and therefore does not exhibit jerkiness of motion. The author has the 

opinion that this is not exactly quantifiable as a measure of performance since the 

motion of the machine might be smooth yet the machine might still be limited in 

perfonnance.

Often the theoretical ideas of interpolation often do not meet up to the expected 

perfonnance when utilised in CNC machinery. The reason for this may not be due to 

the technique but rather the control system used to actuate the machine. The control 

system can cause the system dynamics to be excited. The author has found that the 

drive and control system utilised greatly influenced the generated resultant smooth path 

motion. This explains the phenomena of “rough surface texture” whereby a work-piece 

can be manufactured within specified tolerances but can still appeal* to have a rough 

surface when somebody feels the texture. The reason why the surface appears to be 

‘rough’ is due to the microscopic inaccuracies of the surface. The reason a person 

might sense this roughness is due to the sensoiy nature of the human hand, as in the case 

of computer graphics where an inaccuracy in picture quality is spotted although the fault 

is too small for the human eye to see. The cause of these inaccuracies is normally taken 

as being due to vibrations, Exciting the dynamics of the machine typically causes these 

vibrations. These vibrations result in changes of acceleration and therefore jerky motion. 

In summary Smooth motion can only be practically achieved if each sub-system of the 

overall system is matched to the other parts of the overall system, knowledge generally 

based on experience.
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2.1.3 PERFORMANCE CURVE INTERPRETATION.

The performance of a given stepper motor is normally assessed by analysing its 

speed/torque characteristic in the form of a curve on a velocity/torque graph. To utilise 

the graph the design engineer determines the total load on the system for a given 

acceleration and reads off the maximum velocity, taking into account a safe region of 

about 20%, Sigma motion control [49]. This safe region provides a necessary overhead 

to compensate for minor torque disturbances and / or slight changes in friction, as such 

the percentage of overhead is a matter of conjecture and can be as high as 50%. The 

total load is the combination of frictional and inertial loads. Frictional load 

predominates in determining the necessary power for constant speed operation. Inertial 

load defines the amount of additional torque required to start and reach full speed within 

a specified time (in the process compensating for frictional load), and also to stop 

(conversely, aided by frictional load). In simple speed control applications, frictional 

load may be the most important. In position-control applications that require numerous 

start/stop operations and high system resolution, inertial load becomes the dominant 

factor, Sigma motion control [49]. Therefore two curves are normally plotted on this 

graph, a stop/start curve and a slew curve.

Raising the friction from zero to a particular value and then applying a uniform 

pulse train for one revolution generates Start/stop curves. If the motor follows it 

successfully, a higher speed uniform pulse train is tried until one is reached which the 

motor does not follow correctly. The last successful speed is then plotted as a point on 

the curve. Load inertia is normally equated to rotor inertia for matched start/stop 

curves, Sigma motion control [49].

Accelerating the motor from zero speed to a specific speed shown on the curve 

generates slew curves. This is ideally done with no frictional load and with as much 

acceleration time as required. When at speed, friction is increased from zero to the 

value at which the motor stalls. These points are plotted to form the slew curve. It 

represents the outer limit of performance capability, Sigma motion control [49].
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For practical purposes, true system performance limits fall between these two 

curves. Instantaneous torque output approaching that of holding torque (inherent in 

permanent-magnet & hybrid stepping motors) serves to boost the start/stop curve far 

closer to the slew curve than would initially be expected. A Torque/speed graph for the 

experimental platform is shown in Figure 12.

Figure 12 : Torque / Speed Characteristic for stepper motor.
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2.1.4 MOTION CONTROL DESIGN CONSIDERATIONS

Given the load parameters and motor torque/speed requirements, the selection of the 

correct motor/driver combination is usually straightforward for most applications. 

However the real world and the theoretical world are often two worlds apart, when the 

full account of interpolation and ramping are considered, yet larger motors may be 

required. Mechanical stiffness is often used to gauge real performance of stepper motor 

driven machinery. Good motor stiffness is one of the primary advantages of the 

permanent magnet and hybrid stepping motors over other motor choices. Stiffness is 

stated as being a measure of a change in torque vs. a change in angular rotor shaft 

deflection, Acamley [27]. The shaft position of a stepping motor is determined by the 

strength of the magnetic field holding the rotor in place and the external load torque, 

which deflects the rotor from the commanded position. This deflection can be reduced 

by decreasing the effective load torque through gear reduction (thereby increasing the 

steps per work increment), or by selecting a motor with more torque, Parker Hannafm 

[8].

In stepper motor control systems there is no great need for feedback since each pulse 

to the motor will move the table a finite distance. They are stable in open loop control. 

Therefore to decrease the complexity and cost open loop control systems are often used. 

Some interpolation algorithms suffer from the disadvantage that whilst machining 

around a circle the start and end points fail to meet. To overcome this problem on-line 

compensation techniques or feedback would be needed, which again adds both cost and 

complexity to the overall system.

One of the established ways of improving the accuracy of stepper motor machinery 

is to ensure that any machine vibrations are damped out by the mechanics of the 

machine itself. This is achieved by lowering the resonant frequency by increasing 

machine mass. Most CNC drive trains can be adequately modelled as a low order 

system (a lead screw indirectly coupled to a stepper motor drive can typically be 

modelled as a third or fourth order system). These mathematical models can help 

designers by showing the resonant frequency of machine. Shin et al. [15] proposes a 

procedure for modal analysis of machine tool structures, this procedure is called the
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dynamic data system method. He claims this provides better estimation of data 

contaminated by noise and better results since no averaging is required. Normally the 

CNC system will be designed to have sufficient mass to damp out a large percentage of 

machine vibrations that exist. The added mass lowers the natural frequency of the 

machine, which may overcome the vibration problem. The designed system will also 

have inherent viscous & friction damping to reduce the vibrations further. In some 

cases torque dampers or frictional driven flywheels may be fitted to the drive to provide 

extra damping.

Sazbo [14] describes at length the process needed to limit vibrations when installing 

an ultra precise lathe laboratory. These include placing the machine on a solid, non­

vibrational base that is independent from the building (a monolite concrete mass 1500x 

1500 x 700 mm) and surrounding this mass with hard rubber sheeting which was 

consequently further embedded in pebbles. The pebble base he mentions is a veiy good 

damper of vibrations. This is simply the installation, to utilise the laboratory it has to be 

operated within an air-conditioned room, with the limit for dust content of the working 

area close to that of a medical surgery. For the general-purpose installation and use of a 

stepper motor driven machine this seems a trifle extreme, but nevertheless it serves to 

illustrate what is required to obtain ultra precise components.

The process of adding mass and friction dampers to limit vibration requires the use 

of stepper motors with higher torque ratios, and/or reducing the velocity/acceleration 

whilst the machine is contour path following. Unfortunately stepper motors have a non­

linear speed torque characteristic, as presented in the previous section, with the motor 

delivering less torque at high speeds. If the machine is not utilised correctly then the 

motor can miss steps due to motor torque slippage, or in some cases the motor may 

stall. In the case of stepper motor driven machinery the cause of these vibrations could 

be the manner in which the machine is accelerated.

Many stepping motors are available in a choice of winding impedances. Torque 

output at higher operating speeds increases with lower impedance windings. Improved 

high-speed performance can also be achieved by decreasing the rise time of the winding 

currents, Parker Hannafin[8]. This same effect can also be achieved by employing a
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higher voltage driver. Certain motor/driver/load combinations may exhibit resonant 

modes within specific portions of the motor speed/torque curve. These often occur at 

about 50-200 and 1000-3000 steps/second, those within the former region can often be 

controlled by increasing frictional load, the latter by increasing viscous friction. Motor- 

torque output may decrease within resonant regions. Operating above low-speed 

resonance and accelerating through high-speed resonance is often recommended, Sigma 

motion control [49],
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2.1.5 MICRO-STEPPING

Stepper motors have several qualities that make them particularly suited for control 

systems. They are stiff, exhibiting high holding torque when stopped, produce a 

reasonable torque for their physical size, and they are brushless, making them virtually 

maintenance free. Stepper motors do have several drawbacks however, one drawback is 

experienced when they are used for precise positioning. Standard hybrid stepper motors 

have a relatively large step size, usually one two hundredth of a revolution, or 1.8 

degrees. The motor can be driven in half-step motor where the rotor is balance between 

two stator poles. Half-step drive operation reduces the 1.8-degree rotor/shaft movement 

to 0.9 degrees per increment. Half-step drive operation also minimises low frequency 

resonance and reduces settling time. However this resolution is still quite large when 

the motor is attached to a large pitch lead screw, and as such might lead to excessive 

coarse resolution of movement.

Within the field of stepper motor driven machinery one of the established techniques 

to improve the accuracy and resolution of the machine is to use Micro-Stepping [44]. If 

the resolution of a stepper motor is improved then the theory suggests that any 

‘roughness’ of motion will also diminish by a similar amount. Micro stepping is 

achieved by electronic control within the drive circuits. The micro stepping drive sub­

divides each full step electronically into a large number of smaller steps. For example a 

micro-stepping drive that subdivides each full step by 20 would effectively result in a 

stepper motor with 4000 steps per revolution.

Micro stepping does not only improve the resolution of the system, but also 

influences other parameters. The natural resonant frequency of most CNC machines in 

terms of frequency, is comparatively of the lower order of magnitude typically a few 

hundred Hertz or much lower. The consequence of this is that sometimes a stepper 

motor might be actuated at the machines natural resonant frequency, causing vibrations 

and possible tool damage. Luckily most of the time the period when the machine is 

actuated at this frequency is short or the designer chooses to by-pass the frequency 

altogether. In field research it was found that the designer using the micro stepping 

technique avoids most of this troublesome problem since the frequency of stepping
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action is greatly increased and therefore the motor is mostly actuated outside this 

resonant frequency range.

Though micro stepping provides increased positional resolution, it is not appropriate 

for all motion control applications. Firstly the frequency of the pulses also significantly 

increases, therefore bandwidth problems may be experienced when the user wishes to 

machine components at high speeds. Secondly the factor of diminished torque, in micro 

stepping the available torque is greatly diminished due to balancing the rotor between 

Stator poles. This in itself draws the use of stepper motors into two distinct fields. One 

field where the system is designed for accuracy utilising micro stepping techniques with 

the speed limited by the bandwidth of the controller, or the other field where systems 

are designed for high speed ranges with mid-range accuracy performance.
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2.1.6 DYNAMICS OF MACHINING SYSTEMS

Research has been conducted into better path generation algorithms that consider the 

kinematics and dynamic relations of the machine in regard to the path design [18, 20- 

24]. The problem arises that these parameters are often addressed at such a high level in 

the system that they do not take into account errors produced by the processes lower 

down in the chain. Authors like Bollinger[18] and Debourse [20] approach the problem 

of smoothness of motion from the interpolation level and try and solve the problem 

from the kinematics point of view. They introduce different approaches and algorithms, 

such as spline and cubic polynomials as methods for interpolation. These methods may 

solve the problem of jerky motion caused by interpolators, but they fail to take into 

account the machines dynamic behaviour. They naturally assume that the motion 

controller is ideal and the stepper motor is linear in behaviour, when in fact they are not.

B. S. V. Prasad et al. [25] have briefly mentioned some of the problems found in 

most D. C. servo CNC systems. In particular they addressed the problem associated 

with overshoot in position caused by the motor inertia and machine dynamics. Prasad 

mentions that these problems can be compensated for by decelerating down to a creep 

feed at the end of each movement. Although this is unacceptable in contour machining 

since one of the prime directives for smoothness of motion stipulates that the feed rate 

whilst machining needs to be kept at a constant level.

They go on to mention that these problems can be compensated on a machine per 

machine basis by conducting machine trials over a period of time to determine the error. 

This in it self presents problems since the machine control algorithm would have to be 

continuously updated when the work piece changes. They present the preferred method 

of compensating for the errors by adjusting the machines next contour path motion. 

Since they use servomotors requiring feedback, then this information can be fed back to 

the controller. However this is difficult and is proportional to the frequency rate of the 

feedback error. They have successfully developed a software-based controller on a 

personal computer, favouring this approach to traditional hardware based controllers. 

The author considers this a strong point since software based controllers offer many 

advantages over hardware based controllers, namely flexibility and versatility. The
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other main benefit is that they can take into account Artificial Intelligence techniques 

such as neural networks.

Since some of the earlier papers have been published the technology of the computer 

industry has increased by three to four fold. Designers now have the option of 

embedding a whole host of system processors into their control solutions. RISC 

processors offer a fast streamlined way of implementing complex formulas whilst still 

maintaining machine performance, indeed some machine control companies have taken 

this approach to their design. Another approach is to use digital signal processors. 

Digital signal processors offer fast arithmetic processing combined with fast interrupt 

servicing. Researchers like Samudio et al [26], have analysed the use of DSP in drive 

systems, where the DSP can be used to control the conduction angle for each phase of a 

switched reluctance motor. The work conducted by Samudio is based upon the earlier 

work conducted by Acamley[27].

Acamley describes how the maximum torque can be obtained from a stepper motor 

if the exact rotor position is fed back to the drive controls and used to control the 

conduction angle or switching angle, for each phase of the stepper motor. Ideally the 

position pulses should be generated at the crossover points of the phase torque 

characteristic, see Figure 13.

If the stepper motor is operated at high speed then each phase is excited for only a 

short time interval and the build-up time of the phase current is a significant proportion 

of this excitation interval. Acamley describes how this can be compensated for by 

triggering the switching angle slightly early, proportionally to the current speed. 

Samudio et al. [26] mention that they have taken this into account in their improved 

drive control and comment that under test it offers significant improvements. This 

solution is veiy useful since it provides a method by which the maximum torque from a 

given stepper motor can be obtained. The work conducted by Acamley & Samudio is a 

major contribution to the field of drive technology. However the drawback, in terms of 

the author’s work is that it is in essence a drive system. The DSP will still need to be 

interfaced to a suitable machine controller that would interpolate machine movements 

and calculate velocity profiles. Therefore this system would still suffer from any side
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effects caused by the machine controller. If the interpolation algorithm on board the 

machine controller caused excitation of the machine dynamics then the result will be a 

much lower level of machine performance.

One of the main factors concerning the improvement of performance of stepper 

motor driven machinery is that of torque, namely the utilisation of the maximum 

available torque that the stepper motor could deliver. Palmin et al. [50] describes how 

maximum utilisation of available torque is reached if a parabolic velocity profile is used 

in the motion controller. This is highly desirable since it would allow the CNC machine 

manufacturer to utilise smaller stepper motors on their production machines whilst still 

maintaining the same performance levels.

However Palmin et al. present a system where the pulse stream from the controller 

is controlled in an analogue fashion by a voltage controlled oscillator, compared to a 

microprocessor based controller that maintains the duration of each pulse precisely. The 

system in their case is not a continuous path CNC machine where the acceleration is 

constrained by the interpolator, but rather a single axis slide table.

The work conducted by Acamley[27], Palmin[50], Samudio[26] has considerably 

advanced the field of stepper motor motion control. A pattern emerges that the 

performance of any stepper motor driven system is intrinsically linked to the amount of 

available torque that the system can utilise. This problem has to some limited success,

Static
Torque

Ideal switching angle position (B+ to A-)

Rotor
Position

Figure 13 : Example of a Phase Torque Characteristic
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been tackled at the drive level and at the control level. However these systems fail to 

meet the requirements for continuous path multi-axis machinery. If a control/drive 

system was designed to meet these requirements then the performance of such systems 

would be greatly improved, incorporating all the benefits presented by the 

aforementioned authors.
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2.2 Survey of CNC Interpolation Techniques.

Interpolation is the process of determining an intermediate point, which lies between 

two known points. These points can be points on a graph or points through which a 

machine tool has to cut. To quote the correct technical terminology, Lapedes [29] :

“Interpolation :A process used to estimate an intermediate value o f one dependant 

variable which is a function o f a second independent variable when values o f the 

dependant variable corresponding to several discrete values o f the independent variable 

are known. ”

Continuous path motion control requires that the geometric information of a design 

to be translated into axis-orientated co-ordinate orders of motion, in such a way that the 

addition of the velocity vectors of the axes under control always corresponds to the 

required contours. The main section of this requirement is the calculation of the 

positional co-ordinate values, this is carried out by what is known as the Interpolator. 

The positioning and orientation of a machine tool in space normally offers possibilities 

of movement with six degrees of freedom. In addition to the three translator axes X,Y 

and Z, the three rotaiy axes A,B and C may also be controlled. The calculations for the 

motion along these axes are earned out by a multi-axis interpolator. As a rule the 

rotational axis of the machine tool (e. g. the milling cutter) is not under control; hence 

on machining centres five controlled axes will suffice. On lathes two linear axes need 

to be controlled and on most milling and drilling machines provision is made for three 

linear axes, with the possibility of one rotary axis for a rotary table.

The process of interpolation for CNC machinery is carried out within the control 

system, under a sub section called the interpolator. Various interpolation algorithms are 

available each with their merits and drawbacks [30]-[34]. The type of interpolation 

algorithm defines the contour path generated by the interpolator. The most frequent 

type of interpolation used is Linear interpolation based on the work conducted by 

Bresenham [34,58,70].
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As the name suggests the cutter path is interpolated into a series of straight lines. 

Another common interpolation algorithm is called Circular interpolation. Circular 

interpolation is a basic algorithm for interpolating around arcs and circles. If the surface 

to be machined is a curve, which has a mathematical description with the order higher 

then two, then the curve is often approximated or split into several lower order curves.

Several other interpolation algorithms have been developed over the years, among 

the most numerous are; Search- step technique, Digital differential analyser technique, 

direct calculation of function and Spline. The Digital Differential Analyser (DDA) 

technique is based upon the mathematical integration of the axes related velocity 

components, the integration of these velocity components provides the movements in 

each axis. The Search Step technique is based upon the implicit function representation 

of a curve within a plane. Each point which is a member of a particular curve satisfies 

the function equation F(x,y) = 0. Each of the aforementioned interpolation techniques 

was developed to tackle specific problems concerning CNC machining, and often have 

drawbacks to them. One such drawback is the increased velocity whilst interpolating 

around a circle. The resultant velocity can be as high as a factor of square root two, this 

is often the case for the search step algorithm. The direct differential analyser technique 

does not suffer from this problem, and is often considered by authors such as Bollinger 

et al [18], and Lho et al [33], to be ideal for open loop continuous path stepper motor 

control. Unfortunately the DDA technique does suffer from one drawback that search 

step does not suffer from, that of the start point and the finish point failing to match for 

a circular path.

One of the key points to distinguish between the different types of interpolators is 

whether they are incremental step or ‘sampled data’, ‘reference word’ interpolators.

Incremental step interpolation algorithms were introduced in the 1960s for 

displaying and draughting applications on 2D digital drawing devices (graphics screens 

and plotters). We can distinguish two types of technique for curve interpolation : 

analytical techniques, which use a totally mathematical approach, and DDA techniques, 

which use hardware integrators. Analytical methods were introduced by 

Bresenham[34], whose algorithms for lines and circles are well known and widely
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applied. Other researchers have also proposed algorithms for line and circle generation 

to improve speed performance or accuracy performance^ 9-61]. Jordan et al[60]. and 

Suenaga et al. [61] introduces the ‘closest distance’ principle. Analytical curve drawing 

algorithms have also been extended to ellipses[62-64,69]. The common characteristic 

of the above-mentioned work is that it uses only the implicit function f(x,y) = 0 as the 

input of the curve description.

DDA techniques are widely used in NC interpolators for their speed 

performance, which is due to their hardware implementation. As Danielson [65] 

explains in his pioneer paper, DDA can be used for both parametric and non-parametric 

curve generation. However, he also shows, as does Milner [66],some degeneration 

errors that occur with losses in interpolation accuracy. Improved DDA techniques were 

proposed by Tao for circles [67], and ellipses [68], while Nakartsuyama et al [72] 

proposed a DDA method for interpolating 3D implicit functions defined as the 

intersection of two surfaces f(x,y,z) =0 and g(x,y,z)=0.

In the NC field, hardware implementations of the basic linear and circular 

interpolators are still mainly used, while complex contours are made up of pieces of 

these two elementary curves. With the continuing increase in computer power at 

reasonable cost, there is a clear tendency towards the software implementation of CNC 

systems. This tendency has been reported from the early 1970’s.

Koren [55,74,75] presents a series of three papers that deal with the design concepts 

of CNC systems. His first paper details the two principal control structures denoted as 

Reference-Pulse and Sampled Data systems. The first technique is also referred to as 

incremental step interpolation (detailed above), where the computer produces a 

sequence of reference pulses for each axis of motion. Each pulse generating a motion of 

one basic unit (BLU) of axis travel. These pulses can actuate a stepping motor in an 

open loop control system, or be fed as a reference to a closed-loop control system. In 

the sampled-data technique the control program compares a reference binary word with 

the feedback signal to detennine the position error. Both of these techniques require 

distinct interpolation routines to generate their corresponding references: pulses or 

binary words. The second paper in the series is concerned with the evaluation of
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circular interpolators for reference pulse CNC systems. Koren presents that since all 

reference pulse interpolators are based on an iterative technique controlled by an 

interrupt clock, then the maximum speed is limited by the number of times the 

microprocessor can interrupt in one second. In the third paper Koren [57] evaluates 

reference word circular interpolators for CNC systems. He presents that in contrast, that 

the maximum velocity in sampled systems is not limited by the computer. In these 

systems the circular interpolation is based upon approximating a circle with straight-line 

segments. For each segment the interpolator generates a reference word proportional to 

the local axial velocities which are transmitted to the corresponding software loop 

comparators of the control axes. In circular interpolation, the simultaneous motion of 

two axes generates a circular arc at a constant tangential velocity, or feedrate, V0. The 

axial velocities satisfy the following equations. :

Vx{t) = V0-SinMt)
(2-4)

Vy{t)=V<>-Cos$(t)

Where =

and R is the radius of the circular arc.

X

Figure 14 : Definitions for the reference-word Interpolation technique.
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The velocity components Vx and Vy are computed by the circular interpolator and 

are supplied as reference inputs to the closed-loops. The circle generated in this case is 

actually comprised of straight-line segments. At the beginning of each segment the 

references are supplied by the interpolator and the end of the segment is located with the 

aid of a feedback signal. Increasing the number of these segments improves the 

accuracy of the generated circle, but increases the number of iterations, thus requiring 

more computation time. Koren [57] has appraised the Euler, Taylor & Tustin methods 

and found that the improved Tustin method will generate an arc with the fewest number 

of iterations.

Bedi et al. [51] describe some of the common problems associated with CNC 

machining. They discuss how a curved surface is approximated by a linear grid of 

closely spaced points, which are traversed in a linear or circular interpolation mode, in 

order to machine the desired shape. The sagittal error in the approximation increases as 

the grid size increases and decreases as the grid size decreases. Thus a small grid size is 

preferred to machine an accurate replica of the surface. This however results in a large 

number of points that must be visited by the machine tool. Machining surfaces with 

small linear motions does have at least one side effect. The frequent starts and stops 

necessitated by very small linear motion for every command cause a jerky motion to 

occur during machining. This phenomenon can cause a lot of wear and tear on the 

machine and must be avoided. Design engineers can often overlook this point when 

designing interpolation techniques.

CAD/CAM systems are widely used in today’s manufacturing industries. Designers 

use CAD systems to design parts for visual and theoretical analysis. On the basis of the 

CAD model, the numerical control (NC) programmer uses the CAM system to generate 

an NC toolpath for a computerised numerical control (CNC) machine so it can produce 

the part. Besides using a CAD model, some CAM systems can process data acquired 

from other advanced data acquisition systems, such as laser scanners and computer 

tomography (CT) scanners, directly. The sets of data acquired from these systems are 

usually large and over-determined according to Yeung and Walton[76]. Over- 

detennination occurs when the base object can be represented by fewer data points than 

the number of data points required. Many CAD/CAM systems use linear interpolation
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in the generation of NC tool paths to approximate non-circular curves or profiles that 

are represented by a large number of points. Yeung et al. [76] state that this method 

induces processing problems when the data set is large and over-determined. This 

method creates many short linear move commands with sudden changes in direction. 

Tool paths created in this way induce problems for the CNC machine during the 

machining process, and this can effect the finished quality of the part. To reduce these 

problems Yeung et al. introduce a method that uses arc segments to generate an NC 

tool path. They develop a biarc tool-path based on arc-spline theory, which they say 

reduces the aforementioned problem and therefore improves the finish quality of the 

machined part. They mention that their method uses continuous circular-arc segments 

to approximate the smooth curve and with a given tolerance, it can remove the excessive 

data points, thus reduce the size of the NC program.

Interpolation techniques such as the DDA method can cause the stepper motor to 

stop and start periodically whilst the controller is interpolating around the shape. The 

DDA method however still offers several advantages despite this drawback. The 

answer then is to measure the level of performance.

One of the aims of metalworking production is to increase the economy of 

machining. In milling surfaces one possibility is the use of a multi-axes milling 

machine. These machines are able to set the cutter tip and the cutter axis into each 

optimal position of the cutting range. In terms of cutting conditions it is possible to 

bring the cutter into the best position, with regard to cost it is possible to have shorter 

cutter paths generating the same roughness (see Figure 15). In this way a multi-axes 

milling machine produces an equivalent surface quality in a shorter time. Stute and 

Damsohn [52] discuss the special problems associated in the post-processing of cutter 

path data in multi-axis machines. They present that multi-axis milling machines should 

be used more and more for the production of sculptured surfaces. They have therefore 

investigated the problems associated with this by analysing a test milling machine with 

five axes. Special difficulties in making an APT post-processor for this machine are 

discussed. Deviations of tool tip and tool axis are caused by the simultaneous motion of 

linear and rotary axes. These deviations can be calculated and compensated in the post­

processor. They mention that the methods to do this have been made more effective and
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more exact, on account of an analysis of the deviations and the other correction 

methods. The parabolic interpolation, used for this, improves the correction. They 

conclude that if these transformations are transferred into a CNC controller, then a 

further essential simplification of the post-processor would be possible.

5  D

MILLING

Figure 15 : Three and Five axes Milling.

In a more recent paper Takeuchi and Sato [53] present a new machining concept by 

making use of 6-axis control. 6-axis control implies that a cutting tool allows three 

rotational movements for positioning as well as three translational ones. They have 

developed a 6-axis machining control centre from a conventional 5-axis control 

structure with a main spindle capable of tool orientation.

A non-rotational cutting tool is mounted at the main spindle to cany out the 6-axis 

control machining, which they present offers a variety of machining possibilities. In 

their study, the control software for grooving with an asymmetric cross section is 

presented together with experimental cutting results. They mention that non-rotational 

cutting tools can machine a workpiece with the depth of cut of 1-2 microns, which 

results in fine surface roughness. This Figure is comparable to the roughness in upper 

end of conventional milling i. e. finishing. See Figure 16. This graph taken from 

Chryssolouris [77] shows the average surface quality for the different machining 

processes.
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Roughness Average (Microns)
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Figure 16 : Surface Quality for different Machining Processes.

Takeuchi et al. [53] go on to mention that low cutting speed and small amount of 

material removal also decrease the cutting heat generation and strain due to cutting, 

which leads to low influences on the surface integrity of the workpiece. In summary 6- 

axis control machining with a non-rotational cutting tool, where the cutting speed is 

equal to the feed rate, is suitable for the finishing process. The most desirable 

manufacturing method, taking into account the total machining efficiency, is to make 

the most of conventional machining ( i. e. up to 5 axis control) with rotational tools 

during rough cutting and rough finishing process. Then, a 6-axis machining control 

centre with non-rotational cutting tools is employed in the final finishing process to 

obtain fine surface roughness. They conclude by stating that SPANCS/CAD enables 

the generation of arbitrary groove on the sculptured surface by a mapping operation; CL 

data for 6-axis control can be generated and that they have experimentally confirmed the 

validity of a 6-axis control grooving system.
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W O R K P I E C E

Figure 17 : Non-rotational cutting tool mounted at the main spindle.

The author studied the various interpolation methods in great detail discovering their 

various merits and drawbacks. The author concluded with Steiger that the choice of 

interpolation algorithm should be a critical factor within stepper motor control design 

since it influences a large number of parameters, not only the obvious ones concerning 

path error. From literature consulted the author found that both the direct differential 

analyser and the search step technique offered possibilities. One aspect arising from the 

study of the available interpolators is that of post-processing. If the improvements in 

machine performance can be achieved as a post process then these improvements can be 

gained irrespective of the interpolation algorithm.
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2.3 Survey of Control System Sensory Techniques.

In the world of engineering there are numerous methods of measuring displacement, 

velocity and acceleration. The author found that control engineers would often use a 

variety of methods and sensors to obtain these factors. The author found in some cases 

people would use accelerometers to measure acceleration, encoders to measure velocity 

and other sensors to measure distance. This often clouds the problem because now we 

have to understand, attach and calibrate three sensors instead of one. The increase in 

sensors also increases the cost of data acquisition and feedback control. The author 

considered the range of sensors around suitable for the task and selected to use encoders 

to measure all three parameters.

An encoder is a transducer that generates a coded reading of a given measurement. 

Shaft encoders are digital transducers that are used for measuring angular displacements 

and angular velocities. Some of the advantages of encoders include high resolution, 

high accuracy, high noise immunity and relative ease of adaptation to digital control 

systems, Avolio [35]. The shaft encoder consists of a disc with slots or patterns 

machined into it, through which light can be shone. The light is shone through these 

patterns and is detected with a sensor on the other side. Thus as the pattern changes the 

sensor can detect the presence or absence of the light beam, see Figure 18. Encoders are 

classified into two categories : incremental encoders and absolute encoders, see Figure 

19.

The incremental encoder has an outer ring with many pulses machined into its 

surface. When the encoder is rotated a series of pulses are generated. Counting these 

pulses with respect to time will give a measure of angular displacement and angular 

velocity. The encoder disc will have a reference pulse from which displacement can be 

measured. The absolute encoder has a disc that has many pulse tracks machined into its 

surface. These pulse tracks form a digital pattern consisting of several pulse trains when 

the encoder disc is rotated. These pulse trains will give out a reading that corresponds 

to the absolute angular position the disc is currently residing at. Absolute encoders are 

often used to measure fractions of a revolution, Avolio [35].
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Figure 18: Rotational Encoder

Figure 19 : Incremental & Absolute Rotational Encoders
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There are several methods of detection that an encoder might use. The previous 

example used the common notion of shining light through a grating and there by 

detecting the absence or presence of light. Some other common methods of detection 

can be seen in the following Figures 20-22. These include the sliding contact encoder, 

magnetic pickup encoder and the proximity probe encoder.

The sliding contact encoder is constructed of an electrically insulating material. 

Circular tracks on the disk are formed by implanting a pattern of conducting areas. The 

advantages of sliding contact encoders are low cost and high sensitivity. The 

disadvantages are quite numerous include friction, wear and brush bounce due to 

vibration.

The magnetic pickup encoder is constructed with high strength magnetic areas 

imprinted on the encoder disc. The small pickup element is typically a micro 

transformer, this pick up device will have a high frequency primary voltage that will 

induce a voltage into the secondary coil. The level of this induced secondary voltage 

changes with respect to the presence and absence of the magnetic areas.

The proximity probe encoder uses a proximity sensor as the signal pick-up element. 

Any type of proximity sensor can be used, typically sensors include magnetic induction 

probes or eddy current probes. The output signal of the encoder changes with respect to 

the proximity of the disc. The disc could be constructed in the fashion of a tooth gear, 

combining functionality and sensor, if space is at a premium.
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Figure 20 : Sliding Contact Rotational Encoder
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Figure 21 : Magnetic Pickup Rotational Encoder
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Figure 22. Proximity Probe Rotational Encoder.
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Figure 23 : Encoder Quadrature outputs.
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The encoders mentioned previously typically give out at least two signals, these 

signals typically being two quadrature output signals, channel A and B. These signals 

that are electrically shifted by 90 degrees to provide a higher degree of accuracy, see 

Figure 23. The reason for the quadrature signals is to enable the user to determine the 

direction of motion. If channel A leads channel B the encoder will typically be rotating 

clockwise, and vice versa for anti-clockwise. Sometimes a third channel is added to the 

encoder to form a once per revolution pulse. In some instances the output signal can be 

sinusoidal in nature, reflecting the intensity of the light rather than the mere presence or 

absence of it.

For many years researchers have investigated the properties of rotary encoders , 

mainly trying to develop higher resolution encoders, and therefore gaining a higher 

degree of accuracy[36]. Several researchers have conducted research on how rotary 

encoders can be used to measure acceleration, torque and in some cases cutting force.

Hagiwara et al[37] describes a method of improving the resolution and accuracy of 

incremental rotary encoders using a phase encoding and code compensation system. 

They use encoders with a scale count of 3600 and claim to increase the effective 

resolution to 920,000. The encoders they utilise provide quadrature sinusoidal scaling 

signals. They feed these two sine waves into analogue to digital converters and use the 

output signal to reference a ROM. On analysis of the idea the author found that the idea 

held prospects for a precision machining system, except for the fact that many encoders 

simply give out digital pulse information not analogue. Several companies do produce 

encoders that give a sinusoidal waveform output signals such as Heidenhain Ltd. The 

Linear encoder supplied by Heidenhain for the experimental platform has a static 

resolution of one micron but gives out two quadrature sinusoidal waveforms upon 

which they interpolate, this gives an effective resolution of 0. 2 microns. The above 

method could be applied to the linear encoder to increase the precision, should that be 

necessary.

Ramirez et al[38] have studied a method of estimating the speed and torque of 

rotating machinery. They examine the characteristics of speed estimation using an 

idealised encoder. They present a speed and torque estimation using an inexpensive
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magnetic probe. They express that this technique is well suited to milling and drilling 

equipment where the rotor experiences small transient speed changes during machining 

and speed fluctuations are harmonically related to the average shaft speed.

Christiansen et al[39] describe a digital method of measuring angular velocity for 

use in control applications. The main concern of the researchers is to extract velocity 

information whilst the movement of the rotor is very slow. They discuss various 

methods of measuring the encoder pulses and discuss the drawbacks of using encoders. 

The first is the large number of slots required to obtain frequent measurements at low 

speed over fixed time intervals and the second is jitter generated by imperfections in the 

slotted disk. They use optical incremental encoders for their experiments. Optical 

incremental rotary encoders have machining imperfections to some degree. The result 

of this is that when the optical beam is shone though the disc the generated digital pulse 

width can vary on a pulse by pulse basis. In the digital world this variation of the signal 

is termed Jitter. Another similar problem not mentioned but considered by the author is 

that of unequalled mark to space ratio of the disc gratings. The average angular distance 

of the mark pulses does not equal the corresponding average angular distance of the 

space pulses. The corresponding signal output then is ‘banded’. The easiest method to 

alleviate this problem is to average the two distances together such that the mean is 

shown. This assumes an even mark to space ratio which basic encoder interpolation is 

based upon.

If we consider the other end of the scale, where the rotating encoder rotates at high 

speed we find other problems. Belanger[40] conducted research concerning measuring 

angular velocity and acceleration by using an encoder. He mentions that when 

measuring velocity by finite difference of angular measurements at regular time samples 

(pulse counting) then the estimates become significantly degraded as the sampling rates 

increase. He suggests using Kalman filtering of the angle measurements, based on 

some model of signal generation. The research carried out by Belanger seems to 

demonstrate an important point with regard to the selection of the sampling theorem. In 

Belanger’s case the measurement of the signal becomes more quantised as the sampling 

frequency increases, resulting in inaccuracies. If Belanger switched over to the pulse 

period counting method (inverse time) at this interval, then the inverse is true. In the

Page 56



Adrian J. Stout Chapter Two.

pulse period counting method the signal becomes less quantised as the sampling 

frequency is increased, provided the encoder disc has sufficient gratings. In certain 

instances pulse period measurements, where the length in time of each pulse is logged, 

although more difficult to implement presents the most advantageous solution to 

recording velocity and acceleration information from optical rotary encoders.

Godler et al[41] have developed a novel rotary acceleration sensor based on rotary 

incremental encoders, using two encoder discs. One of the encoder discs has elastic 

elements to transform the angular acceleration into radial displacement. They use an 

optical read head to detect the displacement without direct contact. They mention that a 

low-pass filter is needed to obtain a true waveform of the acceleration because the 

detected signal includes a high frequency component, which is caused by the Eigen 

frequency vibration of the disc. The novel system was developed out of the need to 

acquire acceleration information from a moving joint that does not move sufficiently to 

produce the amount of error signals in time for the controller.

Godler [41] claims that the use of differentiation methods is not accurate enough and 

as such led to the development of the novel sensor. Although the design promises good 

results, Godler fails to mention why the use of differentiation methods are not accurate 

enough for his work. He also fails to mention about the original resolution of the 

encoder used before inventing his new acceleration sensor, leaving little evidence to 

fully comment upon the technique suggested.

Forsythe [45&46] and Thomas et al. [47] conducted research into developing 

suitable digital algorithms for prediction, differentiation and integration. They provide 

a full proof and give an example application were their algorithms could be used to 

obtain accurate velocity and acceleration information from low resolution encoders, in 

this case from encoders attached to locomotive trains, see Figure 24. Thomas[47] 

suggests that when dealing with low speeds it would be feasible to base a measurement 

system upon time between pulses rather than the pulse rate counting method. This 

method would have a time base, which would be latched and stored when a change of 

state occurred.
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Distance

Time

Where : -

Velocity V(t) = k15l + k2S2 + k3S3 (2-5)

Acceleration A{t) = k'Sj +k2S2+ k3S3

Figure 24 : Calculation of Velocity and Acceleration Information.

Brown et al [54]. have conducted investigations into the algorithms used for 

constructing velocity approximations from discrete position based systems verses 

discrete time based systems. In their paper they review some existing velocity estimator 

algorithms and their mathematical theory. They evaluate the algorithms in terms of

dynamic range and transient response, from this they propose a new set of algorithms

for velocity estimation based on at a least squares approach.

The algorithms investigated in their study fall into two general classes of velocity 

estimators, defined by how the time and position information are acquired. When 

position and time information are obtained using an optical encoder the user can make a 

choice regarding whether time information or position will be required. With the 

advent of the microprocessor, many motion control systems are being implemented as 

discrete time systems. The performance of motion control systems can often be 

enhanced by including some type of velocity feedback, where for example, the velocity
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is estimated from discrete position versus time information provided by an optical 

encoder.

The author considers all the aforementioned methods of sensory techniques and 

concludes that most of the problems seem to arise due to the incorrect choice of the 

sampling method, sampling frequency or encoder resolution. Initially back in the 

sixties & seventies data storage was very expensive. This lead the engineer to select the 

pulse counting method as their preferred choice for collecting velocity and displacement 

data, since this method uses the minimum amount of storage space. However this 

method suffers heavily from quantisation errors as the sampling frequency is increased. 

In order to obtain accurate data the engineer was required to sample the signal at an 

ever-increasing rate. This progressed into finding techniques that could be applied to 

the data such that the resultant information was not too degraded [40], [47]. In the 

nineties storage space is relatively cheap and it is more feasible to built a high precision 

clock than a high-resolution encoder. This development has lead to a re-emergence of 

the pulse period counting technique, where the time is logged when the relevant 

circuitry receives a digital pulse. This technique has the advantage that as the sampling 

clock is increased then the level of quantisation diminishes. The choice of these 

parameters is veiy much application specific but what is evident from the literature is 

that if they are not chosen wisely then problems are sure to arise. The author concluded 

that the use of the pulse period counting (inverse time) sampling method, coupled with 

high-resolution encoders (2000+ gratings / rev) would yield the best results in both 

quantity and quality.

Page 59



Adrian J. Stout Chapter Two.

2. 4 Summary

Sherkat & Steiger[3] have demonstrated that problems may arise fi*om the excitation 

of machine dynamics arising from the interaction of acceleration and interpolation. 

Steiger [2] in particular has shown theoretically that the velocity profile on a slave axis 

may be very rough. The consequence of this is likely to be the justification for the fact 

that stepper motor driven multi-axis continuous path machines rarely achieve their 

performance potential. The main contributors of rough motion in stepper motor driven 

machinery, are path planning, interpolation and machine control. Once the problems 

associated with path planning and interpolation have been tackled, then the major 

contributor to rough motion is the machine controller.

The work conducted by Acamley[27], Palmin[50], Samudio[26] has considerably 

advanced the field of stepper motor motion control. A pattern emerges that the 

performance of any stepper motor driven system is intrinsically linked to the amount of 

available torque that the system can utilise. This problem has to some limited success, 

been tackled at the drive and control level. However these systems fail to meet the 

requirements for continuous path multi-axis machinery because they are based on single 

axis motion. If a control/drive system was designed to meet these requirements then the 

performance of such systems would be greatly improved, incorporating all the benefits 

presented by the aforementioned authors.

In Summary, from literature reviewed the author finds that a post-processor solution 

involving the pulse period counting technique, will overcome the significant limitations 

in performance of multi axis stepper motor driven machinery. This solution should 

monitor and re-shape the stepper motor pulses such that the maximum utilisation of the 

available torque can be achieved. The most effective way to achieve this is to firstly 

understand in greater detail how this limitation is exactly caused. This will be achieved 

in the form of experimentation.

Page 60



Adrian J. Stout Chapter Three.

C h a p t e r  Th r e e

U n d e r s t a n d i n g  C o n t i n u o u s  Pat h  

M o t i o n  t h r o u g h  E x p e r i m e n t a t i o n .
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Chapter Three Understanding Continuous Path Motion 
Through Experimentation.

3.0 Experimental Design

It has been hypothesised that rough motion present in stepper motor systems 

generally arises from the excitation of the machine dynamics through interpolation. The 

interaction of acceleration with interpolation severely compounds the problem. To find 

a solution to this performance limitation, we need to first understand why the 

performance is limited when stepper motors are used in multi-axis systems. This 

knowledge will be gleaned from experimentation. The tests were designed in such a 

way as to study how various parameters of the system affected the motion of the 

machine. There already exist a few methods on how to minimise the effects of the 

rough motion, but there is no real evidence to validate the effectiveness of these 

methods for smoothing the motion of continuous path systems. The experiments 

conducted encompassed these design rules, and provide evidence of the validity of such 

rules.

The first section details the experimental rig and production CNC machine used in 

the experimentation, providing information on the mechanical construction of the 

apparatus and the accuracy of the instrumentation. The first section also details the 

digital data acquisition board, used to capture the data arising from the instrumentation.

From the second section of this chapter the reader can find out about the 

experimentation in greater detail and view some of the results in the form of velocity­

time graphs. This section also details the experiments conducted on the production 

CNC machine provided by Pacer systems Ltd. These experiments were conducted to 

verify the results obtained from the experimental test platform. These results form a 

knowledge base on the significant causes of multi-axis performance limitations.
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3.1 Test Systems

3.1.1 Detailed Description of Experimental Test Rig.

The research is applied to continuous path multi-axis systems in general, but more 

specifically to the range of machines produced by Pacer Systems Ltd, part sponsors of 

the work. The experimental test rig built solely by the author was modelled 011 the 

general drive system used in such machines; namely indirect coupling, via pulleys, of 

the stepper motor to the ballscrew. The experimental rig was designed to meet specific 

requirements, namely;

1, The system should represent principle features of a multi-axis stepper 
motor driven machine.

2, Should not attempt to minimise transmission errors.

3, Sensors to be incorporated at every point where drive power is 
transferred.

4, A suitable sensor to measure linear displacement of the slide table.

5, Size requirements 800 x 600 mm.

The requirements were met, which in turn resulted in a suitably designed 

experimental platform, a plan view of which can be seen in Figure 25. The 

experimental platform was not only designed to investigate rough motion, but rather to 

measure the extent of these inaccuracies, in order to prevent them via suitable velocity 

profile control. This is the reason why the transmission errors have not been minimised, 

if everything is nearly perfect then there would be no errors to monitor. This does not 

mean that the errors present are higher than normal but they simply represent the 

tolerance of machined parts produced by a skilled machine operator. Once the 

requirements for the experimental platform were specified, the author produced 

technical drawings for component manufacture. The components were fixed to the 

experimental platfonn and the instrumentation installed.

The first main requirement that was incorporated into the design, was to make the 

platform modular in design with respect to drive method such that the slide table can be
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driven directly or indirectly. This factor is extremely important since the platform was 

going be used to model a variety of CNC machining systems. For greater stiffness the 

motor would typically be directly coupled to the leadscrew of the slide table. Quite 

often this is not possible due to a variety of reasons and the leadscrew has to be 

indirectly coupled to the motor. This method of coupling leads to the system becoming 

less mechanically ‘stiff’, which in turn leads to inaccuracies due to backlash and the 

‘spring’ or ‘flexible’ characteristic of the coupling.

SLIDE TABLE

PULLEY

DRIVE SHAFT

PULLEY

STEPPER MOTOR

I = Encoder

Figure 25 : Plan view of Experimental Platform.

The experimental platform was initially chosen to be indirectly coupled to the 

stepper motor, since the indirectly coupled method represents the worst case scenario in
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terms of controlling the motion of the machine. The reader can see from Figure 25 that 

the slide table can be driven directly if the Stepper motor is fixed into place at point C, 

or indirectly driven if the stepper motor is fixed into place at points A or B.

The experimental platform has many sensors incorporated into its design, rotational 

encoders are fixed to points one to four, and a linear encoder is attached along the side 

of the slide table. A photograph of the encoders can be seen in Figures 26-27.

The encoder attached to the end of the slide table (No. 4) has a resolution of 500 

pulses per revolution, giving a static resolution of 4 microns. In Figure 27 the other 

encoders can be seen in more detail. Viewing from left to right the viewer can see the 

linear encoder (No. 5), one of the two shaft encoders attached to the drive shaft, (No. 2 

& 3), each consisting of an encoder disc with four read heads. Finally the reader can see 

on the far right an encoder attached to the shaft of the stepper motor (No. 1). The 

encoders used on the drive shaft have a resolution of 1024 pulses per revolution, giving 

a static resolution of approximately 2 microns when translated to a linear movement. 

The rotational encoder attached to the end of the stepper motor shaft has a resolution of 

5000 pulses per revolution, giving a static resolution of 0. 4 microns when translated to 

a linear movement. The linear encoder has a static resolution of 1 micron, or 0. 2 

microns when times 5 interpolation is used. Heidenhain Ltd donated the linear encoder 

(No. 5) and the shaft encoder (No. 1). The encoders used on the drive shaft (No 2 & 3) 

were intended to be used in another area of research covered by a colleague, so the 

encoders were purchased with their requirements in mind, namely 4 read heads. Their 

maximum number of grating lines for their respective size was the deciding factor in 

selecting the kit encoders (No 2-4).

The linear encoder is used to observe dynamic behaviour of the ‘end effector’ due 

the excitation of the machine dynamics by drive system vibrations, and to record the 

level of displacement caused by ‘backlash’. The measured level of ‘backlash’ was in 

the order of 30 microns. For the experimentation an initialisation movement was first 

made in a particular direction to remove the effects of ‘backlash’. All subsequent 

movements were made in this direction, thus eliminating the effects of ‘backlash’.
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The encoders fixed to the experimental platform allow the user to monitor machine 

vibrations and reactions completely, from the stepper motor right the way up though the 

drive train to the end effector. The encoders when interfaced to a suitable data 

acquisition system allow the user to measure the movement of the slide table to sub­

micron levels.

Figure 26 : Photograph of Experimental Platform.
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Figure 27 : Photograph of Incremental Encoders.
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3.1.2 Description of Data Acquisition System.

The concept of the digital data acquisition board was initially theorised by 

McManus [11], who needed to acquire data from CNC machining system at a high rate. 

McManus’s research was concerned with the field of Fourier analysis of machine 

vibrations over the complete working area of a CNC machine. He required a data 

acquisition system that would capture high frequency vibrations with a minimal amount 

of quantisation. To this end he prototyped an inexpensive novel data acquisition system 

using a method of time stamping McManus [11].

One of the fundamental aims of the author’s research was to investigate the 

performance limitations in stepper motor driven machinery. To this aim the author built 

and instrumented the experimental test rig. Initially it was perceived that the author 

would utilise the data acquisition board prototyped by McManus. However the board 

suffered from several fundamental problems and the author had to redesign the board as 

part of his research. Without a reliable, noise-free data acquisition board the 

experimentation and therefore the research could not be accomplished. The outcome of 

this 6 months of work was a 4-layer, reliable, high-speed data acquisition board that 

fitted within an ISA slot on the PC.

When recording pulse information there are two methods of data capture, pulse counting 

or pulse period counting, see Figure 28. The author implemented the second method 

such that when the input pulses arrive the time is logged. This effectively means the 

data can be recorded as fast as the signal propagates to the board, up to the upper limit 

set by the clock speed and on board FIFO. Since the clock frequency is much greater 

than the pulse rate, and taking into account that the encoder resolution is high, then this 

method of data capture produces the best results. In addition the amount of quantisation 

error is reduced to such a low level, that it can viewed as negligible (the reciprocal of 

the clock frequency), provided the clock frequency is sufficiently high. This revised 

capture system was used to capture accurate information concerning the velocity profile 

of the slide table whilst moving. The block diagram of the revised system can be seen 

in Figure 29. The circuit diagrams and logic analyser traces for the second revision of 

the data acquisition board can be seen in detail in Appendix A.
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ENCODER PULSES

SLOW FAST
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PULSE PERIOD METHOD 

(RECORD TIME AT EACH LEVEL CHANGE)

PULSE COUNTING METHOD

TIME

ONE TIME SLOT

Figure 28 : Digital Encoder Signals.
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Figure 29 : Functional Block Diagram of Data Acquisition Board.

Page 69

t) 
w 

o



Adrian J. Stout Chapter Three.

3.1.3 METHOD OF OPERATION.

There are eight balanced RS 422 channels that form the input to the board. A 

description follows of the operation of the board but only considers one input channel 

being used.

A pair of complementary digital signals, typically from an encoder, is fed into the 

detection board. These signals are passed through a differential line receiver that 

minimises skew and random noise. The skew is minimised by passing the signal 

through a schmitt-trigger. The noise is minimised through the use of twisted pair cable 

& the common mode rejection capability of the differential amplifier. The output from 

the line receiver is then fed into a latch where it is synchronised to the on-board clock. 

The latch is also used to eliminate Meta-stable conditions. The signals are then fed 

from the latch into a comparator and another latch. The second latch is used for speed 

purposes and to hold the channel information before it is loaded into the channel FIFO. 

The second latch is clocked on the negative edge of the clock signal to prevent data 

being accidentally overwritten when new data arrives on the next positive clock edge.

The comparator contains a built-in latch that is used to contain the previous channel 

value. The comparison is made between the current and previous channel values. If 

there is a change of state on any of the input lines then EQU (equal) line falls low, and 

when the clock edge next falls low the write circuitry initiates a write cycle to the FIFO 

recording the channel the change occurred upon. One set of FIFO circuits records the 

input signal so that the user can tell which signal changed. The other pair of FIFO 

circuits have their input lines connected to a sixteen bit counter. When a write signal is 

issued the current count is loaded into the FIFO, this is used to record the exact number 

of clock pulses that have past when the change occurred.

The counters are cascaded together in a carry-look-ahead fashion to form a sixteen 

bit counter. The carry from the most significant byte is used as a signal to indicate that 

the coimter has 'rolled over'. This signal is latched and recorded to allow the user to 

know precisely (to the nearest 25 nanoseconds) the absolute time from initialisation.
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Thus the digital input signals are time stamped when they initiate a change of state, 

either from a logic one to zero, or vice versa. This time can then be used to calculate 

the time period between the changes, hence the frequency of the digital signal.

When the FIFO's become Half full they signal an interrupt to the Host system to 

empty the FIFO’s. The FIFO’s can be written to or read from asynchronously. The 

system can either communicate to the PC ISA bus via an interface card or via a high­

speed link to a host Parallel D. S. P. system.
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3.1.4 Description of the Pacer Cadet Machine.

Pacer Systems Ltd. are a manufacturer of commercial production CNC machines. 

They utilise stepper motors in an open loop manner as the main actuators for their 

machines. They offer a large range of machines from the CADET with an active work 

area of 1 square metre to the K2 with an active work area of over 6 square metres. The 

author instrumented a CADET machine since this is the most internationally sold of 

Pacer’s machines. A photograph of the machine is shown in Figure 30.

Pacer’s CADET machine1 is a most versatile CNC router / engraver. Designed 

with advanced engineering technology to operate in a ‘windows’ environment as simply 

as a plotter. The CADET’s standard features include vacuum hold-down of material, 

automatic removal of swarf, variable speed spindle for routing and floating head for 

constant depth engraving. The transmission system on the CADET machine is typically 

a stepper motor attached via a pulley to a leadscrew. A pulley ratio of 1:1 is typically 

used. The experimental test rig was designed in such a way to reflect this.

The x axis of the CADET was chosen to be the axis to be instrumented, the stepper 

motor for the x axis is the most loaded of the two stepper motors used in this system. A 

2000 pulse incremental shaft encoder was attached to the rear of the stepper motor. The 

linear encoder supplied by Heidenhain Ltd. was attached to the bed of the machine such 

that the movement of the end effector could be measured. The pulley belt for the y axis 

was then detached for safety reasons.

1 Literature & photograph supplied by Pacer Systems Ltd.
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The results obtained from the CADET machine can be seen in section 3.3, again a 

small sample of the results is shown the rest of the results forming a database, allowing 

a correlation between the CADET and the test rig to be formed. The correlation was that 

the rough motion present on the test rig was of the same order of magnitude as the rough 

motion present on the CADET, and other such machines when they were subsequently 

tested. The main difference between the results was the presence in the test rigs case of 

the velocity fluctuations due to the misaligned pulley. This was subsequently changed.

P A C E 3  S Y S T E M S

CADET

Figure 30 : Photograph of Pacer Cadet Machine.
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3. 2 Experimental Results.

3.2.1 Discussion on Velocity Profile Results.

Axiomatic Technology Ltd provided the Stepper motor controller used to obtain the 

various velocity profiles. They have been developing stepper motor controllers and 

other products based on stepper motors for a number of years. The company 

manufactures stepper motor controllers for producing signs, lettering and logos etc. The 

main controller is called the Versatile Motion Controller or VMC for short.

The VMC board accepts the extended HPGL command set, from which the cutter 

paths are interpolated by linear or circular interpolation. The controller provides 

continuous path control, so that the two main axes are closely synchronised in both 

position and velocity. For a given path segment the dominant axis for the given move 

is chosen to be the master axis. The required velocity profile is calculated and placed 

into memory to be used as a look up table. Since the required move is mostly dictated 

by the velocity/acceleration of the master axis the slave axis is constrained in order to 

maintain synchronisation. The velocity profiles for the axes are split up into 

interpolation segments, such that velocity and distance are synchronised. The length of 

these segments depends upon the given acceleration ratio and velocity for the given 

move. A velocity profile segment taken from the start of a move is shown in Figure 31. 

The x-axis is the master in this case, and is shown as being the higher of the two 

■ velocity profiles. Since the velocity on the slave axis is dominated by the master axis it 

is often coarse in nature with frequent changes, this can be seen in Figures 31 and 32. 

This is the nature of continuous path systems as discussed within first two chapters, 

where one axis is constrained in velocity and distance by the primary moving axis. The 

author tested another continuous path machine controller produced by an alternative 

manufacturer. The velocity demand output from this controller was similar in nature to 

the output from the VMC board.
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Steiger [2]. postulated that theoretically these frequent changes in velocity have the 

potential to cause large position errors and are the cause of jerky motion in stepper 

motor driven machinery, which in turn can lead to the machine stalling. Stalling is 

defined as being when the load torque exceeds the available torque of the stepper motor, 

the motor is pulled out of synchronism with the magnetic field and the motor stalls. The 

hypothesis is that the jerky motion reported by Steiger et al. causes the performance 

limitation in multi-axis stepper motor driven machinery. This jerky motion is the 

product of the machine dynamics being excited by the interaction of acceleration and 

interpolation. The excitation of the machine dynamics will cause displacement errors 

whilst path following. The author calls these dynamic displacement errors since there is 

no static loss of position. Plotting the derivative of a quantity, in this case plotting 

velocity rather than distance provides an effective way of measure the error or change of 

the quantity with respect to time. To further investigate the matter, experiments need to 

be conducted to measure the magnitude of these excitations, the results taking the form 

of velocity versus time graphs.

Measuring the velocity error solely due to the interaction of acceleration and 

interpolation is compounded by the fact that many other factors can contribute to the 

excitation of the dynamics. Upon analysis of velocity/path data the author concurred 

with Steiger’s theoretical hypothesis that the interaction of acceleration and 

interpolation, resulting in rough motion on the secondary axis is the predominant cause 

for the dynamics to be excited. However for a given shape the master and slave axis 

may be interchangeable. This means that although the surface speed of the machine 

remains consistent, each part of a shape is unique in tenns of the velocity on each axis. 

To maintain consistency between the experiments the author measured the velocity 

fluctuations present during the acceleration phase of the beginning velocity profile. The 

acceleration phase is consistent since the velocity steps consist of pre-detennined values 

stored in a table. This way the consistency between experiments is maintained since the 

data acquisition board only logs information when a state change occurs, in other words 

only when the machine moves. The author decided to change the parameters on the 

controller such that the normal velocity profile ramp became highly ramped in nature, 

with changes in velocity similar to those experienced on the slave axis. A sample 

velocity profile for the slave axis can be seen in Figure 33.
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When a velocity profile is needed the VMC board starts off typically at a velocity 

step of about 0.13 M/min. The stepper motor does not need to simply start from zero 

because of the pull-in rate of the stepper motor, so the velocity profile starts at a 

frequency suitable to start in terms of torque, but high enough that needless time is not 

wasted. Beginning at this start point the VMC board proceeds to step up in frequency 

(velocity). This continues until the next step would exceed the target frequency, when 

this happens the controller will use the desired velocity as the measure for the next step.

If the feedrate is set to below 0.13 M/min then the controller will not ramp up to the 

desired velocity, it will just start at the desired velocity, i.e. if the feedrate was set to 

0.05 M/min then the resultant velocity profile will be viewed as a rectangle. The lowest 

speed acceptable for the VMC board would be O.OlM/min corresponding to 13.3 Hz.

It can be seen from the results that the machine is sufficiently underdamped, this is 

typical for a system that has been designed to traverse at high speed [30]. In order to 

travel at high speed the system must be mechanically ‘stiff, but friction must be 

minimised. Viscous friction is the main damping factor in designing a CNC machine. 

The resulting acceleration/deceleration of the system is quite erratic clearly indicating 

that the dynamics of the machine have been excited.

The following pages and Figures discuss the various aspects of controlling stepper 

motors. These include deducing the required torque and the resonant frequencies of 

stepper motors in hopes of finding the cause and effect of the velocity fluctuations 

shown in Figure 33.

The reader can see from Figure 33 that the dynamic response of the system 

fluctuates dramatically, first accelerating fast then quickly decelerating at the same rate, 

whilst the motor is trying to accelerate. If the motor is trying to accelerate the required 

inertial mass whilst the machine is decelerating then the required torque is a great deal 

larger then the required torque to move just the slide table, hence the motor may stall. If 

a measure is taken of the true acceleration being experienced by the stepper motor, it 

can be seen that the acceleration is in the order of 22% g (acceleration due to gravity). 

This is eleven times higher than the rate of acceleration for the demand signal.
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Figure 33 : Standard Velocity Profile for Experimental Platform.
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3.2.2 Experimental Test Plan.

The design of the experiments conducted were as follows:

• Resonance Effects : Operation of the system whilst contouring, with the speed
set to a figure around the resonant period of the stepper 
motor. Use of a signal generator & driver to control the 
stepper motors speed in order to find other resonant 
periods. Figures for resonant periods taken from Acamley 
[27].

Current Adjustment: Verification of design rule. The rule links the stepper
motor current to path errors/ torque levels. Reduce the 
stepper motor current to reduce path errors. Increase the 
current to obtain increased torque levels.

• Acceleration Adjustment of the rate of acceleration , & monitoring 
effects of such upon path error, velocity fluctuations etc.

Phase Orientation Established design rule concerning series / parallel 
orientation of the stepper motor phase windings. In 
parallel orientation a wider torque/speed range is 
achieved, whilst in series greater torque at low speeds is 
generated

Micro Stepping : Application of micro-stepping to system under test. 
Measuring effectiveness of micro-stepping in tenns of 
achievable machine perfonnance.

Mechanical effects Perfonnance limitations caused by mechanical enors 
& disturbances. These include corcect alignment of pullies 
and gear ratios etc.

• Drive Effects : Measurement of the effects that a variety of electronic
drive systems have upon the system. Measuring the 
capability of the drives in full-step / half-step & micro­
stepping modes of operation.

• CNC Machine : Validation of the previous results through the
instrumentation of a production CNC machine.

• Simulated Loading: Measurement of CNC perfonnance whilst a suitable
cutting force is applied against the direction of travel.

Note : The results presented contain additional velocity fluctuations due to the 
misaligned pulley, this was not intentional and involved a considerable amount of 
experimentation to prove as such.
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3.2.2 STEPPER MOTOR RESONANCE EFFECTS

The resultant motion of the machine can be very rough in nature, as can be seen in 

Figure 33, this velocity fluctuation leads to path inaccuracies that were previously 

thought to be due to motor resonance, and possibly by providing the stepper motor with 

too much current.

Stepper motors generally have two resonant frequencies, due to the nature of the 

stepper motor. Typically the stepper motor will have a number of phases and a number 

of teeth, each of these results in a different natural resonant frequency. Acamley [27] 

gives a very good account of resonant frequencies of stepper motors and their effects. 

The resonant frequency of a stepper motor/load can be expressed as

Natural Frequency, fn  = (T' / J )1/2 / 2n (3-1)

Where : -

T' = stiffness of the torque/position characteristic.

J -  Stepper Motor / load inertia.

The resonant behaviour of the stepper motor can lead to a loss of motor torque, 

which could then lead to the system stalling when a load is moved at these stepping 

rates, which under normal circumstances would be quite tolerable. Therefore it is 

natural to assume that stepper motor resonance can be a main contributing factor to 

what the author calls dynamic displacement errors, or more commonly known as rough 

motion.

If the reader studies the velocity profile shown in Figure 33 carefully, then the 

effects of actuating the stepper motor at a particular resonant frequency can be seen half 

way though ramping up. The reader maybe able to notice small fluctuations or 

vibrations superimposed upon the output waveform at this point. The frequency of 

these vibrations corresponds to one of the natural frequencies of the stepper motor, 

approximately 500 - 750 Hertz. When a signal generator was used to operate the 

stepper motor within the complete range of frequencies then the second resonant period
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was found. This frequency was discovered to be around 50-60 Hz, suggesting that this 

frequency may arise initially from mains voltage regulation in the drive circuitiy. 

Essentially there are three systems coupled together, the electronic drive system, the 

stepper motor and the slide-table/test rig. When extra capacitance was added to the drive 

in order to remove any ripple voltage and the test repeated the resonance period was still 

found to be present. The author then removed the pulley belt, removing the added 

inertia of the slide-table from the load torque, again when the test was repeated the 

resonance period was still present. The author concluded therefore that the likely cause 

for this resonance period would be the stepper motor itself. One factor to consider is 

how the rotor is situated within the stator housing, since there are 50 rotor teeth per 

revolution this seems to be a probable explanation for the resonance period.

From Figure 33 the reader can deduce that by stepping over, hence avoiding these 

resonant frequencies then the errors due to these resonant frequencies can also be 

minimised at best, however with multi-axis machines this is not possible since the 

resulting speed is a function of two velocities. Effectively the vector sum of the x and y 

axis velocities, therefore the result can be easily fall into the range of one of these 

resonance periods. Even with feedback control the controller can only dampen the 

resonant vibrations within the torque capabilities of the stepper motor.

The results in the form of an FFT, Figure 34 show that the second resonant period 

(50-60Hz) to be the dominant frequency in terms of the magnitude. The reader can see 

from Figure 33 that the vibrations at the first resonant period are insufficient to cause 

anything but the minimal amount of path errors. The magnitude of the second resonant 

period is greater but unless the CNC machine is under other duress, i. e. complex path 

following, then these vibrations are again insufficient to cause the motor to stall. This 

in some way rules out the theory that operation at resonance periods is the main cause of 

the stepper motor performance limitation. However this is only applicable to the 

systems under test where the drives and stepper motors used have many times the torque 

level than the level required to drive the load.
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3. 2. 3 ADJUSTING THE STEPPER MOTOR WINDING CURRENT

The reader can see from Figure 35, that the dynamic response of the system can be 

seen to be more damped in nature as the current is reduced. The comparison is made 

against normal motor operating current, with the top velocity of the machine kept to a 

constant one meter per minute for both tests. The dynamic displacement error is also 

consequently reduced.

The reader may take note of the smaller amplitude, higher frequency vibrations that 

are also superimposed upon the waveform. These higher vibrations can be seen to occur 

only once the machine has settled down to the required velocity. The higher vibrations 

are due to the stepper motor being driven in half step mode, where the available torque 

changes between each half of the full step. The results indicate that whilst the main 

demand is being placed upon the system, i. e. accelerating to full speed, then these step 

vibrations are dampened by the increased load. Once this increased load has been 

removed then the stepper motor has potential to vibrate at the full step frequency (one 

half of the operating frequency). To conclude there is a relationship between dynamic 

displacement error and motor current, and reducing motor current can help to minimise 

this, in our case by 50 to 60 percent. This figure was deduced by comparing the velocity 

error from figure 33 against the corresponding velocity error with the motor running at 

2m/min and reduced current.

Available torque is linked to the stepper motor current, an increase in current will 

correspond to an increase in torque. The available current for a given motor can be 

adjusted by changing the resistance of a potentiometer on the drive, hi some cases 

where the demand torque is high (a sufficient mass on the machine) then the stepper 

motor current could be increased so that the motor could deliver more torque where it is 

needed (rapid direction change). The machine would also be sufficiently damped by the 

increase of mass, and viscous damping indirectly due to this increased mass. The reader 

can see from Figure 36 that as the motor current is increased beyond the point where 

magnetic saturation occurs, that the dynamic response of the system becomes erratic. 

The ramping up phase of the velocity becomes a period where the motion of the 

machine is unpredictable, periods of sudden acceleration and deceleration. This is
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contrasted against a normal output response where the excitations are sinusoidal based. 

Although the motor current is increased the peak dynamic displacement error does not 

increase by the same amount. Due to motor saturation the peak dynamic displacement 

error also seems to saturate at this maximum figure.

V elocity (M/m)
0 2/

Velocity Fluctuations due to 
off-centre pulley, not 
excitation of dynamics

OUTPUT 1

O r

0 3
50m /Tim e (S e c o n d s)A uto S ca le

Figure 35 : Velocity Profile with Reduced Motor Current.

V elocity (M/m)
0 2/

| OUTPUT 1

INPUT 1

Erratic, Non sinusoidal 
response

0 3
50m /Time (S e c o n d s)A uto S ca le

Figure 36 : Velocity Profile with Increased Motor Current.
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3. 2. 4 THE EFFECTS OF CHANGING THE ACCELERATION RATIO.

The reader may take the opinion from the results that if the stepper motor was 

allowed to accelerate gradually then the response of the machine would be less 

oscillatory in nature. This view of the dynamics of the machine is generally correct, but 

not entirely. If the acceleration ratio is decreased the machine will have more time to 

respond to the change, and therefore the machines resultant response should be able to 

match the input response.

However the acceleration phase is a series of stepped changes, therefore the input to 

the machine is a step input, with a corresponding underdamped response each time the 

velocity is changed. Worse still is the fact that now we are allowing the machine more 

time to respond to this sudden change resulting in a larger number of dynamic 

displacement errors. The author originally took the view that decreasing the 

acceleration ratio might help solve the displacement errors, so he conducted a series of 

experiments to verify his initial thoughts. The author found from the results that the 

answer is not so obvious. The resultant dynamic response for increasing the acceleration 

with the normal amount of current energising the windings is shown in Figure 37. The 

reader may observe that the time for the system to respond is shorter, hence the number 

of overshoots is lower. However because the acceleration is increased the amplitude of 

the overshoots is equal or greater than normal.

When the motor current was decreased, and the system response subsequently 

recorded, it was observed that the combination of the two parameters greatly improved 

the system response. The system response can be seen in Figure 38. The system 

response shows that the combination of increased acceleration ratio and reduced motor 

current can reduce the dynamic displacement error by a factor of 60-70 percent. The 

disadvantage with using this set of parameters is that only light machining can be 

conducted, because of the reduced available torque.
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Figure 37 : Velocity Profile with Increased Acceleration.
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Figure 38 : Velocity Profile with Increased Acceleration and Reduced Current.
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3. 2. 5 MICRO STEPPING

The investigative field was increased to include the micro stepping technique of 

driving stepper motors. Normally to provide a higher degree of resolution a stepper 

motor is driven in half step mode, meaning instead of switching off one phase and then 

switching on the next, both phases are energise together for a short duration. This 

results in the rotor of stepper motor taking up a position half way between the two phase 

windings, hence the name. The principle of micro stepping goes one step better, micro­

stepping works by dividing the current between the two phase by a number of discrete 

steps. Now the current from one phase is reduced from the maximum, one step at a 

time until there is no current flowing though the phase. Likewise the current flowing 

though the second phase increases corresponding to the decrease of the first phase, until 

the maximum setting is reached. The end effect of this process means that the stepper 

motor has a smaller step size, hence higher resolution.

In practice micro stepping drives are not so straightforward, some drives offer very 

good micro stepping capability whilst others compound the problem and offer no 

measurable benefit. The author in conjunction with Axiomatic Technology Ltd 

performed tests on a number of micro stepping drives. The system response to the 

micro stepped input can be seen in Figures 39-41. The reader can see from Figure 39 

that due to micro-stepping, the length of the steps of the input velocity profile are 

smaller, and less coarse. The output response of the system to this input can be seen to 

be less oscillatory in nature, the changes in velocity become gradual changes. This is 

clearly evidenced in Figure 40 where the acceleration ratio of the motor has been 

increased, here the output nearly follows the input demand, this can be seen in greater 

detail in the magnified picture of Figure 41.

To summarise a micro stepping drive can be used to not only provide a greater deal 

of resolution but also help to eliminate dynamic displacement error. Nothing is without 

cost however, the cost of micro stepping is the increase in frequency of the pulse stream 

provided by the controller. Most controllers have a maximum frequency at which they 

can be interrupted. Micro stepping reduces the velocity range and available torque 

significantly.
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Figure 39 : Velocity Profile using Micro Stepping Drive Unit.
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Figure 40 : Micro Stepped Velocity Profile with Increased Acceleration.
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Figure 41 : Magnified Micro Stepped Velocity Profile.

The use of micro-stepping drives can mean that the maximum operating speed is 

limited by the output bandwidth of the machine controller. In this case the maximum 

operating speed will be reduced by the same magnitude by which the resolution 

increased. Therefore if a micro stepping value of twenty is used, i.e sub dividing the 

resolution by 20 then the maximum speed that the controller can output will also 

decrease by a factor of 20.
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3. 2. 6 STEPPER MOTOR PHASE CONFIGURATION.

Manufacturers generally recommend that for applications requiring a wide speed 

range then the parallel connection of the phase windings is preferred. This has the 

additional advantage of minimising the effect of motor resonance. If a series connection 

is chosen then greater peak torque is achieved, albeit for a much reduced speed range. 

See Figure 42, a comparison of the two choices, comparing torque against speed.

Series

<x>3cr

Parallel

Speed

Figure 42 : Comparison of Phase Orientation vs. Torque.

Experimentation has been conducted in the past by Axiomatic Technology Ltd. into 

the effects of wiring the current phases of the stepper motor in series or parallel 

orientation, and the effects of increasing the supplied voltage/current with regard to 

developing increased levels of deliverable torque.

In summary, for contouring systems with frequent speed changes then a parallel 

phase orientation would be the optimum choice. It can be seen from Figure 42 that the 

system designer can obtain more high-speed torque from the stepper motor if the 

windings were wired in parallel orientation. If the voltage is also increased then there is 

a respective increase in the maximum velocity that the motor can operate under. The 

benefit of these phase orientations is a matter of choice depending upon the application. 

For CNC machines high-speed torque is of essence so parallel orientation is normally 

adopted, with the maximum speed dependant upon the voltage. The power to the drive 

system is compromised by price of the electronic components. The component cost is 

exponentially related to the increase in power capacity.
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3. 2. 7 EFFECTS OF MECHANICAL TOLERANCES

The reader may have noticed that superimposed upon the results is combination of 

two oscillations, or a beating effect. The cause of this beating effect is the imperfect 

nature of the experimental machine platform. The slide table is driven though the 

process of transferring drive from the motor via one pulley, to a drive shaft and then via 

another pulley to the slide table. When the pulley centre is drilled and reamed there 

remains some tolerance error. This non-concentricity causes an end effect when the 

pulley is mounted onto a drive shaft. The belt, which is attached to the pulley, 

fluctuates in speed as the outside radius of the pulley changes. This fluctuation in 

velocity, as we have seen can lead to dynamic displacement errors which are sinusoidal 

in nature. When the system is fitted with a twin pulley network then each pulley can 

cause these effects and often add together or subtract from another such that a range of 

effects can be viewed.

This is the case for the experimental test platform where the two pulleys oppose 

each other for one half cycle then add together for the next half cycle, this can be seen 

as a beating effect superimposed upon the waveforms. This can be seen especially seen 

in Figure 43, where a longer cruise section of the velocity profile is shown. This 

mechanical noise causes a dynamic displacement error of up to 3-5 microns.
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3. 2. 8 INACCURACIES IN DRIVE TECHNOLOGY

Any velocity fluctuations caused by the drive system could not be clearly 

distinguished from those caused by the interpolator until after the author prototyped a 

velocity profile generating stage. This circuitry was produced to confirm the findings of 

Palmin and is discussed within the next chapter. After these improved velocity profiles 

were generated and fed into the system other interesting effects were observed. These 

were observed earlier but due to the previous large velocity fluctuations were very 

difficult to discern. The improved velocity profiles allowed the author to study the 

effects that the drive system had upon the resultant smooth continuous path motion.

It can be observed from Figure 43, that there are very small fluctuations in resultant 

velocity. These could only be seen when the data was collected from the rotary encoder 

attached to the end of the stepper motor. When a section is magnified then the reader 

can see from Figure 44 velocity fluctuations caused by the drive system. The drive 

system used was a standard off the shelf drive system with no faults and readily used by 

a number of commercial CNC machine manufacturers. The drive was operated in half 

step mode where two phases are energised simultaneously such that the poles of the 

rotor assume a position that corresponds to halfway between the two phases. What 

Figure 44 shows is that the current for the phases is not equally matched so one phase 

obtains more current than the other. The result is such that the rotor assumes a position 

that is only one quarter of the distance. Then when the energy is fully transferred to the 

other phase the stepper motor has to move the remaining three-quarters of a step. This 

can be visualised as a small velocity fluctuation caused by the stepping action, followed 

by a much larger one. However this causes a displacement error of 5-7 microns, which 

is lost against the displacement error caused by the excitation of the dynamics which 

can be up to 30 microns in magnitude.
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Figure 43 : Velocity Fluctuation due to Off Centre Pulley.
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Figure 44 : Magnified Velocity Fluctuations due to Drive Inaccuracies.
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3. 3 Production CNC Machine Results.

3.3.1 Velocity profile from unloaded Cadet machine.

The velocity profile shown in Figure 45, was taken from results obtained via the 

linear encoder attached to the end effector of a Pacer Cadet machine. The machine had 

two encoders attached to the x-axis drive transmission. A shaft encoder was attached to 

the opposite end of the rotor shaft (a double shaft motor was purchased by Pacer to 

accommodate this placement). This encoder was an ‘off the shelf sealed encoder unit 

with a resolution of 2000 lines per revolution. The Haidenhain linear encoder, taken 

from the experimental test platform took the role of the second encoder. This encoder 

was set to a resolution of 1 micron and was attached to the tool-mounting spindle, i. e. 

the end effector. The linear encoder glass was attached to the machine bed securely, 

then the read head was moved along the y-axis to the required distance to obtain 

readings, (0. 5mm). The encoder glass was placed such that this distance remained 

constant over the complete length of the encoder glass, the bed was also skimmed to 

ensure the glass was level. The pulley belt connecting the y-axis stepper motor to the 

leadscrew was disconnected to prevent accidental damage to the encoder glass.

With the encoders securely attached the machine was set to machine along a 

straight line. The objective of this experiment was to verify, if the measured velocity 

fluctuations from the Cadet machine were in the same order of magnitude as those 

measured from the experimental test rig. The results show that if the Pacer Cadet 

machine is subjected to the same input velocity profile, under no load conditions, it does 

suffers from velocity fluctuations within the same magnitude as those measured from 

the test rig.

These fluctuations also recede once the accelerating phase of the velocity profile is 

over. The reason they do recede and do not have a cyclic bias is that the pulleys 

attached to the lead-screw/stepper motor shaft are machined to be concentric to the shaft 

in question. The pulleys attached to the experimental test platform were machined such 

that they can easily be placed on and off, to allow for ease of experimentation. The 

drawback is that all the results obtained from the experimental test platform have a 

cyclic bias to the velocity, caused by a non-concentric pulley.
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Figure 45 : Velocity Profile from Unloaded Cadet Machine.

The peak-peak deviation from the input velocity can be measured to be in the order 

of 0. 5 M/min. This amounts to a 25% fluctuation in velocity. If the peak velocity 

fluctuation is measured, from Figure 40, in terms of acceleration then it can be seen that 

the actual acceleration that the machine is experiencing is 22 % G. rather than the 

theoretical 2 %. This goes along way to explain why stepper motor driven machinery is 

often limited to one tenth of its real performance capabilities.

Once the accelerating phase has finished, and the dynamics have settled the reader 

can see from Figure 45 that there is a banding effect super-imposed upon the results. 

Upon magnification the reader can see from Figure 45 that this banding effect is a 

vibration at the full-step frequency, or half of the operating frequency. In comparison to 

Figure 44 the reader can see that in Figure 46 there is no distortion of the waveforms 

caused by drive inaccuracies. The reason for this is simply down to the motor/drive 

combination. The drive used by the Cadet machine is produced to a higher tolerance 

than the drive system used for the experimental test rig.
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3.3.2 Velocity profile from loaded Cadet machine.

After the validation phase of the testing was complete, one question remained; 

what happened to the resultant velocity under load conditions. Testing the end effector 

under machining conditions was not possible due to many factors, but mostly time. The 

machine used for experimentation was a production machine due to be delivered to a 

customer, hence Pacer was unwilling to sell a second hand machine. In conjunction 

with a design engineer horn Pacer who had been experimenting with predicting load 

forces, a simple load test was designed. The test in question involved a mass of 5 Kg, 

string and a pulley. The mass was tied to the string, with the other end attached to the 

end effector. The pulley was used such that the weight was suspended vertically to the 

side of the machine. The reasoning, was to subject the end effector to a side force of 

approximately 50 Newtons in the opposite direction to that of the motion. The design 

engineer derived this Figure from early experiments that he had conducted. The 

velocity profile data obtained from the linear encoder can be seen in Figure 47.

The reader may observe from Figure 47, that the sidewards loaded of 50 Newtons 

does in no way damp out the velocity fluctuations seen in Figure 45. It can be seen 

from Figure 47 that the simulated machining load actually prevents the velocity 

fluctuations from receding quickly, doubling the time it takes to settle to a background 

level. The magnitude of the velocity fluctuations however hardly increases, remaining 

at around 25 -  30 % deviation. This was in some ways unexpected since the engineers 

at Pacer believed that their machines could not possibly deviate in velocity by this 

amount and that the operation of machining would reduce this by a significant amount. 

The author thought that the fluctuations might diminish slightly but the compounding 

evidence concerning the limitations in stepper motor driven machinery suggested that 

this would only be minor.
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Figure 47 : Velocity Profile from Loaded Cadet Machine.
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3.4 Significance of Experimentation.

The results of the experiments conducted on the test rig have shown that the 

principal causes of the performance limitation in multi-axis machines are the excitation 

of the machine dynamics. This excitation manifests itself as velocity fluctuation. These 

fluctuations cause the performance limitation by reflecting additional load upon the 

motor. The consequence of this reflected load is that the system has less available 

dynamic torque availble due to the velocity fluctuations caused by the excitation of the 

dynamics. This means that the available speed and acceleration are greatly reduced, see 

Figure 48. In Figure 48 the y-axis represents torque and the x-axis represents velocity. 

The maximum performance of the stepper motor is represented as the plotted curved 

line. The difference between this line and the line representing the machine load 

indicates the amount of reserve torque the motor has before it will stall. This reserve 

torque is used to accelerate the stepper motor. Hence from the graph the reader should 

see that with the reflected load the stepper motor has a limited amount of reserve torque 

in which to accelerate, and that the top speed has been significantly reduced.
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Figure 48 : Effect on Available Torque by Reflected Load on Stepper Motor.
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The results obtained from the experimental test rig were verified by instrumenting a 

production CNC machine. This verification confirmed the findings that rough motion 

causes a performance limitation in multi-axis stepper motor driven CNC machinery. 

Arising from the experimentation is also the validation of several design rules 

concerning rough motion. The results show there is a relationship between dynamic 

displacement error and motor current, and reducing motor current can help to minimise 

this. This was quantifiable in the fact that operating at a level of 66% of the nominal 

current reduced the displacement error by one half. If the acceleration is changed such 

that the rise of the first overshoot corresponds to the next step demand then the results 

show that there is insufficient time for the dynamics to be excited. This can be seen in 

Figure 38 (page 84), where the current has been reduced to dampen the final step 

response. This technique in a part measure meets the requirements of finding a way of 

overcoming the performance limitation. However each drive and control would have to 

be tuned to each particular machine, and this is hardly a solution. Another disadvantage 

is that only light machining can be conducted, because of the reduced available torque.

Another technique that meets with some success is that of micro-stepping or having 

a low gear ratio. They result in the same thing, smaller resolution of step distance. This 

means that the interpolation steps are smaller, hence less excitation of the dynamics. 

However the disadvantage is that the maximum top speed is remarkably reduced by the 

bandwidth of the controller. Since the distance steps at the end-effector are finer in 

resolution then a greater number have to be generated to maintain the same speed in 

terms of metres per minute, hence there is still a limitation in performance.

In Summary the reader should hopefully see that the excitation of dynamics caused 

by the interaction of acceleration & interpolation, does present a problem in stepper 

motor driven machinery. The author has verified the postulations of Steiger et al. by 

the experimentation conducted upon the test rig. The author went a step further and 

validated the experimental work by instrumenting a production CNC machine supplied 

by Pacer Systems Ltd. The author concludes the experimentation showing how, by 

changing system parameters, that the rough motion can be lessened to some extent, but 

still with no definite solution available. This lead the author to model the experimental 

test rig in order to find a solution and to also confirm the findings of Palmin et al. [50].
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Chapter Four System Modelling & Motion Profiles

4.0 The Process of Simulation.

The Process of simulation is by definition the use of a system, often a computer, to 

artificially create the appearance of another. The essential feature is that the action must 

be capable of being represented by some mathematical function or model. Simulation 

allows designs to be analysed and modified without having to go to the effect, expense, 

and time of building a prototype. Simulation can also be used to perform analyses that 

are not always possible or desirable on a physical design such as worst-case component 

tolerance sensitivity analyses and simulating faulty circuits.

The author turned to simulation to experiment with various velocity profiles, and to 

confirm the findings of Palmin [50]. The process of simulation was chosen for the last 

reason presented above, in that the author did not want to damage the experimental test 

rig. There are a number of modelling approaches that can be used with control systems. 

Whereas mathematical models based on the chemistiy and physics of the system 

represent one alternative, the typical machine control model utilises an empirical 

input/output relationship, the so-called black-box model. These models are found by 

experimental tests of the process. Once the parameters have been detennined by 

systems identification, one can proceed to analyse the overall system dynamics, the 

effect of different controllers in the operating process configuration, and the stability of 

the system, as well as obtain other useful information.

Once the various ideas were tried and tested on the simulator the author validated 

the theories by developing a velocity profile generation system. This system in the form 

of a digital signal processor generates the appropriate pulses for the drive system of the 

experimental test rig. Thus the designed velocity profiles can be tested in practice. The 

author used this system to confirm the findings of Palmin [50].
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4.1 Detailed Description of System Modelling.

Mathematical models in the form of polynomial equations can be used to describe 

any number of different objects from curves to the mechanical behaviour of CNC 

machines. To obtain more useful information from the experimental test platform, that 

cannot be readily obtained from the results, a transfer function would be needed. The 

transfer function of a system describes the relationship between input and output of the 

system and can be used to obtain the magnitude of output response to a given input. The 

bode plot, frequency plot and the pole/zero plot can also be obtained from the transfer 

function. The transfer function is derived from the mathematical model of the system, 

and as such provides the control engineer with in-depth knowledge of the system. The 

accuracy of the data is dependant upon how accurately the system is modelled.

Analysis of any control system can be achieved by one of two ways. The first 

method is to build a mathematical model of the system in the form of differential 

equations, then apply Laplace transforms to the model to determine information such as 

the pole placement etc. This typically involves prior knowledge of the systems 

physical parameters, often involving in-depth knowledge of the materials and internal 

construction of each part of the system. The alternative method is to use systems 

identification. Systems identification is the process of approximating the systems 

parameters for a given computer model by measuring the input/output responses 

through experimentation. This provides the engineer with a powerful tool with regard to 

understanding the system in question, provided they can capture information from their 

system.

The use of data modelling and representation tools such as Hewlett Packard’s Visual 

Engineering Environment (HP VEE) and Mathworks MATLAB allow the design 

engineer to analyse the system in question in quasi real-time. HP VEE is a graphical 

programming language for creating test systems and for solving engineering problems. 

The user can select from a variety of standard mathematical fonnulae, and special user 

supplied functions can easily be added. Shown in Figure 49 is the block diagram for 

generating a FFT for a given input signal.
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Figure 49 : HP VEE Interface.

In the Matlab environment in order to build a model with the systems identification 

package the user firstly needs the input demand and the output response signals. 

Secondly the user needs to know the order of the mathematical model required. The 

computer can be used to assist in this prediction, but a far better approach is to build a 

mathematical model by analysing the construction of the system. This way the user can 

guide the prediction more accurately than an unassisted approach. The model to be 

chosen should be based upon the nature of work to be conducted, is a general behaviour 

desired or should a more complex model be chosen. Researchers such as Kenjo [28] 

have shown how the electrical characteristics of a stepper motor can be modelled as a 

fourth order differential equation.

The author wanted to model the general behaviour of the experimental rig rather 

than a precise model which describes everything including elements such as the control 

and drive electronics. The reason for this is that the excitations predominantly arise 

from the general construction of the experimental rig rather than the drive. The second 

reason is the level of precision; a complex model may form the sole basis of a research 

project but will be of little use if the model is incorrect. However a generalised model 

takes less time and still provides the engineer with about 80% of the information that
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could be obtained from the complex model. The author analysed the nature of the 

experimental rig in terms of control elements (mass, spring, damper) and represented 

the system in a physical entity diagram shown in figure 50. This diagram can then be 

represented as a quadratic equation. At this point the order of model is determined, 

however the constants still remain unknown. From this information the author 

determined that for the generalised behaviour of the experimental rig then a model of 

approximately third order would be sufficient. From further analysis the author 

concluded that most CNC drive trains can be adequately modelled as a low order system 

(a lead screw indirectly coupled to a stepper motor drive can typically be modelled as a 

third order system).

Once the order was determined then the objective was to provide a set of discrete 

time sampled data to the Matlab environment in order for the system parameters to be 

identified. The author resampled the discrete distance data from the normal velocity 

profile found in chapter 3, Figure 33 to convert the data into discrete time based data. In 

the process of systems identification it is often advised that only a section of the data is 

used to determine the parameters. This means that after the parameters are determined 

then the rest of the data can be used as a verification test. This was accomplished and 

the reader can see this in greater detail in appendix B. Several choices are available for 

the Matlab user for modelling the data with regard to the model order and the method by 

which the data is analysed. From the theoretical analysis of the experimental rig, the 

author decided upon a third order model. Model prediction can be obtained from Matlab 

by analysing a percentage of confidence versus model order graph. The theoretical 

analysis provided confidence in the choice since both Matlab and the theoretical 

analysis suggest that a third order model would suffice. The analysis method that proved 

to be the most successful in terms of confidence levels was the least squares approach, 

so this method was chosen. Once these two pieces of information are known then the 

parameters can then be determined by applying the chosen method and data to the 

model. The mathematical model of the experimental rig was then detennined. The 

various ways of representing this model, i.e transfer function where detennined by 

applying various Matlab functions to the model. These can be seen in appendix B. The 

transfer function seen in figure 50 was taken from the modeling process and represents 

the experimental test rig.
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Mathematical Model of System.

Belt One Drive Train Belt Two Slide Table.

Stepper ©1 
Motor 

Torque.

© 2 © 3Ki K2

Spring Inertial Mass Spring Inertial Mass & Damping

Transfer Function =  ̂ s  ̂2698+19165
s3+lls2+2703s+19064

Figure 50 : Mathematical Model of Experimental Test Platform.

Once a model has been established it is possible to produce a simulator of the 

modelled system. This is conventionally achieved by taking the Laplace transform and 

converting it to a Z transform by the means of a Bi-linear transformation. From the Z 

transform it is a small step to convert the transform into a difference equation that can 

directly produce a numerical simulation. This standard method is embodied within the 

simulink toolbox for Matlab. The author used this toolbox to build a simulator from the 

mathematical model shown in figure 50. The input was then fed into the simulator, 

which produced excitations similar to those experienced on the real machine, Figure 51. 

Shown in Figure 52 is a comparison between the actual machine output, taken from the 

results in Figure 33 (page 77) and the output from the simulator. The simulator output is 

the darker of the two lines.
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Velocity Vs. Time
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Figure 51 : Simulated Output of Experimental Test Rig. 
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Figure 52 : Comparison of Simulated Output Vs. Actual Output.
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The reader can see from Figure 52 that the simulated output response generally 

matches the actual output response. The two outputs do intentionally differ slightly 

because the simulator output did not model the effect of the non-concentric pulley. The 

effect of the non-concentric pulley can now be clearly seen in Figure 52 by contrasting 

the two responses. This simulator was used to study the effects various other velocity 

profiles, as mentioned by Palmin[50], had upon the system. These included linear, 

exponential, inverse exponential and parabolic. The author then developed a digital 

based velocity ramp generator incorporating a digital signal processor. This meant the 

data from the simulator could then be cross-checked against the actual output from the 

experimental rig for the various profiles. The results from the simulator matched the 

actual results. To avoid clutter and confusion the simulator results are not shown, 

however the reader can see the results from the ramp generator in figures 55 & 56 later 

within this chapter. This generator develops timing pulses at the required frequency 

necessary to generate the required velocity profile for the experimental test rig. 

Additional experimentation was then carried out to confirm the predictions arising from 

the simulator. These included amongst others, measuring the obtainable level of 

performance for parabolic velocity profiles.
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4.2 Description of Velocity Profile Generator.

The software based machine velocity profile generator was developed on a digital 

signal processor. The DSP in question is the Texas Instruments TMS320C50, Figure 

53. The DSP belongs to the integer range of the Texas Instruments TMS320 DSP 

range. The DSP was chosen for a number of reasons. Firstly because of its fast 

mathematical computation, being able to multiply in a single clock cycle. Secondly the 

DSP can be purchased in an evaluation package called an EVM board. This board 

contains suitable interfacing to allow the DSP to communicate to host systems, namely 

the personal computer.

The DSP features an on-board timer, an essential part of any controller that intends 

to transmit pulse information at precise periods of time. The internal block of the 

TMS320C50 DSP can be seen over-leaf in Figure 54. The DSP has a total of sixteen 

input output ports that have a data length of sixteen bits. The DSP also supports JTAG 

information, which allows the user to emulate the DSP in software, see Figure 53. 

These powerful features coupled with the relatively low cost makes the TMS320C50 

DSP ideal as the basis for an embedded microprocessor system, that can be added too as 

the need arises.

The machine velocity control algorithm was coded in a mixture of C code and 

assembler as was needed. The DSP communication software was written in C code 

since this was not taken as being time critical, whilst the algorithm to generate the 

resultant velocity profile was coded via the use of the DSP assembler since it was time 

critical.
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Figure 53 : Texas Instruments TMS320C50.
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The velocity profiles are generated in the following manner: -

1, First the distance and direction are sent to the DSP.

2, The number of pulses that comprise the total distance, accelerating phase and 

decelerating phase are calculated.

3, The accelerating & decelerating phase is then generated, given the maximum 

velocity.

4, The first PFM signal is calculated and loaded into the timer, when the timer 

counts down to zero, the signal level of the output port is changed and the next 

value is loaded into the counter.

5, Once all the PFM signals have been generated the system returns to remain 

idle until another message is received.

The signals generated from the output port are pulse frequency modulated, where 

the frequency of the pulses changes in relation to the speed demand signal. The machine 

velocity control algorithm can generate one of three velocity profiles as decided by the 

user with a single key press. The distance, velocity, direction and acceleration can be 

changed manually from the keyboard or automatically from the software. The machine 

velocity control algorithm was developed to measure the scope for improvement in 

terms of resolution and accuracy that improved velocity shaping could provide. The 

following pages contain short discussions on the two velocity profiles found to be of 

relevance to the author’s work.
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4.2.1 LINEAR VELOCITY PROFILE

The linear velocity profile was designed along the lines of what most people view to 

be the typical velocity profile. The velocity profile used as a comparison against the 

interpolation synchronised velocity profile shown in Figure 33 (page 77).

The velocity profile has two stages of acceleration, almost identical in nature. The 

first stage is featured at the start of the velocity profile shown in Figure 55. This stage 

accelerates more rapidly than the second stage in an attempt to bypass the motors 

natural frequency. This is contradictory to various ideas of two stage velocity profiling 

that suggest accelerating slowly at first to overcome system inertia and then accelerate 

faster. The velocity profile shown in Figure 55 accelerates quickly at first since this is 

the region where it will have the highest torque. As the speed increases the available 

torque decreases, to match this condition the acceleration changes slightly such that the 

demand torque does not exceed the available motor torque. The velocity fluctuates at 

the two main changes of acceleration, the start of the velocity profile, and the end of the 

acceleration phase. This indicates that these areas need to be smoothed.
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Figure 55 : Linear Velocity Profile.
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4.2.2 PARABOLIC VELOCITY PROFILE.

The parabolic shaped velocity profile was designed based upon the work of 

Palmin[50]. The velocity profile is based on a parabolic curve expression can be readily 

changed to suit the machine in question, simply by adjusting the base acceleration. The 

parabolic shaped velocity profile can be seen in Figure 56. The velocity profile starts 

off at the standard set starting speed then as the motor begins to move the acceleration 

changes. The acceleration is low at first, then quickly becomes progressively higher 

until the motor has accelerated up to a speed approximately equal to 60-70% then the 

acceleration decreases until it becomes negligible.

The parabolic velocity profile represents a significant improvement over the velocity 

profile shown in chapter 3 , Figure 33. The resultant dynamic displacement error can be 

reduced by over 80% by utilising this velocity profile - down from 30 microns error to 

5-6 microns. The remaining percentage is taken as being mechanical noise due to the 

off-centre pulleys.
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Figure 56 : Parabolic Velocity Profile.
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4.3 Smoothing Motion

The process of generating smooth motion is essential to the requirements of multi­

axis continuous path motion. It can be seen from Figures 55 & 56 that smoothing the 

input velocity profile results in less excitation of the dynamics. Velocity fluctuations are 

the result of this excitation, hence they are consequently reduced. In turn the machine 

does not accelerate/decelerate as sharply, which means the load torque is much lower. 

With a lower load torque the machine has more available reserve torque, from which 

greater machine performance can be achieved.

Unfortunately in multi-axis continuous path machinery the velocity is constrained 

by the process of interpolation as a consequence of synchronising distance with time. 

The author considered these points and decided that if an additional open-loop stage 

could smooth the velocity then both requirements would be met. The author tried 

various stages upon the simulator using the Simulink tool of Matlab. This simulation 

led to the idea and then development of the novel inverse velocity filter algorithm. The 

reader can see the results of adding this additional stage to the simulator in Figure 57. It 

can be seen that the resultant velocity profile is greatly smoothed, thus supporting the 

effectiveness of such an approach. The solution was implemented in hardware and is 

discussed within the next chapter.
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Figure 57 : Output Response from Simulator with Filter Stage.
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C h a p t e r  F i ve

Novel Inverse Velocity Algorithm.
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5. 0 Solutions for Smoothing Rough Motion.

To obtain optimum performance from multi-axis continuous path stepper motor 

driven machinery then it is clear that the resultant path must be described as accurately 

as possible by the path-planning and interpolation algorithms. It is also clear that this 

resultant motion should be as smooth as possible in order to minimise the displacement 

errors caused by the excitation of the dynamics, therefore achieving the highest 

utilisation of the available torque (chapters 2 & 3).

Considering the aspect of smooth motion then it can be seen from the earlier 

experimentation that there are many parameters that can effect the resultant velocity of 

multi-axis machinery. The author has shown through simulation (see chapter 4), that if 

the appropriate additional stage is added to the output of the controller then the input 

velocity to a given axis can be smoothed in real-time.

A number of options were considered on how to achieve this, two such examples are 

filtering and feedback control. The filter solution, shown in Figure 58, will essentially 

be a low-pass filter thereby smoothing the sharp changes of acceleration. If the changes 

of acceleration are smoothed then the excitation of the system dynamics will be 

lessened, which in turn means greater performance from the system.

D riveController F ilter

Figure 58 : Filter Solution
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Local P ID  
Controller

Controller D rive

Feedback from  
Encoders

Figure 59 : Local PID Controller Solution

The feedback controller used in the simulation was a local PID controller, since this 

represents the typical controller used in classical control theory. The local PID 

controller solution, shown in Figure 59, coupled with the system as a whole, will behave 

in a similar fashion, provided the parameters are set to heavily damp the input signal. 

This is essentially an overdamped system. The velocity will be fed back to the PID 

forming a localised velocity control. Tuning such a system would be difficult as it 

would require a special profile that continually went up and down a given step length. 

The PID controller relies on the system and drives properties to provide active damping 

of the velocity, thereby smoothing any velocity fluctuations, and in turn increasing the 

performance of the system. Shown in Figures 58 and 59 are block diagrams showing 

how these methods can be applied to the existing controller. In the case of continuous 

path motion the control of velocity is not an independent process, the path also needs to 

be controlled and synchronised to the motion, see chapter 2. In order to gain smooth 

continuous path motion then the above methods need to be assessed not only in terms of 

smooth motion but also in terms of resultant path error. This leads to the consideration 

of other factors such as phase and quantisation errors.

In control terms, processing a signal may produce a phase shift, which normally 

depends upon the frequency of the signal. For the two solutions presented above, a 

uniform phase shift will manifest itself as a time delay and provided this time delay is 

uniform for all the axes then there will be no problem since there is no difference 

between the relationship of the two axes. However a non-uniform phase shift would 

mean that the velocity for each axis could be shifted by different amounts depending
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upon the current velocity of the axis, this could result in a loss of position, resulting in 

unacceptable path errors.

The quantisation of the input demand also presents problems. The signal is 

quantised in both the distance and time domain. In the distance domain then rounding 

as a result of quantisation errors may result in the addition or subtraction of pulses. For 

example if ten samples of value 2.9 are taken then the total number of pulses should 

equal 29 not 30 which would be the result due to rounding errors. In order to minimise 

path errors due to rounding, then the input signal should be quantised as little as 

possible. The time domain presents similar problems in terms of velocity, the resultant 

velocity may suddenly change and excite the dynamics, leading to dynamic 

displacement errors.

With both of the sampling methods discussed in chapter 3, the level of data 

quantisation is linked to the sampling frequency and the resolution of the encoder. 

When all the other options like interpolation, over-sampling and higher order derivative 

approximation are considered the choice becomes which method presents the most 

accurate data for the given application. The accuracy of the signal is dependent upon 

the level of quantisation of the signal. Since the sampling frequency is often restricted 

by bandwidth of the transmission medium, most sampling frequencies fall below the 

1MHz range. For the pulse period sampling method then the effective sampling rate is 

equal to the system clock frequency provided the hardware is capable to handle the 

transmission of data at this speed. This means a lower level of quantisation is achieved 

when the pulse period method is used, in this case by up to 80 times lower than using 

the pulse counting method sampling at 500KHz. For example if we sample a 250 KHz 

signal at 500KHz then the quantisation error is equal to +/- Vz sample pulse, (2 micro 

seconds). However if we sample at 40 MHz (maximum clock frequency of data 

acquisition board) then the quantisation level for a signal is still +/- Vz sample pulse but 

the sample pulse length is now only 25 nano seconds, a magnitude of 80 times better. 

Therefore for our given application the pulse period method presents the best sampling 

method.
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One aim of the research is that the solution should provide much of the benefits of 

feedback control but without the incurred cost of such a method. Feedback control is 

expensive in two ways. Firstly transducers have to be fitted to form the feedback 

element since most manufacturers of open-loop CNC machines do not fit encoders. 

Secondly the cost increases as additional components are added to the controller. 

Feedback control is typically used for one of two reasons, firstly the actuator is not open 

loop stable, and therefore information concerning its current state is needed or secondly 

it is used to remove the effect of external disturbances upon the system. The first reason 

is not particularly valid for stepper motors since they move in discrete steps and are 

open loop stable. Only the second reason offers the possibility of any benefits. In light 

machining operations, where the load is does not have sufficient mass to cause excess 

wear of the mechanical components, and machine tool chatter is not excessive then 

these disturbances are minimal. It is the author’s belief that if the effects of the periodic 

disturbances, i.e. an off-centre pulley could be monitored then a way could be found to 

compensate for them whilst still operating in an open loop fashion. This would require 

routine monitoring for the instances where greater precision or performance is required, 

but for the current application these parameters do not vary greatly. In essence better 

control through better understanding, a hybrid control residing between open and closed 

loop control. A machine used for light machining could be instrumented to fully 

understand the range of disturbances that could result in the machine generating path 

errors. This data could be assessed and the controller could then be adjusted to 

minimise the significant causes of those errors.

The options were considered and found that the filtering method would yield the 

highest merits. The level of quantisation will be kept to a minimum by using the pulse 

period counting method of data capture.
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5.1 Description of Novel Inverse Velocity Algorithm.

In linear systems mathematical models can be expressed as either a Continuous or 

Discrete-Time system. Continuous-time system models can be considered as

representations of analogue filters whilst discrete-time systems representations of digital 

filters. Since the author’s field is concerned with digital control then the design of a 

digital filter, such as a finite-duration impulse response filter, (FIR filter) would seem to 

be the best solution. FIR filters have several benefits namely that they are stable, they 

can have linear phase characteristics and they can be efficiently realised in 

hardware[78].

A block diagram showing a FIR filter solution is shown in Figure 60. The input to 

the filter is data sampled at discrete time intervals. These data samples are applied to 

coefficients respective to the present time and the time they arrived. The products of the 

data and coefficients are summed and then divided by the total number of samples to 

form an appropriate filtering effect over the data. If the coefficients are all one then the 

filter acts as a moving average filter. A moving average filter behaves in the same 

manner as a low-pass filter when applied to discrete time data.

Conventionally FIR filters rely on the input data to be sampled at discrete time 

intervals. Since the quantisation level needs to be minimised and the only way of 

currently achieving this is to use the pulse period method of sampling then additional 

circuitry would be needed before and after the filter to convert unit distance into unit 

time and vice versa. This is inefficient and the signal will be significantly degraded 

resulting in path errors due to quantisation and rounding. An alternative approach put 

forward by the author is that of the inverse velocity filter. Essentially the FIR filter 

operates on time based data, but a filter using distance based data would be equally 

valid, albeit its characteristics would vaiy with speed. Unit time and unit distance 

measurements are not directly interchangeable due to reciprocal nature between the two 

so although both are filters, they are conceptually different. These differences can be 

seen in Figures 60 and 61 where instead of measuring discrete-time information the 

filter accepts discrete-distance data.
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The operation of the inverse velocity filter is similar to the operation of the FIR 

filter. First the data is collected on a pulse by pulse level, applied to the relevant 

coefficient and summed. This figure is then divided by the total number of samples, 

this forms the time period of output pulse. Since the filter is affecting change to the 

time period of the output pulse then the filter is effectively not filtering velocity but its 

inverse hence the name inverse velocity filter. The inverse velocity has the benefit of 

real-time operation & low quantisation of input data. The disadvantage with this 

technique is that the characteristics of the filter will vary with velocity, but this could be 

compensated for if the characteristics of the filter were changed at fixed velocity levels. 

In implementation a span of sixteen points were chosen. The reason for this figure is 

based upon the number of stepper motor pulses that form the coarse ramp steps, being 

between 10-20 in number. In mathematical terms then dividing by 16 can easily be 

achieved in binary if the number is shifted to the right 4 times. The characteristics can 

change to include more points such as 32 or 64 which produces too much time delay at 

low frequencies but would suit the high speed or high frequency ranges.
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5.2 Mathematical Description of Inverse Velocity Filter

In the field of engineering one way of expressing information is in the form of a 

mathematical assessment since it forms a concise description of the process or problem 

area. The main point to consider when assessing the inverse velocity filter is that the 

filter itself behaves as any other digital filter as shown in Figures 60 & 61, i.e. the 

mathematical processes upon the data remain the same. The difference between the 

techniques becomes a matter of correct interpretation of the data. For the typical FIR 

filter the data will be discrete time so the typical FIR filter will be represented by the 

following mathematical formula.

Therefore the mathematical representation for the inverse velocity filter can be 

represented by the following formula. Since the inverse velocity is fed in and the output 

is the inverse velocity then the reciprocal has been removed from both sides to aid 

clarity.

(5.0)n
Where Yt = Current Filtered Output.

ax = Constant depending on filter algorithm.

Xt = Input value at time (t). 

t = Time.

n = Number of Filter points.

(5.1)

Where Vod = Current Filtered Output Velocity.

ax = Constant depending on filter algorithm. 

Vid = Input Velocity at distance (d). 

d = distance.

n = Number of Filter points.
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5.3 Implementation & Results.

The aim of the research is to investigate the cause of performance limitations in 

multi-axis continuous path stepper motor driven machinery. The reader can see from 

chapter 3 how micro-stepping, low gear ratios and reduced current levels can be 

employed to significantly improve the performance of multi-axis machinery. However 

these methods share the same the disadvantage that the peak velocity or acceleration is 

restrained. The concept of the inverse velocity filter is that by smoothing the velocity 

on the slave axis of a multi-axis CNC machine then any performance degradation due to 

the excitation of the dynamics will be sufficiently reduced, without any 

velocity/acceleration restraint. The filter will smooth the velocity profile by performing 

a moving average over the inverse of the velocity. A moving average filter means that 

all the coefficients are set to one, thus eliminating the multiply operation, thereby 

increasing the speed of operation. Several ways of weighting the coefficients were tried 

since it made sense to weigh the coefficients such that the current input value has more 

effect upon the output than the very end measurement. In practice however it was found 

that these weightings made very little significance over the fact that the velocity was 

smoothed.

The solution was implemented in software within a DSP. The DSP is interfaced to 

the digital acquisition board developed by the author. This board provides both the 

acquisitions of the input data stream as well as the circuitry for the generation of the 

output pulses. The buffering of the input signal is provided in the form of FIFO’s 

aboard the data acquisition system. The author decided to contrast the output of the 

filter against the benefits that the methods suggested in chapter 3 would yield. The 

reader can see from Figure 62 the input waveform to the machine with the drive current 

reduced, smaller velocity steps and a low gear ratio of 3:2, essentially the optimum you 

could hope for without the filter solution. This is contrasted with Figure 63 showing the 

filtered input velocity profile & resultant motion. These velocity profiles show the 

extent of improvement the research has yielded when contrasted against the velocity 

profiles shown in chapter 3. Since the filtered solution is compared against the 

‘optimum’ unfiltered velocity profile the benefits are hardly visible to the eye, therefore 

a mathematical analysis technique had to be applied. Standard deviation is an accepted
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way of assessing the noise upon a signal. The standard deviation in velocity error was 

taken for Figures 62 & 63 to demonstrate the benefits of the filter. The standard 

deviation for Figure 62 is 351 mm/minute & for the filtered velocity profile in Figure 63 

is 178 mm/minute.

Velocity Vs Time

Zone 3

In p u t

Output

Zone 1

5 .70E 0 6.00EQ

Auto Scale [ TIME

Figure 62 : Velocity Profile without Filter.
(Velocity = 2m/min)

Velocity V* Time
2.40E 0

Velocity (m /m in)

Output

0.00E0
1 .6060 1.90E0

Auto Scale

Figure 63 : Velocity Profile with Inverse Velocity Filter. 
(Velocity = 2m/min)
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The reader can see that in zone 1 both the filtered and unfiltered velocity profiles 

suffer from the initial start-up velocity step. The difference between the two is that the 

filtered solution smoothes the second and subsequent impulses, giving the motor time to 

recover, whilst for the unfiltered velocity profile, the second impulse simply causes the 

dynamics to excite further. The reader can note that for the region indicated as zone 3 

that the sharp spikes caused by interrupt latency on the controller are smoothed. The 

decrease in standard deviation clearly indicates the benefit the filter has upon the 

resultant velocity of the system for a standard velocity profile. However the reader can 

see from zone 2 that by solving one problem often another is generated. In this case the 

smooth velocity profile means that when the pulse frequency matches one of the two 

natural frequencies of the stepper motor, the resonance vibrations may be larger due to 

the longer duration spent operating around this frequency. To measure the effectiveness 

of the filter under continuous path conditions then an appropriate shape was selected. 

The reader can see this shape from Figure 64, showing the visual front end of the 

computer aided manufacturing software produced by Axiomatic Ltd for use with the 

Pacer systems CNC machinery.

||*]J Davids lest wheel vine XMC E. Enhanced Machine Control W PIE 3
Etocet* View Selinas Queue Machine £ngineei Hdp

S f j f f l f a f f f l  lo p e r /c to jed p a th s^ J  O j Q . f g i '  Q . l < l |  |G4*  3  .

Job Name

I Safety Broken Origin? f Toobet leq'd iDemoMode [ V  8
fX > 1234  oo:Y -1234.00. Z  - 1 2  00 mm Feed f OOO Plunge pTOO m/mm

f f i S t a i t | |  p  O avide t e l l  w heel, vm.. f t  uni bed • Pan!

85.4><185*k 0 0
00) > [190 8. 219.0.0 0)

528 PM

Figure 64 : Visual Front End o f XMC-E.
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The drawing represents a bottle separation gear used to separate bottles for drinks 

bottling companies. An engineering company using a Pacer Cadet machine produces 

these gears. Although the shape does not seem complex, it does represent the common 

problems associated with continuous path systems. The shape has a long low curvature 

arc followed immediately by a short high curvature arc. These arcs are composed of 

short straight line segments, which also presents difficulty on how the shape is to be 

treated, either as an arc or as short lines [2].

The velocity profiles for both the x & y axis where captured for the area shown in the 

box section, these can be seen in Figure 65. To provide clarity the output response is 

not shown.

.00 EO 1

Y axis

__L.00 EO

Zoomed Area
TIME

Figure 65 : Velocity Profile for Bottle Gear.

Initially the first vector is predominately in the y direction so the x-axis becomes the 

slave axis. As the machine moves around the small comer the master and slave axis 

change such that the y-axis becomes the slave axis. A section was taken and magnified 

to show the coarse velocity on the slave axis, this can be seen in Figure 66. Again only 

the input demand is shown to provide clarity. The filter was then applied to the system 

to smooth the x-axis, The smoothed velocity profile can be seen in Figure 67. The y- 

axis of the graphs show a velocity span of 0-0.8 metres per min,(0.1m/mm per div) 

whilst the x-axis represents a span of 0.84 seconds
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The reader can see that the velocity profile has been considerably smoothed, 

therefore the dynamics will be less excited, enabling a higher achievable level of 

performance.

Figure 66 : Zoomed Area of Gear Velocity Profile.
(Y axis -  O.lm/min/div, X -  0.1 seconds/div)

f.. 1—r

Figure 67 : Filtered Input Demand for Gear Velocity Profile.
(Y axis -  O.lm/min/div, X -  0.1 seconds/div)
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5.3 Summary.

This section describes how a rough velocity profile can be smoothed by the use of a 

novel filtering technique. The novelty of the technique arises from the fact that the 

input to the inverse velocity filter is not discrete time but discrete distance data. This 

concept changes the properties of a standard FIR filter to the extent that the resultant 

filter is a different technique altogether. It can be seen from the practical results 

presented in the form of velocity profiles, that the algorithm does smooth the velocity 

profile as expected from the simulation presented in chapter 4.

The disadvantage with this filtering approach is that the filter characteristics change 

in proportion to speed. If both axes are traversing at the same speed then there is no 

problem since both signals are delayed by the same amount. However if they are 

traversing at different speeds then they will be delayed by different amounts. This 

difference in delay will result in path errors. In practice the author found, as expected 

that increasing the number of data points increased the amount of phase delay. It was 

found that using 16 data points filtered the velocity profile significantly whilst only 

imparting a minimal phase delay. The question arises whether the path error caused by 

the phase delay is still below the previous levels caused by rough motion.

There are numerous ways in which to measure error upon a signal, the standard 

deviation method was chosen due to its wide acceptance as an error measurement. The 

best method to evaluate the filter is in terms of the increase in performance and the 

decrease in path errors. A measure of the performance was made and plotted in the 

form of acceleration vs. velocity graph, see Figure 68. The improved velocity profile 

shown in Figure 62 was used as the base comparison vs. the filtered velocity profile 

shown in Figure 63. For each of the three speed levels the acceleration was slowly 

increased until the machine stalled. The tests were repeated several times to avoid 

discrepancies.
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Achievable Machine Performance

Filtered Velocity 
Profile
Improved Velocity 
Profile

1 2 3
Velocity  (m/min)

Figure 68 : Achievable Machine Performance Comparison.

The graph clearly shows an increase in the amount of acceleration that the machine 

can be subjected to. This graph is not a true performance graph however since the y- 

axis is acceleration not torque, if the load torque is known precisely then this axis can be 

converted into torque. Due to the additional load being reflected back to the stepper 

motor caused in part by velocity fluctuations, the practical load torque is far greater than 

the calculated value. A more formal method of assessment needs to be found in order to 

gauge the effectiveness of the solution. The author turned to the work of Palmin[50] 

and Acamley[27] concerning measuring the torque capability of stepper motors. This 

work is detailed within the next chapter.

--------------------- --------------

------------------------------------

------------------------------------

----------- ----
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C h a p t e r  Six

Assessment of the Algorithm via the 
Measurement of Dynamic Displacement Errors.
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6. 0 Dynamic Displacement Errors

In continuous path systems when the path is interpolated into chord segments then 

any difference between the desired path and the interpolated path can be expressed as 

displacement errors. The author calls these errors static displacement errors since they 

are independent from any CNC machine and are caused by the interpolation/path- 

planning algorithm. The author uses the term dynamic displacement error to symbolise 

any additional displacement errors that are caused predominantly by the excitation of 

machine dynamics whilst the path is being machined.

The excitation of the dynamics cause a limitation in stepper motor driven machinery 

by causing a reflected load to be placed upon the motor. Considering Newton’s first 

law, if the dynamics are excited then it can be seen that the velocity fluctuates, with 

increased levels of acceleration. This increased acceleration has the same effect as 

adding greater mass, the equivalent force required to move the machine is increased, 

reducing the range in which the machine can be operated within. Therefore an 

assessment of the machines performance can be derived from the measured dynamic 

displacement errors.

Acamley [27] describes how external load torque, perhaps caused by friction, give 

rise to a small error in position when the motor is stationary. The motor must develop 

enough torque to balance the load torque and the rotor is therefore displaced by a small 

angle from the expected step angle. The resultant ‘static position error’ depends upon 

the external torque, but is independent of the number of steps previously executed, i. e. 

the position error is non-cumulative.

Acamley presents the case that by knowing the load torque, peak static and static 

torque/rotor position characteristic then the static position error can be calculated. The 

load torque however is a theoretical value, which only considers the construction of the 

stepper motor and machine it fails to take into account any dynamic behaviour of the 

components. The author builds upon the work of Acarnley by showing how the true 

dynamic load torque can be derived from measuring the position error under dynamic 

conditions.
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6.1 Development of Dynamic Displacement Error
Measurement Technique.

Manufacturers generally supply information about the torque producing capability 

of a stepper motor in the form of a static torque vs. rotor position graph, showing the 

torque developed by the motor as a function of rotor position for several values of 

winding current [27]. A typical set of curves presented by Acamley is shown in Figure 

69.
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Figure 69 : Static Torque/Rotor Position Characteristic at Various Phase Currents.

(Taken from Acamley)

At the step position the appropriate sets of rotor and stator teeth are completely 

aligned and the motor produces no torque. If the rotor is slightly displaced from the 

step position a force is developed between the stator and rotor teeth (Harris et al. [79]) 

giving a torque which tends to return the rotor to the step position. A rotor 

displacement in the negative direction produces a positive torque and a positive 

displacement results in a negative torque. The static torque /rotor position characteristic
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repeats with a wavelength of one rotor tooth pitch, so the rotor only returns to the 

correct step position if it is not displaced by more than half a rotor tooth pitch. For 

hybrid motors used throughout this study this corresponds to two full steps or four half 

steps. For larger displacements the rotor and stator teeth become aligned in stable 

equilibrium at a distance which is a multiple of the rotor tooth pitch from the required 

step position [27]. This can be seen in Figure 70.
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Figure 70 : Static Torque/Rotor Position Characteristic over Several Rotor Positions.
(Taken from Acamley)

The shape of the static torque/rotor position characteristic depends on the 

dimensions of the stator and rotor teeth, as well as the operating current. Prediction of 

the characteristic from the internal geometiy of the motor is a complex electromagnetic 

problem (Ertan et al. [80]) which from the author and Acamley’s point of view can be 

safely left with the motor designer. The maximum value of static torque is known as 

the ‘peak static torque’. It is often quoted as a single value corresponding to the rated 

phase current, even though it is a function of the phase current.

If an external torque is applied to the motor then the rotor must adopt a position at 

which the motor produces sufficient torque to balance the load torque and maintain 

equilibrium. The maximum torque which the motor can produce, and therefore the 

maximum load which can be applied under static conditions is equal to the peak static 

torque [27]. If the load exceeds the peak static torque the motor cannot hold the load at 

the position demanded by the phase excitation.
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A load Torque produces a static position error, which can be deduced directly from 

the static torque/rotor position characteristic. An example taken from Acamley can be 

seen in Figure 71 which shows the characteristic for a permanent magnet motor with 

eight rotor teeth and a peak static torque of 1.2 Nm at the rated phase current. With a 

load of 0.75 Nm the motor must move approximately 8 degrees from the step position, 

until the torque developed balances the load.

s inuso ida l  app rox im ation
load = 0 75 

Nm

ac tu a l  c h a r a c t e r i s t i c0-5*
62
3cr
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d is p la c e m e n t
o
a

s t a t i cw
position  error 
~  8 deg.

- 0 5 -

Figure 71 : Derivation of the Static Position Error from the Static Torque Characteristic. 
(Permanent magnet Motor example Taken from Acamley)

The same theory applies to hybrid stepper motors except that the period would be 

1.8 degrees rather than the period of 45 degrees shown in the example. Acamley states 

that an estimate of the static position error can be obtained if the static torque/rotor 

position characteristic is approximated by a sinusoid. For a motor with p  rotor teeth and 

a peak static torque Tpk at a rotor displacement 0 from the step position, the torque 

developed by the motor is approximately:

T  = - T PKSin(p6>) (6-i)
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When a load TL is applied the rotor is displaced from the demanded position by the 

angle 0e, at which the load and motor torque’s are equal:

Tl = T  = - T PKSin(p  6>e) (6-2)

and the static position error is :

_  Sin ' ( - T L /T PK )

Therefore increasing the peak static torque, either by choosing another motor or by 

using a different excitation scheme can reduce the static position error. Increasing the 

number of rotor teeth would also be effective in reducing the static position error, but 

for hybrid motors this is typically 50.

If we consider the case of position error whilst the machine is moving, i. e. dynamic 

rather than static then the error increases in proportion to the torque required to 

accelerate the inertial load. See Figure 72. If this required torque exceeds the peak 

static torque then the stepper motor will stall. It is proposed that the additional position 

error can be measured using a suitably high-resolution encoder, in our case 5000 poles 

per revolution. The purpose of the encoder is to measure the change in rotor position as 

the machine is accelerated and decelerated, thus to remove any chance of backlash the 

encoder should be fitted directly to the stepper motor, See Figure 73.

Direction ofTravel

Static
Position
E rror

Dynamic
Position
E rror

One Full Step

Figure 72 : Determining Dynamic Position Error.
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Figure 73 : Encoder used to Prototype DDE Technique.

The change in position error will reflect the additional load placed upon the stepper 

motor whilst the machine is moving. The lower limit will be the static position error 

whilst the maximum error will be the same for stalling conditions, i. e. two full stepper 

motor steps. The true position error can be found by adding the dynamic position error 

to the static position error. The static position error can be calculated as presented 

before or it can be measured by moving backwards and forwards. When the stepper 

motor changes direction it must travel twice the static position error to settle back into 

an equilibrium position representing the opposing load torque. It is proposed that the 

static position error can be determined by moving backwards and forwards, and 

dividing by two the additional distance moved by the stepper motor, see Figure 74.

Direction of Travel
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Figure 74 : Determining Static Position Error Through the use of Encoders
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The load torque can then be determined by reading the corresponding torque level 

from the static torque/rotor position characteristic or by applying Acamley’s 

approximation, equation 6-1 and using the tme position error figure. The load torque 

determined is now an instantaneous value since it is dependant the dynamic position 

error for the given step in question. These instantaneous values can be plotted and can 

form the basis of stall detection and correction measures.
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6.2 Performance Measurement derived from the Measurement of
Dynamic Displacement Errors

If the combined static & dynamic displacement error is plotted against each step that 

is taken (distance error vs distance travelled), then the resultant path error caused by 

rough motion can be determined. See Figure 75, The Y axis represents distance error 

against the X axis representing distance traversed. The distance error is expressed in 

terms of the number of full-steps that the stepper motor lags behind at that instant. It 

can be seen in Figure 75 that by the end of the acceleration period that the lag is equal to 

one full step or two half-steps. From the path planning and interpolation point of view 

the maximum interpolation error is typically Vi of a unit step be it a half or full step. 

The reader can see from Figure 75 that the dynamic position error causes path 

inaccuracies exceeding 4 times this level, up to 2 full steps. Once the inertia required to 

accelerate the load is taken away the reader can see that the torque of the motor tries to 

return the rotor back to the nominal level. The frictional components of the machine 

coupled with the current velocity also create an opposing force, causing a constant lag in 

position whilst traversing at that particular velocity. The superimposed sinusoid under 

inspection was found to be caused by the encoder disc not being concentric to the motor 

shaft. This concentric error was measured with a clock gauge and from the experimental 

results proved to match the error shown in the graphs below.

FULL STEPS

Lag caused by Frictional components & velocity.
I caused by offcqntra encoder d isc)    ......
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Figure 75 : Position Error vs. Distance Travelled.
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Figure 76 : Expanded View of Position Error vs. Distance Travelled

The reader can see from Figure 76 an expanded view of the graph shown in Figure 

75. In Figure 76 the fluctuations in distance caused by the machine whilst accelerating 

are now more visible. The reader can see how the velocity fluctuations caused by the 

interaction of interpolation and acceleration cause displacement errors of nearly two 

motion steps (2 half steps = one full step), even when traversing at relatively slow 

speeds. Ideally the error during the acceleration phase should gradually increase as the 

machine goes through the acceleration phase, what the fluctuations show clearly is that 

during the acceleration phase the dynamics are excited.

If data is captured whilst the machine is traversed at three different speeds and the 

results overlaid then the reader can see the effect of the frictional lag discussed 

previously. See Figure 77. The reader can see that in light machining where the 

machine mass is not great that positional errors caused by frictional components form a 

major part of the overall position error. The Machine was traversed at 1, 2 & 3 metres 

per minute, with ever increasing levels of frictional position error.
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Velocities

3m/min

2m/min
lrn/min

OOOEO

T race2

•2.00E0

—  K 7 .20E 3

—  X 5 .5 5 E 3  

K 1650

Distance

 r"-6.28E-3

r  -1 48E0 

y. 1 471

Figure 77 : Dynamic Position Error for Various Speeds.

If the acceleration is raised and the machine is traversed such that stalling may 

occur, then the maximum dynamic position error is reached. The author achieved this 

state then reduced the acceleration down by 1 percent to measure the dynamic position 

error. The reader can see from Figure 78 the dynamic position error caused by 

accelerating the machine at 19 percent of G, at a velocity of 3 metres per minute. The 

dynamic position error reads as 1.98 full-steps. When the machine is accelerated at 20 

percentage of G then the machine will exceed 2 full steps and it will stall.
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Figure 78 : Dynamic Position Error for Near Stall Conditions.
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6.3 Effectiveness of Filtering Solution to the field of Smooth
Continuous Path Motion.

From the dynamic position error graphs it is possible to measure the effectiveness of 

the filtering solution by contrasting the position error caused with and without the filter. 

To demonstrate the successfulness of the research a typical velocity profile that would 

have been generated by the controller at the start of the research was contrasted against 

the filtered velocity profile. The encoder pulleys were aligned to be concentric to the 

shaft & the machine was traversed along the same stretch of lead screw in the same 

direction to avoid inaccuracies. The results can be seen in Figure 79 & 80, which show 

an expanded view of positional error caused by the acceleration phase. The scale of the 

Y-axis is equal to Va of a full motor step. The reader can clearly see the fluctuating 

positional errors caused by the rough motion, and how by smoothing the motion that the 

error has decreased down to the expected theoretical level, thereby improving the 

performance of the machine considerably. The fluctuating distance error means that the 

stepper motor is pulled out of position and stalls before the expected level, by 

smoothing the velocity the displacement error decreases meaning the machine can be 

traversed at greater speed or acceleration before it reaches the stall region.

Red Trace = Filtered 
Black Trace = Unfiltered

Figure 79 : Expanded view of Dynamic Position Error for Filtered and Unfiltered
Velocity Profiles.

Y-axis = Distance Error (Va Fullstep /div), X-axis = (Distance travelled) 200 Fullstep /div.
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FilteredUnfiltered

Figure 80 : Separated view of Dynamic Position Error for Unfiltered and Filtered
Velocity Profiles.

Y-axis = Distance Error (V a Fullstep /div), X-axis = (Distance travelled) 200 Fullstep /div.
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C h a p t e r  Se v e n

D i s c u s s i o n .

Page 144



Adrian J. Stout Chapter Seven.

Chapter Seven Discussion.

7.0 New Techniques & Algorithms.

The report has presented several ways of improving the performance of continuous 

path stepper motor driven multi-axis machinery. The reader can see the benefits of such 

methods by monitoring the velocity fluctuations of the output response in the form of 

velocity time graphs.

The generation of smooth velocity profiles for multi-axis continuous path motion is a 

complex real-time computational task. The generation of interpolated chord segments 

coupled with synchronised motion generation frequently leads to situations where the 

machine dynamics are excited. The author has demonstrated that the performance of 

multi-axis machinery could be improved if the velocity profiles were smoothed as an 

additional post-process to the main controller. The act of smoothing the velocity 

profiles such that the machine dynamics are not excited means that the machine 

performance is effectively doubled. Instead of only being able to traverse at 2m/min, 

now the machine has greater acceleration potential and can traverse at 4 m/min.

The Inverse velocity filter uses discrete distance sampled data. This is novel in 

control terms since most controls systems are continuous or discrete time systems. The 

reason for using discrete distance based control is based upon the early sampling 

theorems. Originally back in the fifties when a quantity needed to be measured it could 

be measured at regular time intervals or the time could be recorded when the quantity 

changed state. If encoders were used to measure distance then they would be called 

pulse counting (discrete time) and pulse period counting (discrete distance) based 

sampling respectively. If the quantity changed state frequently then the pulse period 

counting method would produce a sample at each change, requiring vast amounts of 

storage space. In the fifties this was very expensive so the pulse counting method was 

used. In the pulse counting technique the approximation would have a tolerance of +1- 

2 pulse counts, depending upon when the counters were queried. This led to great 

research interest into finding higher order approximation theorems in order to gain a 

more accurate approximation, such as the research conducted by Forsythe[50].

Page 145



Adrian J. Stout Chapter Seven.

This meant that the pulse period counting method was used for only slow changing 

signals, such as daily rainfall measurements where the amount of data to be stored 

would be low. However times change and what once held true sometimes changes such 

that the reverse is true. Today memory is cheap & it is more cost effective to produce a 

high precision timing circuit then it is to etch microscopic lines onto an encoder. For 

both methods the approximation is dependant upon the resolution of the encoders, 

putting aside methods such as the one presented by Forsythe [50] then the higher the 

resolution the better the approximation. For the discrete time method the quantisation 

error is dependent upon the update frequency, the higher the update frequency the 

greater the quantisation error. In the case of discrete time, the signal source might have a 

high sampling frequency to satisfy the Nyquist sampling rate but have a lower update 

frequency. In the case of the discrete distance method the quantisation error is 

dependent upon the inverse of the sampling frequency, such that as the sampling 

frequency increases then the quantisation errors diminish.

Therefore it is the belief of the author that the pulse period counting method is the 

best of the two methods provided the encoder resolution is sufficiently high (typically 

above 1000 pulses per revolution) and the signal frequency is not excessive (below 

5MHz). The reader can see evidence of this in the clarity of the results shown in 

chapter 3 where output response is accurately approximated. The use of this method for 

the filter means a decrease in positional error due to quantisation, when it is contrasted 

against a conventional FIR filter. The main disadvantage being a variable phase shift 

due to an increase in input frequency. This can be accommodated provided the number 

of points used in the smoothing algorithm is kept low. Thus a compromise of 

smoothing vs. phase shift must be found in order to limit the positional error. 

Academically the weighting to the samples would produce different filtering effects, i. 

e. such as the weights used in a Butterworth filter. However these effects are negligible 

over the fact that the velocity profile is smoothed.

The measurement of the dynamic positional error presented in chapter six, and used 

to validate the filter is important to the manufacturers of stepper motor driven CNC 

machinery. This method can be used to measure the performance of the machinery in a 

number of ways, either in terms of positional error or when combined with the static
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torque characteristic, in terms of the torque used. Techniques such as frictional belts are 

often used to find the peak torque by increasing the friction until stalling occurs, these 

methods are useful for rough approximations as they suffer from numerous calculation 

inaccuracies. These inaccuracies stem from trying to calibrate the friction and failing to 

take into account the changes in friction along the lead screw. By accurately measuring 

the rotor displacement and referencing this to the peak static torque characteristic then a 

more accurate approximation of torque utilisation can be found.
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7.1 Effectiveness of the Research for the field of Stepper Motor 
Driven CNC machines.

During the progress of the research the author has seen the performance of the Pacer 

Cadet machine being improved from a maximum top-speed of 2 metres/minute to a 

maximum top-speed of 4 metres/minute as a direct result of the group research 

conducted by the author and Axiomatic Technology Ltd. The feedback provided by the 

author in the form of velocity vs. time graphs has facilitated the improvements in 

machine performance conducted by the Axiomatic staff. During this time there have 

been developments made in other aspects of stepper motor machinery. A stepper motor 

manufacturer has developed a stepper motor that contains a viscous liquid inside the 

motor to dampen the high frequency vibrations developed by the stepping action of the 

stepper motor. Testing conducted by a stepper motor driver company (Stebon Ltd.), 

demonstrated that the motion of the motor was smooth and the vibrations caused by the 

stepping action were considerably dampened. However the conclusion is that the 

stepper motor is only of limited use, because of the limited performance caused by the 

viscous friction being added in the first place, Cliff Joliff [85].

The role of electronic damping has grown considerably in the last few years, the inverse 

velocity filter will hopefully be only one solution amongst many that emerge in the next 

few years, developed in academia or in industry. The main stem of the research 

however is not the solution, but the techniques and investigations that were carried out 

in order to discover the main limitation in performance of multi-axis stepper motor 

driven machinery. The performance limitation arises from vibrations causing an 

additional load to be reflected back towards the stepper motor. The reflected load is an 

unknown quantity and therefore is not used in the theoretical torque calculations. The 

stepper motor is being actuated at its maximum performance due to the vibrations 

caused by interpolation. But this is not realised, so the difference between the 

theoretical and real performance is seen as a limitation.. The Dynamic Displacement 

technique can be employed to measure dynamic position error, from which the true 

performance can be derived.
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7.2 Aspects of the Research for other Fields of Engineering.

Stepper motors are widely used in a variety of industries. One such industry is the 

space industry where the digital nature of the stepper motors and the excellent weight 

torque ratio of the motor provide significant benefits over the choice of servomotors. 

Stepper motors are widely used as the actuators for the control of the position of the 

satellite dish. In this case the only constraint is that of accurate positioning of the 

satellite. There is not even any requirement to have the two or more axes synchronised 

so independent point to point movement of the axes will suffice. However the main 

requirement for satellite positional system is precision of movement that can be 

achieved by the motor. Gear ratios and micro stepping are often used to obtain greater 

static resolution. This is also true for silicon wafer fabrication where stepper motors are 

used as actuators for the slide tables. In these cases then the inverse velocity filter is of 

limited use because the motion has been made smoother at a cost of speed performance. 

However the knowledge base on stepper motor motion built as part of the research is of 

importance.

The reader can apply the dynamic position error technique to these situations to 

calculate positional errors and torque utilisation. The encoder resolution may have to be 

increased and inaccuracies may be present due to backlash caused by gear meshing but 

the technique would provide an estimate of the level of torque required. The use of 

oversized motors to compensate against dynamic disturbances causing stalling may not 

be very expensive on earth but to send these motors to space will cost considerably 

more due to the extra fuel cost. Therefore the more knowledge there is concerning the 

motion of stepper motors the better the design of the system will be.
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8.0  Conclusion.

The aim of the research was to develop motion control techniques in order to 

improve the performance of continuous path multi-axis stepper motor driven machinery. 

Typically this type of machinery suffers from rough motion, which in turn may lead to 

path inaccuracies and stalling. This rough motion may limit the performance of the 

machine such that it may need to be down rated to a fraction of its potential. Previous 

work by Steiger et al. has identified that interpolation errors, and sharp changes in 

acceleration (arising from quantisation of time and distance), could theoretically be the 

cause of stepper motor driven machinery exhibiting rough motion.

The author experimentally verified the theoretical assumptions of Steiger et al. He 

concluded with Steiger that the majority of the performance limitations were caused by 

rough motion as a direct result of acceleration and interpolation. The author 

investigated the extent of the problem by instrumenting a number of CNC machines 

including a custom-built test rig. System parameters such as acceleration rate and 

motor current were changed to monitor the effect they had upon the motion. The 

roughness of motion was expressed in terms of velocity and position errors. The 

process of experimentation has demonstrated that there are two important factors 

concerning stepper motor driven machinery. The first is the interpolation algorithm 

and its respective performance in terms of accuracy and resolution of distance. The 

other factor is the smoothness of the velocity profile during changes in acceleration and 

deceleration. These factors are inter-linked and as such a compromise has to be made.

In order to accomplish the research goal it was determined that the approach should 

be to produce path smoothness through velocity profile shaping. This was based upon 

earlier work conducted by Palmin et al. , concerning velocity profile generation for 

single axis machinery. Palmin puts forward the case of maximum torque utilisation via 

the use of a parabolic velocity profile. It has been shown in the thesis that rough 

motion predominantly arises from machine excitation caused by the interaction of 

acceleration and interpolation. This interaction causes an additional load torque to be 

placed upon the stepper motor in such a way that the machine requires more torque to 

operate effectively. The maximum acceleration that the machine can achieve is

Page 152



Adrian J. Stout Chapter Eight.

proportional to the remainder of the available torque, thus the performance is limited by 

the increase of dynamic load torque. Since torque generally falls with increased motor 

speed there is thus an inevitable reduction in attainable speed. The author confirmed the 

single axis hypothesis put forward by Palmin, first by mathematical modelling and 

simulation, secondly by the implementation of a suitable velocity profile. The author 

found that in the multi-axis situation the hypothesis put forward by Palmin may not be 

realistic due to the synchronisation between the axes needed for continuous path 

motion. Depending upon the cutter path the slave axis might exhibit rough motion 

because the velocity fluctuates. This rough motion may propagate back to the master 

axis, therefore limiting the master as well as the secondary.

Ideally there are two ways to generate smooth continuous path motion. If close 

synchronisation is required then a secondary process contained within the controller 

could smooth velocity profile for each axis. The second method is to develop an 

interpolation algorithm that considers the smoothness of the velocity for each axis as 

well as the static motion. This second solution is a complex problem if the axes need to 

be closely synchronised. To confirm the author’s hypothesis regarding multi-axis 

machinery the author implemented a novel inverse velocity filter to act as the secondary 

smoothing process. The filter was developed in software residing in a digital signal 

processor, and as such is independent of the controller used. The inverse velocity filter 

smoothes the velocity profiles generated by the controller in real time. The novelty of 

the filter arises from its use of discrete distance sampled data rather than discrete time 

sampled data. By smoothing the velocity profile in software in a way similar to the 

velocity profiles generated by Palmin then the filter reduces the effective torque 

limitation, thereby allowing the stepper motor to use more of its available torque, hence 

better performance. The process of smoothing the velocity also has an effect upon the 

cutter path. The hypothesis is that by smoothing the motion, any changes to the cutter 

path can result in better path accuracy.

Experimentally it has been shown that the interaction of interpolation and 

acceleration causes a reflected load being placed upon the stepper motor, thereby 

limiting the performance. The additional load being reflected back from the machinery 

is difficult to calculate since it relies heavily upon the current condition of the machine,
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for example what lubricant is used on the leadscrews etc. Building upon the work 

conducted by Acamley et al. and Palmin et al. , it became clear that the problem of 

limited performance in multi-axis stepper motor driven machinery relies on the 

determining the dynamic torque under load conditions. In order to measure the load 

requirements placed upon the stepper motor whilst under continuous path conditions the 

author devised a method of measuring the dynamic torque of the stepper motor and 

thereby the load torque. This method of deducing the static and dynamic rotor position 

allows the engineer to calculate the true torque/speed graph for the system under test. 

This method was used to measure the effectiveness of the filtering solution, which 

proved the hypothesis put forward by the author regarding improved path accuracy 

through smoother velocity profiles, resulting in less excitations of the machine 

dynamics.

Thus the significant performance limitations of continuous path stepper motor driven 

machinery have been demonstrated. These experiments concerning the motion of CNC 

machinery have resulted in new knowledge being developed within the field of 

continuous path motion control. The author has experimentally proved the hypothesis 

put forward by Steiger, and has adapted the hypothesis put forward by Palmin to include 

multi-axis machinery. Steps to overcome the performance limitation have led to the 

development of a novel inverse velocity control algorithm. This solution was realised 

in hardware and reduces the excitation of the machine dynamics significantly. The 

research has shown that a higher level of performance in terms of path accuracy and top 

speed can be achieved if techniques such as the one presented are utilised in their 

control system.
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8.1 Further Work

The author has demonstrated that by applying a secondary filtering process to the 

primary interpolation/motion control process the engineer can successfully reduce rough 

motion present in some multi-axis stepper motor driven machines. This holds true for 

certain interpolation algorithms where the interpolation and acceleration are closely 

synchronised across the number of axes controlled. In some cases the synchronisation 

essential for continuous path motion can be achieved indirectly, such as in the case of 

direct function interpolation. Direct function interpolation is where the shape is 

represented by a series of parameters and the corresponding motion of each axis is a 

function of these parameters. This type of interpolation can be categorised in the same 

way as spline interpolation. Spline interpolation is the process of fitting and fairing a 

series of mathematical splines to a given shape. Until recently such interpolation 

techniques have been so computationally intensive that only a limited number of 

samples can be used on the prototype systems. The underlying problem is that the 

interpolation algorithm is not calculating static points as in the case of computer 

graphics, but rather time-constrained motion. With recent changes in microprocessor 

architecture and related semiconductor components then these systems are moving from 

the laboratory to the mainstream industrial motion control systems. The use of such 

interpolation techniques that can maintain path accuracy whilst only maintaining the 

minimum amount of synchronisation may provide an alternative solution to the one 

presented within this report. Such a solution could achieve a greater level of machine 

performance and path accuracy if successfully implemented, however there are 

currently still many problems to be resolved.

The inverse velocity filter smoothes the input velocity profile and works well under 

normal circumstances. However in some situations the machine may experience an 

external disturbance that will excite the machines’ dynamics and cause the machine to 

stall. In these cases then the unit distance feedback control side could be explored. If a 

FIR filter can be changed in such a way that it works on discrete distance rather than 

discrete time then this opens up the question of whether other discrete time methods 

could also be converted to use discrete distance data. The benefit of discrete distance 

over discrete time is that the signal is not so heavily quantised, which means the
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measured signal is a closer approximation to the real signal. This also opens up the 

question of whether or not greater accuracy can be gained for unit distance data if higher 

order approximations are used. Forsythe and Thomas [47] discuss ways of calculating 

the best sampling period for discrete time sampling using their polynomial 

approximation theorem. One avenue to explore in the field of smooth continuous path 

motion is to see if these techniques could be adapted and applied to discrete distance 

data. The problem with the discrete distance sampling approach is that as the input 

signal changes then so does the characteristics of control stage, be it a filter or feedback 

controller. These parameters may need to be changed on-line to take into account the 

signal changes.

Another area that can be expanded is the dynamic torque measurement technique. 

The frictional components of the machine depend greatly upon the current position of 

the table upon the lead-screw. This means that the static torque is not constant across 

the length of the machine bed, this may cause the recorded signal to drift due to 

inaccuracies. In order to gain a more precise reading it would be better to perform a 

series of scans across the available working area, thereby obtaining the degrees of 

friction across the whole area of the machine bed. This technique could then be used in 

conjunction with the path planning data to discover the exact reasons for the CNC 

machine to stall.

These areas when explored would provide additional knowledge to the field of 

motion control engineering and provide a useful insight to the condition monitoring of 

multi-axis CNC machinery. As it is sometimes said “gaining a PhD. is not the end o f 

the research but the start o f a new chapter ”
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Appendix A.

Digital Data Acquisition board.
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INTRODUCTION

The Digital Data Acquisition Board (DDAB) was initially developed by Leo 

McManus [11] at the Nottingham Trent University, Department of Computing. The 

system time stamps digital pulses, from which the length in time, of these pulses can be 

determined. These pulses can be obtained from a digital incremental encoder, which 

produces pulses corresponding to the radial movement of a shaft. The other method of 

capturing velocity/displacement information is to count the number of pulses over a 

discrete length of time. The first method offers a distinct advantage over the second 

method, the fact that in today’s world it is easier to develop a high frequency precise 

crystal clock than it is to produce an ultra high resolution encoder disk. Other than this 

advantage, they both suffer from the same disadvantages since one approach is the 

direct analogy of the other, simply time and distance swapped.

The first method of data capture was initially developed by various independent 

parties over thirty years ago, as a means of recording velocity information from very 

low speed applications. This method was used for interpolating the velocity between 

successive pulses, of shafts with a very slow rotational movement. The drawback with 

this method is the amount of memory needed for high speed applications, there becomes 

a point where it takes less memory to store the amount of pulses arriving within a 

discrete time period that to store the time stamp of each individual pulse. In the past 

with the prices of memory being very high, the second method of data capture was often 

used instead of the first. The availability of cheap mass storage memory devices has 

allowed the researchers at The Nottingham Trent University to design a inexpensive fast 

digital capture system that overcomes this disadvantage. This development means that 

now higher frequency pulses can be now be logged and recorded cheaply. The 

maximum frequency is limited only by the storage devices and the clock frequency.
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DESIGN.

The fundamental principle of the design is as follows :

A pair of complimentary digital signals, typically from an encoder, are fed into 

the detection board. These signals are then passed through a differential line receiver. 

The output from which is double latched to eliminate Meta-stable conditions. The 

signals are then fed from the latch into a comparitor which upon detecting a change 

initiates a write to the FIFO circuits. One set of FIFO circuits stores the input signal so 

that the user can tell which signal changed. The other set of FIFO circuits are fed from 

a sixteen bit counter which stores the nmnber of clock pulses that have passed since it 

was initialized. Thus the digital input signals are time stamped when they initiate a 

change of state, either from a logic one to zero, or vice versa. This time can then be 

used to calculate the time period between the changes, hence the frequency of the digital 

signal. When the FIFO's become Half-full they signal an interrupt to the Host system. 

The system communicates via a high-speed link to a host D.S.P. system.
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DETAILED DESIGN.

Appendices

Page 1.

This page shows the relevant circuits as Black box entities. The input and output 

signals for each block are also shown. Each block is described fully in the following 

entries.

Page 2.

This page shows the connections from the input D-type connector to the relevant 

differential line receivers. Eight pairs of differential signal channels are fed into the RS 

422 receivers. The outputs from the differential line receivers are fed into the detection 

circuit. The page over-leaf from page 2 shows a trace with a single pair of inputs, A and 

inverse A, also shown is the respective output as measured by a logic Analyser.

Page 3.

This page shows the components that form the Detection stage of the system. 

The eight channel inputs are fed into a pair of latches, U5 and U11. The latched signals 

from U5 are then fed into the second latch and the eight bit comparitor. The comparitor 

contains the last set of values at time CLK- 1. These are now compared against the 

present values at time CLK. If there is a change of state on any line the EQU line falls 

low, and when the clock edge falls a write is initiated to the FIFO, recording the channel 

upon which the change occurred. When the FIFO becomes half full an interrupt is 

called to empty the FIFOs. The FIFOs can be written to or read from asynchronously. 

The next two pages over-leaf from page 3 show traces with all these signals, showing a 

change of state on input D. The change is passed through the latches and arrives two 

clock cycles later at the latched output for channel D, (LAT D). This brings the EQU 

line down, so that when the clock pulse, CLK, falls low a single write pulse is issued.
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Page 4.

Appendices

This page shows the components that form the Data logging stage of the system. 

The counters are cascaded together in a carry look-ahead fashion to form a sixteen bit 

counter. The carry from the most significant byte is used as a signal to indicate that the 

counter has 'rolled over'. This signal is latched and recorded to allow the user to know 

precisely the absolute time from initialisation. The outputs from the counters will have 

the facility be either pulled low or high as dictated by the chip classification. For TTL 

Fast class chips these need to be pulled low. The signals are then fed into a set of 

counter FIFO's These FIFO's record the time that a change occurred. As above they can 

be written to or read from asynchronously.

Page 5-7.

These pages show various infrastructure components. The DSP interface was 

taken from material contained in the Texas Instrument TMS320C50 DSP manual. The 

internal decoding and reset circuits are also shown. Page 5 shows additional circuitiy 

that can be used to sound a warning or a signal to a warning LED. Optionally this could 

be used to fed the drive control of a stepper motor.
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Appendix B. 

Control System Modeling.
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INTRODUCTION.

To control motor driven machinery it is useful to know the systems dynamics and 

characteristics. The use of these parameters can enable the machine control to be more 

complex, therefore providing a higher degree of control and contour path accuracy. It is 

proposed that a new intelligent machine controller be devised to provide open-loop 

adaptive control to stepper motor drive systems. This controller will improve the 

performance of continuous path multi-axis stepper motor driven machineiy, by 

overcoming rough motion arising from path generation. This has led the development of 

an experimental test platform with suitable instrumentation to measure the systems 

dynamics. The controller will overcome the rough motion problems associated with 

path generation by dynamically controlling the velocity profile and contour path. This 

topic has been speculated upon for a few years at the RTMC group based at The 

Nottingham Trent University and by Axiomatic Ltd. Dr, W. Steiger proposed a new 

interpolation technique and suggested that the some of the rough motion can be 

eliminated by improved velocity profile shaping. To validate the idea, data from the 

system was fed into MATLAB such that the systems dynamics could be modeled.

Experimental Test Platform Transfer Function
Graph

Step Input 51s 2+1269s+19165
83+ 118^ 27038+19064

B-2
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The use of computer modeling & simulation is viewed as an essential part of 

developing any new system. The model of the system will provide validation to the 

ideas proposed by Dr. W. Steiger, and the idealized input velocity profile can be 

determined taking into account of time and efficiency criterion. This idealized input can 

then be generated on a suitable output stage to validate the theory.
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D A T A  U S E D  F O R  M O D E L  C A L C U L A T I O N .
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D A T A  U S E D  F O R  M O D E L  V A L I D A T I O N .
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A C T U A L  & S I M U L A T E D  O U T P U T .
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OUTPUT # 1  INPUT # 1
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echo on

%

% * TRANSFER FUNCTION MATLAB PROGRAM *

%

% * AUTHOR : ADRIAN J. STOUT BEng. DATE 3/7/96 *

%

%

%

% load & separate the data.

%

%

load transfer.dat; 

time = transfer(:,l); 

input = transfer(:,2); 

output = transfer(:,3);

%

%

% Plot the input & output signal.

%

%

echo off;

plot(time,input,'r-',time,output,'g—!); 

title('Velocity Profile1); 

xlabel('Velocity (M/m)1); 

ylabel(Time (Seconds)1); 

echo on;

%
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%

% Shown here is a plot of the input & output signal against time.

% Press a key to model the data.

%

echo off; 

pause; 

echo on;

%

% Select a portion of data to model.

%

in = input( 1:600);

out = output(l :600);

z2 = [output(l :600) input(1:600)];

echo off;

idplot(z2,1:600,0.0001); 

echo on;

%

%

% Remove the over-lying trend & model.

%

%

z2 = dtrend(z2); 

th =n4sid(z2,3,1,'trace'); 

th = sett(th,0.001); 

u = dtrend(in); 

ysim = idsim(u,th); 

out = dtrend(out);

%

%

% Shown here is the portion of the signal that is used to model the system. 

% Press a key to see how the model responds to the input signal.

%

echo off; 

pause;
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echo on;

%

%

% Plot the signal output against the model output.

% Obtain the state space model & transfer function.

%

%

%
echo off; 

plot([out ysim]); 

echo on;

modthc = thd2thc(th);

[a,b,c,d,k,xO] = th2ss(modthc);

[num,den] = th2tf(modthc);

%

%

% Shown here is the signal output and the output from the model (purple). 

% Press a key to see the step response.

%

echo off; 

pause;

%

step(num,den);

%

%
echo on;

% Press a key to see the transfer function.

%

echo off; 

pause

% Now shown is the transfer function 

num
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den

% Now perform CNCAC. load in another portion of data, 

echo on;

%

%

% Now load in another section of data to validate model.

%

%

in = input( 1000:2000); 

out = output(l 000:2000); 

u — dtrend(in); 

ysim = idsim(u,th); 

out = dtrend(out);

%

%

% Press a key to view the actual output and the simulated output.

echo off;

pause;

plot([out ysim]);

%

echo on;

%

%

% Now load the complete data set and simulate the complete response. 

%

%

in = input( 1:4400); 

out = output(l :4400); 

u = dtrend(in); 

ysim = idsim(in,th);

%out = dtrend(out);

% Press a key to see the output, 

echo off;

Appendices
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pause;

plot([out ysim]); 

echo on;

%

%

% Actual output verses Modeled output.

% Press a key to see the input verses the modeled output signal.

%

echo off; 

pause;

plot([in ysim]); 

echo on;

%

% Adjust the theta format such that

% Response reaches 100% of input.

%

msth =[0.0009 -0.0010 1.0000 1.0000 0 3.0000 9.0000 0 0;

0.0009 19.9600 7.0000 8.0000 10.0000 5.0000 50.0000 2.0000 0;

0 0 0 0 0 0 0 0 0;

1.0047 0.0524 0.0282 -•0.3052 ■-0.0102 0 -0.6662 0 1.0000;

-0.0524 1.0022 -0.0157 0.1597 0.0782 0 0.0857 0 3.0000;

-0.0126 -0.0158 0.9794 0.1535 0.2455 0 0.6378 0 0;
0.0009 0 0 0 0 0 0 0 0];

%

% first column, sixth row changed from 0.0126 to 0.0096 

% fourth column sixth row changed from 0.1453 to 0.1535 

% Fine tune the model such that the simulated output reaches 

% 100% of the input signal.

% Now load the complete data set and simulate the complete response. 

%

%

in = input(l :4400);
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out = output(1:4400); 

u = dtrend(in); 

ysim -  idsim(in,msth);

%out = dtrend(out);

%

% Press a key to see the output.

%

echo off; 

pause;

plot([out ysim]); 

echo on;

%

%

% Actual output verses Modeled output.

% Press a key to see the input verses the modeled output signal.

%

echo off; 

pause;

plot([in ysim]); 

echo on;

%

%

% This model has a fit of 88%.

% Shown below is the adjusted Transfer function.

%

[NUM,DEN] = th2tf(msth);

NTJM

%

% NUM =

% 1.0e+004*

% 0 0.0053 0.1237 2.3771
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% DEN =

% 1.0e+004*

% 0.0001 0.0011 0.2702 2.3582

%

%

%

% Now obtain the Damping Factors and Natural frequencies 

%

%

damp(DEN);

%

% Eigenvalue Damping Freq. (rad/sec)

%

% -1.1345 +51.7714i 0.0219 51.7839

% -1.1345 -51.7714i 0.0219 51.7839

% -8.7941 1.0000 8.7941

%

% Now plot the Bode plot.

%

[g,phiv] = th2ff(msth); 

bodeplot(g);

%

%

% Press a key to plot the frequency plot.

echo off;

pause;

ffplot(g);

echo on;

%
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% “

% Press a key to see the pole and zero plot.

%

%

[zepo,k] = th2zp(msth); 

zpplot(th2zp(msth));

[zeros,poles] = getzp(zepo);

zeros

% zeros =

% -11.6703+17.6766i

% -11.6703 -17.67661

poles

% poles =

% -1.1345 +51.77141

% -1.1345 -51.7714i

% -8.7941
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%

% Now feed in a new input signal, and plot, 

pause 

%
load newinput.m; 

u = newinput(l: 1900); 

ysim = idsim(u,msth); 

plot([u ysim]);

%

% The end.
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ABSTRACT

This paper describes research carried out, 
within the Department o f Computing at the 
Nottingham Trent University, England into real­
time machine control, namely the control o f  
stepper motor driven machinery. Research in the 
past has led to the development o f a new position 
sensor that may be utilized to provide condition 
monitoring o f bearings. The research has 
continued into the development o f a digital signal 
acquisition board that can be employed to obtain 
the results from the novel sensor to be processed 
by a host personal computer or by a digital signal 
processor. The novel sensor and digital data 
acquisition board can provide the user o f 
computer numerical control equipment with 
invaluable data concerning machine position, 
path accuracy, and conditional monitoring o f 
bearings.

The research team is also concerned with 
contour path accuracy o f CNC machines when 
driven by stepper motor drives. The new sensor 
and acquisition system provides unique 
information concerning the machines 
performance, the research has taken the 
approach o f studying more effective ways o f  
providing control for stepper motor driven 
machineiy. This paper documents the 
development o f  an experimental test platform 
with high precision sensors, The platform 
provides essential information concerning the 
control o f stepper motor driven machinery that 
can be fed  back into the system to provide 
adaptive control o f the machinery. The paper will 
present the results obtained from the 
experimental test platform, revealing some o f the 
problems associated with stepper motor control.

INTRODUCTION

Research into machine control normally 
revolves around the various aspects of motion 
generation and its instrumentation; of particular 
interest is the generation of smooth continuous 
paths. The investigation of such motion requires 
dynamic measurement o f angular position as well 
as linear motion [1],[2]. Precision measurement 
at operating speeds requires the use of high speed 
data acquisition techniques. Data acquisition 
systems with a high bandwidth and a high 
resolution can be complex and costly. The 
Nottingham Trent University have developed a 
high bandwidth, high resolution digital data 
acquisition board, which uses a reciprocal timing 
architecture [3].

Computer Numerical control has traditionally 
used AC or DC servo motors for the drive 
system, since they both have a wide range of 
velocity and Torque ranges. The other kind of 
drive system in terms of electrical motors is the 
stepper motor. This motor moves in discrete 
steps when the relevant coils are energized with 
power. The stepper motor offers lower cost, and 
with advances in technology quite high 
performance. Commonly these motors are used 
for disk drives and other devices that need 
precision movement.

Previous investigations into stepper motor 
control by STEIGER have been concerned with 
the generation of smooth continuous path motion 
[4]-[6]. Sherkat & Steiger have demonstrated that 
problems may arise from the excitation of 
machine dynamics arising from the interaction of 
acceleration and interpolation. Steiger in 
particular has shown theoretically that the 
velocity profile on a slave axis may be very 
rough. The consequence of this is likely to be the 
justification for die fact that stepper motor driven 
machines rarely achieve their performance 
potential.

C-2



Adrian J. Stout Appendices.

To build on the theoretical work conducted by 
Steiger an experimental test platform was 
developed[7]. The aim behind the development 
of this experimental test platform is to improve 
the performance of continuous path multi-axis 
stepper motor driven machinery. The platform 
will allow rapid analysis o f stepper motor control 
techniques hence facilitate in the development of 
new techniques that will help overcome the
rough motion problems arising from path
generation.

STEPPER MOTOR CONTROL ANALYSIS

The stepping motion of the stepper motor 
drive can lead to machine vibrations, it can be 
shown that these vibrations propagate through the 
system to the end effector. These vibrations can 
result in a loss of accuracy, hence the preference 
by some users to use AC or DC servo motors.

One of the established ways of improving the 
accuracy of stepper motor machinery is to ensure 
that any machine vibrations are damped out by 
the mechanics of the machine itself.

In some cases torque dampers or frictional 
driven flywheels may be fitted to the drive. Most 
CNC drive trains can be adequately modeled as a 
low order system ( a lead screw indirectly 
coupled to a stepper motor drive can typically be 
modeled as a third order system). Normally the 
CNC system will have sufficient mass to damp 
out any machine vibrations that exist . The 
system will also have inherent viscous & 
frictional damping. The end process of this leads 
to greater machine mass and damping, requiring 
the use of stepper motors with higher torque 
ratios and/or reduced velocity/acceleration whilst 
it is contour path following.

Stepper motors are driven by a digital pulse 
train. The velocity is dependent upon the 
frequency of this pulse train, the higher the 
frequency the greater the velocity. Many 
controllers give out stepped changes of pulse 
frequency , these steps forming a staircase effect 
when viewed as a velocity profile, as seen in 
figure 1. In effect the controller quantises the 
input velocity profile.

Velocity (M/m)

OUTPUT 1

Time (Seconds).

Figure 1. Velocity Profile of Motor Input Pulses.
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Therefore in control terms the input to the 
system can then be viewed as a series of 
cascading step inputs, with resulting step 
response. Typically this step response will have a 
damping ratio less than 1 when the system is 
lightly loaded.

Research was conducted on various test 
machines to study their performance. The results 
showed that the systems would typically be 
developed such that it will be critically damped 
when a mass equal to a mid-range value of the 
maximum load, is placed upon the machining 
table. The desired mass would then have effect on

the system in the form of added mass and added 
damping. The added damping represents the 
added frictional & viscous damping resulting 
from the mass exerting more pressure against the 
bearings contained in the slide table guideways & 
lead screw. The effect o f this can be such that 
light work pieces will have inaccuracies in their 
surface due to an under damped system.

Obtained results have indicated that this 
overshoot in position would result in a rough 
surface due to overshoots in the contour path by 
up to 20-40 microns.

OUTPUT 1

OUTPUT 2

Auto Scale Time (Seconds)

Figure 2. Velocity Profile o f Input and Output Motion.

Typically for high precision, pieces of work 
would be machined on systems appropriate for 
their mass. This creates problems for users who 
need precision out of a general CNC machine, 
accepting a range of small batch work pieces with 
varying mass.

With intelligent machining techniques, based 
on our work it is the view of the researchers that 
these problems can be overcome. This would 
result in a precision machining system that would 
consist o f an ‘off the shelf machining center and 
an intelligent adaptive controller.

This controller would measure the dynamics 
of the system and therefore adjust the input to the 
system to suit the machine, taking into account 
the age, condition and work piece.

The experimental Test Platform represents a 
step towards this goal, in the fact that the motor 
drive is deliberately poorly mounted to drive 
train, resulting in a sufficiently under damped 
response in most circumstances. The Velocity 
profile for the system showing both the input and 
resultant output waveform can be seen in figure 
2. The step response for this system an under 
damped response, as expected.
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The theory behind this is that by knowing how 
the system is going to react to the state inputs 
means that the control algorithm can produce 
suitable state inputs that will not result in 
overshoot in either velocity or path motion.

When the theory is validated by developing a 
novel control algorithm the system will be tested 
upon the experimental platform, since it would 
represent the worst case scenario for the 
controller.

Figure 3. Simulated Velocity Profile Output vs. Actual Velocity Profile Output.

CONCLUSION

This paper briefly mentions a section of the 
research conducted at The Nottingham Trent 
University. The research is still in it’s early stages 
whilst already providing good results and good 
future prospects. The results taken from the system 
were modeled as a third order system and when 
compared to the actual system show a good 
transient correlation The results o f this can be 
seen in figure 3. The theory can now be tested by 
substituting the real input by a preprocessed input.

The development of the new stepper motor 
control techniques will take advantage of modem 
parallel DSP computing technology. In the past 
many controllers are restricted in performance 
because of processing limitations. Early DSP 
devices have successfully been used in machine 
control to add speed performance. DSP devices 
with their inherent internal parallelism and fast 
floating point arithmetic are well suited to tasks 
such as signal processing, digital filtering and 
interpolation. Initially a DSP will be used in-line

with the motor pulses to condition monitor the 
input pulses so that the CNC system will receive a

modified input signal. This signal will result in 
smooth contour path motion.

LTU

D S P SY STE MC O N T R O L

ACKNOWLEDGEMENTS

The Experimental Test Platform was 
developed with the help of AXIOMATIC Ltd. and 
HEIDENHAIN Ltd. who provided the drive 
systems and precision sensors. The authors would 
like to thank those people who generously gave 
their free help & to the E.P.S.R.C. who funded the 
research.

C-5



Adrian J. Stout
REFERENCES

Appendices.

[1] AYANDOKUN K., ORTON P.A., SHERKAT N„ 
THOMAS P.D., “AN OPTICAL ROTARY MOTION 
SENSOR FOR REAL TIME CONDITION 
MONITORING OF ROTATING MACHINERY”, 
International Conference on Condition Monitoring, 
Swansea, UK, 1994 .

[2] KADHIM A.H., BABU T.K.M., O'KELLY D., 
“MEASUREMENT OF STEADY-STATE 
AND TRANSIENT LOAD-ANGLE,
ANGULAR VELOCITY AND  
ACCELERATION USING AN OPTICAL 
ENCODER”, I.E.E.E. Transactions on 
Instrumentation and Measurement, USA,
Vol 41, Issue 4, pp. 486-9, 1992 .

[3] MCMANUS L., ORTON P.A., THOMAS P.D., 
“DIGITAL DATA ACQUISITION AND  
CONTROL INTERFACE FOR DSP, USING A 
PRECISION RECIPROCAL TIMING 
ARCHITECTURE”, The International 
Conference on Signal Processing & Technology, 
Boston, USA., Proceedings o f  ICSPAT 1995.

[4] STEIGER W„ “REAL-TIME CONTINUOUS 
PATH MOTION CONTROL FOR MACHINE 
TOOLS”, PhD Thesis, Computing Department,
The Nottingham Trent University, Nottingham 
England. 1994 .

[5] STEIGER W., SHERKAT N„ “SMOOTH 
CONTINUOUS PATH MOTION THROUGH 
VARIABLE PULSE CONTROL”, ASME Joint 
European Conference on Engineering Systems 
Design and Analysis, London, UK, 1994 .

[6] GAN J. G., WOO T. C., “ERROR FREE 
INTERPOLATION OF PARAMETRIC 
SURFACES” , Transactions o f the A.S.M.E.
Journal o f Engineering for Industry, Vol. 114, 
pp. 271-276, August 1992.

[7] SZABO O., "INSTALLATION OF AN 
ULTRA PRECISION CNC LATHE 
LABORATORY, IT'S ACCURACY AND 
APPLICATION",
Mecliatronics, Vol. 3, No 2, pp. 215-219, 1993

C-6



Adrian J. Stout Appendices

IMPROVING CONTINUOUS PATH MOTION USING STEPPER 
MOTORS

Adrian J. Stout * Peter D. Thomas f, Paul A. Orton f.
The Nottingham Trent University, Department of Computing,

Burton Street, Nottingham, NG1 4BU, United Kingdom

TEL.: +44 ((f) 115 9418418 Ext. 4193* FAX.: +44 101 115 9486518

ABSTRACT

Stepping motors have become increasingly 
attractive in motion control applications, 
mainly due to the simplicity o f  their interface 
requirements and low costs. Unfortunately, the 
small but discrete steps o f movement inherent in 
the motor design, combined with the inevitable 
quantisation o f time leads to roughness o f  
motion which may result in real limitations o f 
system performance. Previous work has 
demonstrated the value o f carefully chosen 
acceleration profiles for single axis motion. 
However work conducted within the real-time 
machine control group, Nottingham Trent 
University has shown such profiles to be o f 
limited value in the case o f multiple axis 
continuous path systems, where interaction o f 
acceleration and interpolation results in further 
roughness o f the path.

The work reported in this paper shows the 
results o f precision measurements made on 
interpolating systems. Modelling and analysis 
o f the data, within the HPVEE software 
package, demonstrates the validity o f  
theoretical conclusions regarding rough 
motion. The work further shows the dynamic 
response o f typical drive systems leading to 
velocity fluctuations and corresponding 
dynamic position errors. Such errors can be 
sufficient as to adversely affect cut quality on 
machine tools and to limit the performance o f a 
machine with given motors and drive 
electronics.

It is proposed that a novel filter algorithm be 
employed such that path accuracy and cut 
quality can both be improved. Such a filter 
should also facilitate higher performance from 
a given motion system. Simulation results are 
presented showing the potential improvements 
to be made and the validity o f the simulation 
model is demonstrated.

INTRODUCTION

Previous work in the field of stepper motor 
control by authors such as Palmin [1] and 
Acarnley[2] has shown the importance of 
acceleration profile shaping if satisfactory 
performance is to be achieved from stepping 
motor systems. Motors themselves and 
transmission systems have natural resonances 
and the significance of these can be reduced if 
the profile is suitably shaped. Unfortunately, 
this is o f little benefit in multiple axes 
interpolating systems, such as machine tools, 
where simultaneous synchronised motion in 
several axes may be required. Steiger, et al.[3- 
4] have shown from a theoretical point o f view 
how the interaction of any acceleration profile 
and interpolation may lead to rough motion. In 
particular it was found that the least dominant 
axis suffered from coarse velocity changes, 
these being developed by the action of 
synchronising the two axes. See Figure 1. In 
this paper, we show how these conclusions are 
substantiated in practice, how the motion may 
excite the drive system dynamics, resulting in 
unacceptably large velocity fluctuations and 
position errors.

Stepper motor systems are generally 
controlled by open loop electronics, where 
clock & direction signals are applied to 
appropriate counter and power electronic 
circuits in order for a sequence of energisation 
to be applied to the motor windings. It is 
unusual for position encoders to be used with 
stepper motors; they increase cost and do little 
to address the problems discussed in this paper.
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In order to analyse the motion it is necessary 
to instrument a typical transmission system. An 
experimental system has been constructed and 
this is fitted with both rotary and linear 
encoders. A special purpose data logger has 
been developed within the group [5], allowing 
precision logging of the drive pulse trains and 
those gathered from the encoders. In order to 
allow maximum flexibility for subsequent 
analysis, the precise timing of each pulse edge 
transition is recorded. This minimises the 
significance of measurement quantisation, since 
the clock speed can be made significantly high 
in relation to the pulse rate.

Figure 1. Input velocity of X & Y-axis 

STEPPER MOTOR CONTROL ANALYSIS

One of the established ways of improving 
the accuracy of stepper motor machinery is to 
ensure that any machine vibrations are damped 
out by the mechanics of the machine itself. The 
system will have inherent viscous & frictional 
damping. Normally the CNC system will have 
sufficient mass to damp out any machine 
vibrations that exist. In some cases torque 
dampers or frictional driven flywheels may be 
fitted to the drive to provide extra damping.

The disadvantage with this type of vibration 
control is that it generally leads to greater 
machine mass to damp out resonant 
frequencies. This in turn increases the viscous 
friction due to the added pressure on the guide 
rails. To compensate either higher torque 
stepper motors are needed or the overall 
performance of the machine needs to be down 
graded. An alternative method currently being 
researched and implemented in industry is to 
electronically damp out these vibrations.

Stepper motors are driven by a digital pulse 
train. The rotational velocity of the spindle is 
dependent upon the frequency of this pulse 
train, the higher the frequency the greater the 
velocity, see figure 2. This figure shows the 
pulse trains captured using a logic analyser.

(  f i n a l y z 6 r ~ ] (  H o v e f o r m  MACHINE 1 )  ( f l c q .  C o n t r o l ]  ( P r i n t  )  (  Run )

f  A c c u m u l a t e  ]

I . ° ,f J
C u r r e n t  S a m p le  P e r i o d  •  4 0 . 0 0  u s  

N e x t  S a m p le  P e r i o d  » 1 6 . 0 0  u s

s e c / O l v  ) { D e l a y  1 
5 . 0 0  ms J 1 - 2 4 . 9 0  ms j

i M a r k e r s  ) A c q u i s i t i o n  T ime  
I O f f  J 14 Aug 1990 08  > 25 «44
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j i a r L r ^ J i n j L i i n j i ^
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+

Figure 2. Stepper motor pulse trains for 
X & Y axis

Many controllers give out stepped changes 
of pulse frequency, these steps forming a 
staircase effect when viewed as a velocity 
profile, as seen in figure 3. The steps shown are 
due to the large interpolation step size used by 
this example. The graph in figure 3 shows the 
acceleration phase of a velocity profile, 
accelerating to a velocity of 0.8 m/min.

In effect the controller quantises the demand 
velocity profile. Therefore in control terms the 
input to the system can then be viewed as a 
series of cascading step inputs, with resulting 
step response. Typically this step response will 
be under-damped in nature, when the system is 
lightly loaded.

Velocity vs. Time

Y axis 0 - 1  nVmin. X axis 0 -  0.2 Seconds

Figure 3. Velocity Profile of Controller 
Output Pulses.

In the path-planning world the path can be 
interpolated to within one unit corresponding to 
a single stepper motor pulse, or a unit 
representing many pulses. In the physical 
world many factors contribute to the actual 
path. Errors can be introduced into the system 
from several sources, including the following;

Y axis 0 - 2  m/min. X axis 0 -  0.26 Seconds

Velocity vs. Time
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• Rounding errors in the path planning 
algorithm, or Interpolation algorithm.

• Inadequacies with the Interpolator 
algorithm, causing misalignment, or 
speed changes as the tool machines 
around arcs, or circles.

• Machine vibrations due to resonance 
effects, chatter, bearing clearances.

• Inadequacies with motion control 
system or drive system, due to 
component tolerances or control/drive 
algorithm.

If the velocity profile o f figure 3 is 
implemented on the lightly damped test rig the 
velocity of the machine can be seen to fluctuate 
as seen in figure 4. The graph in figure 4 shows 
the demand and output response of a velocity 
profile, accelerating to a velocity of 2 M/min. 
The measured velocity is shown to fluctuate , 
these fluctuations forming the dynamic 
response to the roughness of motion. These 
fluctuations in velocity correspond to a path 
error in the order of 30 microns.

Velocity vs. Time

Y axis 0 -  2.5 M/min. X axis 0 -  0.45 Seconds

Figure 4. Velocity Profile o f Input and 
Output Motion

This stepped input is modelled to be a 
representation of the disturbances that the 
stepper motor may experience whilst following 
a contour path, as shown in figure 1. A 
representation of a normal velocity profile is 
shown in figure 5. The graph in figure 4 shows 
a velocity profile, accelerating to a velocity of 2 
m/min.

Velocity vs. Time

Resonance period

Y axis 0 -  2.2 m/min. X axis 0 -  0.25 Seconds

Figure 5. Measured Normal Slew Velocity 
Profile

Whilst the amplitude of the velocity 
fluctuations is small, and being of no serious 
detriment to the machines performance, closer 
inspection shows there to be a resonance period. 
Upon analysis this resonance period 
corresponds to the natural frequency of the 
pulley belts used. An expanded view is shown 
in figure 6. The range of the x-axis o f the graph 
shown in figure 6 is 25 milliseconds with each 
grating representing 1 millisecond. The grating 
on the Y-axis represents 0.01 m/min within a 
velocity range of 1.4 -  1.7 m/min.

Velocity vs. Time

Y axis 1.4 -  1.7 m/min.
X axis 0 .1 3 5 -0 .1 6  Seconds

Figure 6 Exploded view of resonance period 
from figure 5.

MODELLING DATA

The use o f data modelling and 
representation tools such as Hewlett Packard’s 
Visual Engineering Environment (FIP VEE) 
and Mathworks MATLAB allow the design 
engineer to analyse the system in question in 
real-time. HP VEE is a graphical programming 
language for creating test systems and for 
solving engineering problems. The user can 
select from a variety o f standard mathematical 
formulae, and special user supplied functions 
can easily be added. Shown in figure 7 is the 
block diagram for generating a FFT from the 
signal shown in figure 6.
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be sufficient to model the system. The model 
can be seen in figure 8.

FI. £<* Flow B .« «  P 4a  D®*»

p a a s s s s  P .n . l  |  Detail___________________

Figure 7 HP VEE Interface.

Previous research in the area of velocity 
profile generation has indicated that a parabolic 
velocity profile allows maximum utilisation of 
stepper motor torque [1, 2]. To confirm the 
findings of Palmin et al, and to investigate the 
use of a parabolic velocity profile for a 
continuous path multi-axis machine, a model of 
the machine was developed.

Analysis of any control system can be 
achieved by one of two ways. The First method 
is to build a mathematical model of the system 
in the form of differential equations, then apply 
Laplace transforms to the model to determine 
information such as the pole placement etc. 
This typically involves prior knowledge of the 
systems parameters, often involving 
considerable experimentation. The alternative 
method is to use systems identification. 
Systems identification is the process of 
approximating the systems parameters for a 
given computer model. In the Matlab 
environment the computer can be used to assist 
in the prediction of model order. The 
parameters are then determined by applying a 
least squares approach.

Researchers such as Kenjo [6] have shown 
how the electrical characteristics of a stepper 
motor can be modelled. For the simulation of 
the machine dynamics in our case a low order 
model was chosen. Most CNC drive trains can 
be adequately modelled as a low order system 
(a lead screw indirectly coupled to a stepper 
motor drive can typically be modelled as a third 
order system).

In order to validate the Matlab approach, the 
mechanics of the test rig were analysed. From 
the construction of the test rig it was determined 
that a model of approximately third order would

Mathematical Model o f  System.

Belt One Drive Train Belt Two Slide Table.

  I
Stepper 01  K1 0 2  K2 ©3 B \

\ \ \ \ \ \ \ \ \ \ \ \ \  ^  
Spring Inertial Mass Spring Inertial Mass & Damping

Figure 8 Analytical Model of Test Rig.

The captured data represented in figure 4, 
was then used as the model reference input for 
the Matlab environment. Systems identification 
was used to identify the unknown parameters. 
The mathematical model of the system, figure 
8, in this case was used to provide confidence in 
the model determination. The input was then 
fed into the model, which produced excitations 
similar to those experienced on the real 
machine. Shown in figure 9 is a comparison 
between the actual machine output, taken from 
the results in figure 4 and the simulation output.

Velocity vs. Time

Y axis 0 -  2.5 M/min. X axis 0 -  0.45 Seconds

Figure 9. Simulated Velocity Profile Output vs.
Actual Velocity Profile Output.

The reader can see from figure 9 that the two 
outputs do differ slightly, but on the whole the 
simulation output models the general behaviour 
of the machine adequately. This is the main 
point; the model was developed to be a 
generalised model of the behaviour of the 
machine, a task that can be completed in real­
time. An exact model would take a longer time 
to compute and would require additional 
parameters to be determined.

C-10



Adrian J. Stout Appendices

SIMULATION

Once a model has been established it is 
possible to produce a simulator of the modelled 
system. This is conventionally achieved by 
taking the Laplace transform and converting it 
to a Z transform by the means of a Bi-linear 
transformation. From the Z transform it is a 
small step to convert the transform into a 
difference equation that can directly produce a 
numerical simulation. This standard method is 
embodied within the simulink toolbox for 
Matlab. The author used this toolbox to build a 
simulator.

In the same way the simulator can be built to 
simulate a production CNC machine such that 
otherwise unobtainable information, could be 
determined. The simulation of the system was 
used to confirm Palmin’s earlier results 
involving analogue-based ramp generation of a 
parabolic velocity profile. The author confirmed 
the findings of Palmin et al, concerning the 
maximum utilisation of torque by the use of a 
parabolic velocity profile.

The results obtained from the simulation 
were used to prototype a digital based velocity 
ramp generator involving a digital signal 
processor. This generator was used to confirm 
the findings developed from the simulator. 
When results where collected from the test rig 
they showed that care must be taken with the 
generation of a parabolic velocity profile. The 
parabolic velocity profile advances very slowly 
through the range of frequencies from the 
starting velocity through to the maximum 
velocity. This means that if there are any natural 
frequencies within this range then they will 
resonate with a duration dependant upon the 
acceleration slope of the velocity profile. 
Therefore the acceleration slope should be made 
as short as the machine would allow. This again 
is likely to cause problems with multi-axis 
machinery.

Many authors recommend using a two-stage 
interpolator, the reasoning behind this is to 
obtain better interpolation for the given time 
constraint. This is a good option if we are 
considering the path-planning environment but 
it fails to correct the velocity fluctuations in the 
physical world. One answer is to employ a 
novel filter algorithm such that path accuracy 
and cut quality can both be improved. Such a 
filter should also facilitate higher performance 
from a given motion system. This additional 
stage would smooth the output velocity in a 
parabolic manner. A conceptual diagram of the

proposed system is shown in figure 10. The 
system would measure the input pulse stream 
and then after passing through a software

algorithm, the modified pulse stream would be 
regenerated. The regenerated pulse length will 
change to reflect the smoothed velocity profile.

LTTJ

D S P SY ST E MC O N T R O L

Figure 10. Proposed System

Through the use of computer simulation the 
filtering technique has been found to be 
effective in eliminating the velocity 
fluctuations. The output from the computer 
simulation with the modified DSP input can be 
seen in figure 11. The use of the simulation 
model provides evidence towards the potential 
performance benefits of such a system. The next 
step is to implement the algorithm on the DSP 
and test the algorithm on the test rig. The 
algorithm will be evaluated in terms of 
performance improvements, this being reported 
in a future paper.

Velocity vs. Time

Output0.8

o.e

0.4

0.2

0.5 2.5
Tim a (seco n d )

Figure 11. Output from model with proposed 
system
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Conference on Signal Processing & Technology,
Boston, USA., Proceedings o f  ICSPAT 1995.

CONCLUSION

From the results presented it can be seen that 
the previous assumptions of rough motion in 
interpolating systems were valid. Further 
because the damping of mechanics may be 
light, excitation of dynamics may occur giving 
rise to significant position errors. The 
simulation shows that the performance of an 
experimental test machine can be improved 
through the addition of a filter stage to the 
interpolator. The improvements offered by the 
filter technique are better cut quality and higher 
performance, in effect high quality, faster 
production for a given cost. Further work is 
planned to confirm the validity of the filter 
technique on the experimental test rig and also 
on a production machine.
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StolM, Thai its* &  £M#a i

fra proving the Performance af Stepper Motor Driven 
Machinery

A tM tia  J . S m rt i*  P m r U  T h m m f ,  PYm t.4. C M Ym f.

Thi* Nm'ltMgitmn SfteH DWwjrJfjl’y; 
rMpsitirfmmti &fCm tpM m gr 
FAmkM

Nmtto&tmm, M ?J4MU,
Vmtefl Kmgcfmtt
TEL: + 4 4 $ ®  MS M JM JSO lL  4M 3"  
f v t£ :  ±44 (0) U S  M M 9J0
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Alrairaet
Supping motan lauve tmuo&e iaefoapnjtly attraetivf in motion aoasnn̂ l af^icatioii^, 

mainly 4 m  to the simplicity of their inter GnwiBfuimneniie- m 4  low cost*. Uufcwupieioly, 
the smell but s te p  # f move'mem inheneni in tb© sn#t#:r design* combined
with the inevitable quantisation of lime leads (a- roughness ofmotian which m$$ im fo  in 
rtfll iimiiBtions o f system p ^ t a f i w i ,  Pretviw  w rk  bus tfeii«m&tiate4 (be value of 
•careftilly chosen acceleration. parodies for pngl© axle motion. However w o*  conducted 
within ib© real-time machine control group, Nnuinghani Troni. U'niveisily has shown 
such profiles in be of Limited vahie in (be m m  of multiple axis -continuous path syssems, 
where ia tw a o ta  of acceleration and int««|Hrfaftion results in iiutlier roughness o f the 
pailL

Tbe work imported in. this paper sbows the msi.l.i*-pfprcoipon measurements made 
on intesp^irting systems. The w o*  further sbows the dynamic rsspwiire of typical drive 
s te r n s  tetniiag to velocity fluctuations nodcansespoinfiinf dynamicpositiaa errors. Such 
m o m  a m  be sufficient as to adversely ©fleet cut quality on machine too Is and to limit the 
perfibtmsatc© of a jnnedhdn© wish given motors and drive electronics.

il ig proposed that a novel filter tigpriibm he employed such dxpi path accuracy 
R«td end quality can both be improved. Snob a (liter should! also fooiliiate higher 
performpioe from a given matron system. Experimental results are presented 
show:mg the polenllai improvements in ha rainfe* and (be validity of the proposed 
solution i© demonstrated. This is ifts ihird paper In a series dun explores (be Idee of 
Im.provi.iui stopper motor driven machinery whilfi controlled ha an open loop continuous 
path, manner.

Kay Words: SdapfMr mvtais, improved perfimnance, coniinuous path, contounqg, 
par ffhmanco niooitof-fog, C.M.C. madsinfity.
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2 C’Mufiittai ftteuiiloriag, '95

InlnHiiiietioin
Ih^vious work in it® field of eiepper motor control by pdbors 9tic3i as Pabsun [ 1| 

UndApatnlfljfS] h »  shown tis# inapi>itiin^»ff«o^tfeni4iiao profile shaping if  §ati$ffie4osy 
perfownance is to be achieved from s lapping motor systems, Motor® tbfrasflvis « !  
ifijnsiiaissi ĵaii gyslenns ti®w natwal resonances and the sipil&cnrace o f  these c»t» be re» 
dwced if the profile is whfltty gttopsdi, U'nfwlsp^t6iyP diis is of itiie  benefit in multiple 
Ax®! irat̂ ipodiitjamj, systems, swell m  ametaii® tools* where siitodtMicofis syiKbroMsed 
laiŝ ioH. in sevefffll axes may fca reqnim i In contrast to point so poins systems,, the objec* 
live far aoratitowps path systems is noi only to move from point A to D twi sfeo Ibe 
pieoise p th  taken to reach point B,

Sledge ettiJ-[3«4] have shown from a theoretical point of view how the itoexsottoit 
o f flsiy tueeiteraliofii profile pad iniefpolati^p may M l  lo rough motion. In particular it 
was found ihst ibe Itesat. dominpit axis stifiifed from coenae velocaiy changes, these be* 
inig developed by die action o f synciMronisiiig, 1.1® two axes. Sob I p r e  I - In ills paper,, 
we show how ifenst ecuHdusfans ate sM an tia ted  in practice,, how die motion may -excite 
il® drive system dyupnios, ragultin&in wacocflably I p f f  velocity 0|ict!iM ti«aito po­
sition errors.

Stepper motor systems are generally controlled by open loop electronics* where 
clock direotkffl tpgjoails 8*» applied to appropriate counter and power electronic circuits 
iiii order for a sequence of erapgisMion. to be applied to the motor windings, It is wwisual 
for posifticai eitoodefs lo be used with stepper n w t p  sineo il®y inereaisBcc^i and com* 
plaxily to it® system.

in orafer to analyse the motion it is necessary to in^nunant a typical tmtrsreiissfan 
aystern, An experimental system has beeiicaneiriioted and. this is fitted with both rotaiy 
and linear anewfers, A specif potpose data logger hm  been developed within the group 
[51, atk&wimg, presishin logging o f the drive pulse trains find these gathered from the 
encoders. Ira order to allow maximum ilojcibilliy for subsequent analysis. Iha proetee 
timing rafeacb pulse edge tianption. is seconded- Hri? jnihsm M  the sdgpficance of meas­
urement qraanlisatfeia, since the clock speed- can be made sigpmficftnily high Ira relation to 
the pdsa rote.

W - K iy  vs. J i m

'-‘rza i» k t o t t i ; « m t o h ' •
Ngrtx* L Stymi mt&cjity tifXS Yarn's
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Stuiit. Thurnx* & OrtU©

Stepper Motor Control Anna lysis
One o f the established ways o f improving the accuracy o f  stepper motor machinery 

ts to ensure that auty machine vibrations are damped out by the mechanics o f the machine 
itself. The system will have inherent viscous JL frictional damping. Normally the CNC 
system will liave sufficient mass to damp out any machine vibrations that exist. In the 
past torque dangers or frictional thriven flywheels may have been fitted to the thrive to 
provide extra damping. These devices are commonly found in the American market

The disadvantage with this type of vibration control is that it generally leads to 
greater machine mass to damp out resonant frequencies This in turn increases the vis­
cous friction due to the added pressure on the guide rails To compensate either higher 
torque stepper motors are needed or llw overall performance of the machine needs to he 
down graded. An alternative method currently being researelied and implemented in 
industry is to electronically damp out these vibrations. This technique is increasingly 
being used by design engineers in die UK. &. Europe. Electronic damping comes in many 
shapes and forms; the common is in the form of an advanced drive amplifier which 
condition monitors, the current pulses, another sort is a stepper motor which is filled hv a 
viscous liquid, thereby simulating the action o f a viscous flywheel.

Stepper motors are driven by a digital pulse train The rotational velocity o f the 
spindle is dependent upon the frequency of this pulse train, the higher the frequency the 
greater the velocity, see figure 2. This figure shows the pulse trains captured using a 
logic analyser

t j ’ . ■ ..«> *.

■j i u j j j v x j ;;.: / ; ,  j.l . jo l

Fijgunt 2. Stepper nrt'forpalse trxnmjfarX41 Y axi*

For continuous path motion the movement upon the axes needs to be synchronised 
The simplest way o f achieving this is to move a set interpolated distance at a set velocity, 
and then synchronise all the axes together. This means that the controller gives, out stepped 
changes of pulse frequency, these steps forming a staircase effect when viewed as a 
velocity profile, ax seen in figure v The steps shown are due to the large interpolation 
step siasc used by this example. The graph in figure ,T shows the acceleration phase of a 
velocity profile, accelerating to a velocity of DA m*'min.

In effect the controller quantises the demand velocity profile. Therefore in control
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4 Cundittun M uiulurinu ‘9 9

terms the input to the system can then he viewed as. a series o f  cascading step inputs, with 
resulting step response. Typically this step response will he under-damped in nature, 
when Lise system is lightly loaded.

V .-ft * «1 n  m i .  3! Bait 0 OJ S K 'ifkli

Figure 3. Velocity Profile of Omtwi&Sr Qtrtput Paisa.

In the path-planning world the path cun he interpolated to within one unit corre­
sponding to a single stepper motor pulse, or a unit representing many pulses. In the 
physical world many factorseomlrilwtle to Line actual path. Errors can he introduced into 
the system from several sources, including the following;

* Rounding errors in the path planning algorithm, or Interpolation algorithm.
* Inadequacies with the Interpolator algorithm, causing misalignment, or speed 

changes as the tool machines around arcs., or circles.
* Machine vibrations due to resonance effects, chatter, hearing clearances
* Inadequacies with motion control system or drive system, due to component 

tolerances or control'drive algorithm.

Taken from the earlier papers in the series if the velocity profile of figure f  is imple­
mented on the lightly damped test rig the velocity o f the machine can he seen to fluctuate 
as seen in figure 4 The graph in figure 4 shows the demand and output response of a

iJ'

Y js is  O 1 SM -m ir 3C ici« C U.4* Sccuudb*

Figure 4. Vvicnify Profile of Itrptfl ami Output Mulion
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S ta in . T huftfu tt & Ort<5c 5

velocity profile, accseleraiing to a velocity of 2 M/min. The measured velocity is shown 
to fluctvwle , these fluctuations forming the dynamic response to die roughness o f mo­
tion. These fluctuations in velocity correspond to a path error in the order of 30 microns 

This stepped input is modelled to be a representation of the disturbances that the 
stepper motor may experience whilst following a contour path, as shown in figure 1. A 
representation o f a normal velocity profile is shown in figure 5. Ih e  graph in figure 4 
slum’s a velocity profile, accelerating to a velocity of 2 m/min.

Velocity vs. Tirr>.>

Y a x is  0 2.2 m  twin X -JXIS 0 U 2$  S e c o n d s

F rftttv 5. Measured N arvtal Sien’ fftbef,ly Profile

Whilst the ampl itude of the velocity fluctuations is small, ami being of no serious 
detriment to the machines perfocmaoee,. closer inspection shows there to be a resonance 
period. Upon analysis this resonance period corresponds to tlie natural frequency of the 
pulley belts used An expanded view is shown in figure 6. The range o f  the x»axis of the 
graph show u in figure 6 is 25 milliseconds with each grating representing 1 millisecond 
The grating <xt die Y-axis represents 0 .01 m/min within a velocity range o f 1 4 1.7 m/min

Y axis 1.4 * 1,7 m’rrm X axis 0.135 -  Od6 Seconds
F rg w n ?  6 Exploded v ie w  vf remmxttc* period frum figure 5.

C-17



Adrian J. Stout Appendices

Cmiiiitiotii Mpnaloriag, ‘9 fi

M n iM liitg  D a ta

Previous resBfjteb to Hue area o f velocity profile pimrnitaii kps indicated tihat a para* 
bobs veHocUy prpilfi allows anaxiasmm ulifisation. *f stopper motor sanpe [1, 2|, To 
confirm tog iiidimp ofP^tawB fl fliwi to investigate 111© us© of a psmbolw velocity 
profile fear a cMUriinuogjs path muftnixig machine, a model of aha jnaeWna wus developed.

Rg$e w te ? .  $ w h  m  Keajo W  have shown how ibe internal electrical characterise 
lies of a sleppor meter mu he modelled. by atovrtta model. Wm Hie sitMtotton of 
llio niielsmo dynamics in o*ur osm  a low w fcr model was chosen, Mq$8 CNC -drive imtiw? 
can he adequately modelled m  a tow order system (a lead, w w  iiHtirac% coupled to a 
Stepper raot-or drive cim typically fee modelled as a third order system).

Once a model baa been established ii. is posdWt to produce a simutoiion « f the 
nxMtellod system, This to ecuw©nl®«% achieved "by iakuag the Laplace transform and 
Cimvertimj it to a Z tmnstosrm by lha means #f a Bi-linear tipistotnraaliQn, From she Z 
transform it to a small step to convert ilte transform into a. difi&nance equation that can 
directly produce a numerical firaiiSatioix The tptnufeitoni of the system was used to con.™ 
firm Pfllmui’a earlier results involving anatofuadwsacl i»mp generation o f a psimWic 
■velocity profile. The author ennfitmgd the findings ofltehmn. et all, ooncerning flit? rarwri* 
mpsi ntiiieflioo of torque toy lire vs* o f a parabolic velocity profih.

The repilto obtained from the gim^afiofi were used to prototyp 9 digital bused 
velocity ramp generater involving a digital signal processor. This generator was need to 
practically confirm tire FiMtings developed firum the sunuletetr. When results where coT 
tected fo re  lire tost rig they strewed titet egere issuti b* taken with the .pnerwlion <*f a 
parabolic velocity profile. The pwutrelic velocity profile advance* w ry  slowly through 
ihe range of ftopenctos from dig starting velocity through to the mfxtansm. wlociiy. 
This means thjit if  there am any natural frequencies within this range then tirey will 
r@»ratf with a duration dependant ipere the gccslemiren stops o f Use velocity profile. 
Therefore tbe acceleration slope should lo  made as short as the machine would allow. 
This a p m  is likely to cause problems with imtlii-aotis Jtrectnirery.

PfflpesiS Salufioii
Many sjutirers mcotnmeiMl using a twhsla§e iniwpotatOL the mesoning behind tlsto 

is to -obtoiu bettor intenpoLiJlion tor tl» given time constrain/!. This to a good option, i f we 
am cp^dering Use p^h-ptoooiitg envaroniueaxi bid it fells lo connect the velocity tliiohw 
liwmflicph>mcHlw0TSId,

One answer to to employ a novel fillet algorithm snob tlia# pa.ii. aceuntcy and. cut 
xpifllity can 'both he improved, 5«dh fl filter should also iadliiato higher perforanance 
frcanagivipi oiottonxystoin, Thi$ additional siage woyldamooib to© output wetocltyin 
i  IKxniltolte manner, A ocmcept^ii dtogram o>f die syatem to showm in. figure 7, Hieaystenni 
would measure the input putoe stream and than after passing, through a s#fi;wam algo* 
.TitliiiB, the modified pulse stream would be repuerslad, The rspnerated pute© tengfii
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Sfciin. Tlamiu* &  CMsia

will clianfe to reflets! the valocfty profile, T \m  s la p  m opt be viewed m  $
filler only in His bcwfegt mm&  ofUha wort, Oo»vaatifl®silly tftyiial filtering, works by 
tekiafii measurement o f  die qwaratisy in -question tit ■discrete ttaie utiermlg. His proposed 
method is j&dicelly different since ft inweits flue whole oestoefft, Efliber fiifas CfflMH units 
per tunc period it -eewns clock piilss® per unit tne&ppcl and ihft gmooitsifng iilporitta H 
Kiiiplontant̂ d,

HATH CJR5, 
mj-.iftul. FIL.1ER f CMC

gvsiiyo

l.J, *"■<*1i -*

FlgUPti 7. PStipQitftf SpS&tti

TLiraugfr tip  x m  of firs* acmgHfiear simulation *nd fiteii practical implementation the 
filleting (gdhuupa ha* beau found lo be effectives in etismnpingflio velocity flue.ltip:ioas~ 
The n m l  iraterpteedo isrip rt from lit© oa^roUer used, csbbs. lie seen in f i p o #  $ ,  showing 
die stimdertf velocity ilprf^sriott.e^arifftGSMi on enwnileMdafNed CMC machine. Figure 
9 shows die tnppt fln4 output xespsnggi wh® the novel dijghal After is used. Tito peak 
vedaofty deviation of the normal output msponse is? 0 ,158- ra/miit with a itanunaL velodty 
offi.5 M/buIii, 'fit© peak deviation of d ie  output wring tlia filler is OJ^tjrn/miii, rtiig level 
mjffesentiisg tii# |Ksijlypmiiai| noise IfvgL

V*toup Tin*

i * A ^ $j,, i-4t f v

V nais 0 •■■»!.? i&ftiliL X <a» 0 -&3 SHands-

FigUtv 3  OwjOT E&ftim' DSP fitter.

V eIsKXky t . e  f i n r

I
| ifcAffcj* \»*w-
!• . V

u
V m » 4  “ lYinAwn. X ;.«s #  n j Sbswfe

FrsptfW 9 OaSfaa After DSPjitkir.
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Cmutitim Mraiiloriog '9 S'

The use ofthe simulation auodal provides evwtence towards 1I» jHttential perform­
ance benefits of such a system, The next step is in measure the efieeiSveness of the 
filtering soluttei in terms of the Improvement to machine performance. Ilia  perform- 
anoe ofe given stepper motor :ig. nomiHUy assessed try ««telys»ng, ft's gpstedftmqwe charac­
teristic in t e  form of n, curve m  n  uelowiy/terque graph, To utilise* die graph lira fe ig n  
etigfneer determines the total load on the system for a .given seeelenttioix and reads oJT 
ilia masdmum velocity, taking into m w w A  a safe region of aftnat W*A* This total load is 
Hie oomfcrnntian of frictionai and inertial loads. Frictional loud predominates in deter- 
mining the iiecsssarypower for-eonsiaiu speed operatic®, Inertial load defines the amount 
o f  additional torque rep lied  fe start and reach full speed within a specified time {in the 
process compensating for frictional load!, end also to slop (conversely, aided by firfc- 
tional load). Bn simple speed contra! applicationa, IrkitUmiB load may h i tha most impor­
tant, In positioiKioatrol Applications that inquire mmwjws stwrt&iop operations and h i#  
srptem resolution, ineailRl M l  baeomes the dominant factor, Useiefoso two curves are 
itoarrasliy plotted mi (his graph* aatep&tartcierve and a slew curve.

.Raising the friction from xero lo a particular value and then Hg#yiHg. a itmfeam 
puls® train fear one revohstio® generates Steri/step curves, If die motor foltere it success* 
iilfy, k higher speed uniform ptilge train is tried until one is reached which, the motor 
does not fellow correctly, The last successful speed is then plotted as a pan# m  the 
curve. Load inertia is normally equated (o rotor inertia for maicted start/stop curves.

Accelerating Ilia motor from, zero speed to a specific speed shown on (he curve 
generates stew curves. Tins is ideally done with no frictional t e d  mid with as much 
acceleration lima as re a re d . When at speed, Jfrfcihwi is increased from zero t o t e  value 
HI which tlie reefer stalls. These points ure plotted in (bun the slew curve, It represents 
ilia cuter limit of perform,mce capability;

For prectteal purposes, (cue system prfeamance lirmss fall tetw eat these twoctarvns, 
Insfrwhuteous torque output approaching thai c f  holding temps (inherent in permanent- 
magnet & hybrid stepping motors) serves to boost the star lAlop curve fir  ■closer i# the 
stew curve t e n  would initially be expected. A Typical ihaoretical TonpieJspeed graph h  
shown in i f  lire SO.

F fg n 's t1 M  n i m m S k ’Ari v*. f M £ & i } r p # ^ f t s m m 4 g r @ p k

C-20



Adrian J. Stout Appendices

iiftlKi. TiiuffilS & o m ®

The irajiiixFWod p j r i w w  arising fiwi. she use of the DSP filler s te p  wP3 be 
ti^essed by plotting she senyiig m, wfoeisy graph for norma! operation . against ifieconre- 

graph, for filtered apearaisan. ’R ib aljpftlun will be evaluated in terms -of pgr- 
foimiHMte improvements, iris being reported in |i fottsre paper,

Cfl'iltitMtoii
From the iw ilts  presented it cun be seen that die jpeviovis ps^ianpilcais o f  rough 

motion in interpolating eystem§ were valid, Further because the ^rap ing  of ineehanies 
may be ligjbt, w iia tio a  pf4yi#a«me« may «ecw giving rise so significant p«i«WMi grrocj. 
The reside sbow shat flta performance o f  an estpeEi mesitftl fort machine crb be improved 
through die addition o f a filter stage to she iraterpoteictr. The iraprovBments o M  by she 
tflilar technUpe m  better Old quality and Itigjter perfocmanea, in effect high qualify, 
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ABSTRACT

Stepping motors have become increasingly 
attractive in motion control applications, 
mainly due to the simplicity o f their interface 
requirements and low costs. Unfortunately, the 
small but discrete steps o f movement inherent in 
the motor design, combined with the inevitable 
quantisation o f time leads to roughness o f 
motion which may result in real limitations o f 
system performance. Previous work has 
demonstrated the value o f carefully chosen 
acceleration profiles for single axis motion. 
However work conducted within the real-time 
machine control group, Nottingham Trent 
University has shown such profiles to be o f  
limited value in the case o f multiple axis 
continuous path systems, where interaction o f 
acceleration and interpolation results in further 
roughness o f the path.

The 'art o f  stepper motor system design ’ 
suggests that motors typically having a torque 
capability o f double the load requirement 
should be sufficient to ensure reliable 
operation. However when full account o f 
interpolation and ramping are considered, yet 
larger motors may be required. Steiger has 
shown theoretically that the resulting rough 
motion o f the machine, causes the limitation in 
performance through an increase in load being 
reflected back to the motor.

The work reported in this paper presents a 
technique/algorithm that can be used to reduce 
the required power o f continuous path multi­
axis stepper motor driven machinery, whilst still 
maintaining the same level o f performance.

The algorithm is implemented in software on a 
digital signal processor and evaluated to the 
control signals for a four-axis CNC machine. 
The results were taken from both an 
experimental rig and a CNC machine.

The performance o f the algorithm was assessed 
by measuring the dynamic displacement o f the 
rotor position compared to it’s nominal 
position. Acarnley and others discuss how to 
calculate the nominal rotor position for a given 
load. From these results it can be seen that the 
performance o f stepper motor driven machineiy 
can be improved.

Using this technique with more precise control, 
smaller motors can be employed giving 
sufficient energy efficiency savings.

INTRODUCTION

Previous work in the field of stepper motor 
control by authors such as Palmin [1] and 
Acamley[2] has shown the importance of 
acceleration profile shaping if satisfactory 
performance is to be achieved from stepping 
motor systems. Motors themselves and 
transmission systems have natural resonances 
and the significance of these can be reduced if 
the profile is suitably shaped. Unfortunately, 
this is o f little benefit in multiple axes 
interpolating systems, such as machine tools, 
where simultaneous synchronised motion in 
several axes may be required. Steiger, et al.[3- 
4] have shown from a theoretical point of view 
how the interaction of any acceleration profile 
and interpolation may lead to rough motion. In

C-23



Adrian J. Stout Appendices
particular it was found that the least dominant 
axis suffered from coarse velocity changes, 
these being developed by the action of 
synchronising the two axes. See Figure 1. In 
this paper, we show how these conclusions are

substantiated in practice, how the motion may 
excite the drive system dynamics, resulting in 
unacceptably large velocity fluctuations and 
position errors.

Stepper motor systems are generally controlled 
by open loop electronics, where clock & 
direction signals are applied to appropriate 
counter and power electronic circuits in order 
for a sequence of energisation to be applied to 
the motor windings. It is unusual for position 
encoders to be used with stepper motors; they 
increase cost and do little to address the 
problems discussed in this paper.

In order to analyse the motion it is necessary to 
instrument a typical transmission system. An 
experimental system has been constructed and 
this is fitted with both rotary and linear 
encoders. A special purpose data logger has 
been developed within the group [5], allowing 
precision logging of the drive pulse trains and 
those gathered from the encoders. In order to 
allow maximum flexibility for subsequent 
analysis, the precise timing of each pulse edge 
transition is recorded. This minimises the 
significance of measurement quantisation, since 
the clock speed can be made significantly high 
in relation to the pulse rate.

Velocity vs. Time

Y axis 0 - 2  m/min. X axis 0 — 0.26 Seconds

Figure 1. Input velocity of X & Y-axis

STEPPER MOTOR CONTROL ANALYSIS

One of the established ways of 
improving the accuracy of stepper motor 
machinery is to ensure that any machine 
vibrations are damped out by the mechanics of 
the machine itself. The system will have 
inherent viscous & frictional damping. 
Normally the CNC system will have sufficient 
mass to damp out any machine vibrations that 
exist. In some cases torque dampers or

frictional driven flywheels may be fitted to the 
drive to provide extra damping.

The disadvantage with this type of vibration 
control is that it generally leads to greater 
machine mass to damp out resonant 
frequencies. This in turn increases the viscous 
friction due to the added pressure on the guide 
rails. To compensate either higher torque 
stepper motors are needed or the overall 
performance of the machine needs to be down 
graded. An alternative method currently being 
researched and implemented in industry is to 
electronically damp out these vibrations.

Stepper motors are driven by a digital pulse 
train. The rotational velocity of the spindle is 
dependent upon the frequency of this pulse 
train, the higher the frequency the greater the 
speed.

Many controllers give out stepped changes of 
pulse frequency, these steps forming a staircase 
effect when viewed as a velocity profile, as seen 
in figure 2. The steps shown are due to the large 
interpolation step size used by this example. 
The graph in figure 2 shows the acceleration 
phase of a velocity profile, accelerating to a 
velocity of 0.8 m/min.

In effect the controller quantises the demand 
velocity profile. Therefore in control terms the 
input to the system can then be viewed as a 
series of cascading step inputs, with resulting 
step response. Typically this step response will 
be under-damped in nature, when the system is 
lightly loaded.

Velocity vs. Time

Y axis 0 - 1  m/min. X axis 0 -  0.2 Seconds

Figure 2. Velocity Profile of Controller Output 
Pulses.

In the path-planning world the path can be 
interpolated to within one unit corresponding to 
a single stepper motor pulse, or a unit 
representing many pulses. In the physical
world many factors contribute to the actual
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path. Errors can be introduced into the system 
from several sources, including the following;

• Rounding errors in the path planning
algorithm, or
Interpolation algorithm.

• Inadequacies with the Interpolator
algorithm,
causing misalignment, or speed changes as the 
tool
machines around arcs, or circles.

• Machine vibrations due to resonance
effects,
chatter, bearing clearances.

• Inadequacies with motion control system or 
drive
system, due to component tolerances or 
control/drive algorithm.

If the velocity profile of figure 2 is
implemented on the lightly damped test rig the 
velocity of the machine can be seen to fluctuate 
as seen in figure 3. The graph in figure 3 shows 
the demand and output response of a velocity 
profile, accelerating to a velocity of 2 M/min. 
The measured velocity is shown to fluctuate , 
these fluctuations forming the dynamic 
response to the roughness of motion. These 
fluctuations in velocity correspond to a path 
error in the order of 30 microns.

Velocity vs. Time

Y axis 0 -  2.5 M/min. X axis 0 -  0.45 Seconds

Figure 3. Velocity Profile of Input and Output 
Motion

This stepped input is modelled to be a 
representation of the disturbances that the 
stepper motor may experience whilst following 
a contour path, as shown in figure 1. A 
representation of a normal velocity profile is 
shown in figure 4. The graph in figure 4 shows
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a velocity profile, accelerating to a velocity of 2 
m/min.

Velocity vs. Time

Resonance period

Y axis 0 -  2.2 m/min. X axis 0 -  0.25 Seconds

Figure 4. Measured Normal Velocity Profile

Whilst the amplitude of the velocity fluctuations 
is small, causing a minimal amount of 
displacement error, closer inspection shows 
there to be a resonance period. Upon analysis 
this resonance period corresponds to the natural 
frequency of the pulley belts used. An expanded 
view is shown in figure 5. The range of the x- 
axis o f the graph shown in figure 5 is 25 
milliseconds with each grating representing 1 
millisecond. The grating on the Y-axis 
represents 0.01 m/min within a velocity range 
of 1.4 -  1.7 m/min.

Velocity vs. Time

Y axis 1.4 -  1.7 m/min.
X axis 0.135 -  0.16 Seconds

Figure 5 Exploded view of resonance period 
from figure 4.

The resonance period may only cause a minimal 
displacement error, but the sharp changes in 
acceleration and deacceleration limit the 
performance of the machine in other ways. 
When the maximum acceleration is of these 
flucatuations measured it corresponds to the 
maximum theoretical value, whilst from the 
control aspect the operating speed/accleration is 
often one tenth of this value.
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This is conventionally achieved by taking the 
Laplace transform and converting it to a Z 
transform by the means of a Bi-linear 
transformation. From the Z transform it is a 
small step to convert the transform into a 
difference equation that can directly produce a 
numerical simulation. This standard method is

Acarnley describes how the maximum torque 
can be obtained from a stepper motor if the 
exact rotor position is fed back to the drive 
controls and used to control the conduction 
angle or switching angle, as referred to by 
Acarnley, for each phase of the stepper motor. 
Ideally the position pulses should be generated 
at the crossover points o f the phase torque 
characteristic, see figure 6

+T|»k -

S tatic  
T orque q _

-T p k  -

Idea l sw itching angle position (B+ to  A-)

A» B* A’ B- A*

" O ' ”
<— ^ —*— x ■ y ' v  '>
V v y V V V R o to r

Position

Figure 6. Ideal Switching Angle. 
(Courtesy of Acarnley).

Many authors have studied the method 
presented by Acarnley and as a consequence, 
suitable drive solutions have been developed. 
However the problem arises that the solutions 
tackle the problem at the low level and do not 
take account o f any path-planning or 
interpolation disturbances to the system.

Palmin presents the case that if a parabolic 
velocity profile is implemented for a single axis 
transmission system then maximum torque 
utilisation can be achieved.

The generation of the parabolic velocity profile 
for multi-axis machinery would mean that the 
control system would have to interpolate on a 
single step basis, which in turn may also lead to 
dynamic displacement errors caused by die 
secondary axis stopping and starting constantly 
due to the coarse interpolation angle (i.e 0 , 45 
or 90 degrees). The coarse interpolation angle 
being required to fulfil the requirement of 
synchronising the distance, & velocity to time, 
essential for continuous path motion.

SIMULATION

To develop a solution to the presented 
performance limitation problem the CNC 
machine was mathematically modelled. Once a 
model has been established it is possible to 
produce a simulator of the modelled system.

embodied within the simulink toolbox for 
Matlab. The author used this toolbox to build a 
simulator.

The simulation of the system was used to 
confirm Palmin’s earlier results involving 
analogue-based ramp generation of a parabolic 
velocity profile. The author confirmed the 
findings of Palmin et al, concerning the 
maximum utilisation of torque by the use of a 
parabolic velocity profile.

The results obtained from the simulation were 
used to prototype a digital based velocity ramp 
generator involving a digital signal processor. 
This generator was used to confirm the findings 
developed from the simulator. When results 
where collected from the test rig they showed 
that care must be taken with the generation of a 
parabolic velocity profile. The parabolic 
velocity profile advances very slowly through 
the range of frequencies from the starting 
velocity through to the maximum velocity. This 
means that if  there are any natural frequencies 
within this range then they will resonate with a 
duration dependant upon the acceleration slope 
of the velocity profile. Therefore the 
acceleration slope should be made as short as 
the machine would allow. This again is likely to 
cause problems with multi-axis machinery.

Many authors recommend using a two-stage 
interpolator, the reasoning behind this is to 
obtain better interpolation for the given time 
constraint. This is a good option if  we are 
considering the path-planning environment but 
it fails to correct the velocity fluctuations in the 
physical world. The answer put forward by the 
author is to employ a novel filter algorithm such 
that path accuracy and cut quality can both be 
improved. Such a filter should also facilitate 
higher performance from a given motion 
system. This additional stage would smooth the 
output velocity in a parabolic mamier. A 
conceptual diagram of the proposed system is 
shown in figure 7. The system would measure 
the input pulse stream and then after passing 
through a software algorithm, the modified 
pulse stream would be regenerated. The 
regenerated pulse length will change to reflect 
the smoothed velocity profile.
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LIUi r u

DSP SYSTEMCONTROL

Figure 7. Proposed System

Through the use of computer simulation the 
filtering technique has been found to be 
effective in eliminating the velocity 
fluctuations. The use of the simulation model 
provides evidence towards the potential 
performance benefits o f such a system. The 
next step was to implement the algorithm on the 
DSP and test the algorithm on the test rig. The 
reader can see from figure 8 the resultant 
velocity under normal conditions, and from 
figure 9 the resultant velocity with the filter 
applied.

Velocity vs. Time

Y axis 0.1 -  0.7 m/min. X axis 0 -  0.3

Seconds

Figure 8. Measured Normal Velocity Profile

Velocity vs. Time

A A A -" ■vvWY“v

dynamic displacement of the rotor position 
compared to it’s nominal position. Acarnley and 
others discuss how to calculate the nominal 
rotor position for a given load. If  the rotor 
position deviates by two full steps then the 
stepper will gain or lose a step and stalling will 
occur in most situations. By measuring the

change in rotor position we can estimate the 
torque capabilities, hence performance of the 
stepper motor when driven in any control/drive 
configuration. The technique is derived from 
Newton’s force equation.

Force(N) = Mass x Acceleration + Friction

Figure 10 shows the resultant dynamic 
displacement error vs distance travelled. The 
reader can see that initially the filtered profile 
(b) causes more displacement error. The reason 
for this is due to parabolic nature of waveform, 
during the linear part of acceleration phase the 
stepper is accelerating at a much greater rate 
then the unfiltered profile. Once this stage is 
finished the acceleration decreases and 
consequently the motor has more torque reserve 
to decrease the displacement error back to a 
nominal level. This level represents the 
frictional components interacting with the 
velocity, not shown is that both wavefomis 
settle down to this nominal value.

Dynamic Displacement Error vs. Distance 
Traversed.

Norm

Figure 10. Displacement Error
(A) Unfiltered velocity profile
(B) Unfiltered velocity profile

Y axis 0.1 -  0.7 m/min. X axis 0 -  0.3 Seconds 

Figure 9. Filtered Velocity Profile

The reader can see that the filtered velocity 
profile has been smoothed, creating less 
velocity fluctuations. Since this process is an 
additional stage to the controller it presents no 
constraints upon the performance of such 
controller, in terms of interpolation etc.

The performance of the algorithm was 
quantitatively assessed by measuring the

CONCLUSION

From the results presented it can be 
seen that the previous assumptions of rough 
motion in interpolating systems were valid. 
Further because the damping of mechanics may 
be light, excitation of dynamics may occur 
giving rise to significant position errors. The 
results show that the performance of an CNC 
machine can be improved through the addition 
of a filter stage to the interpolator. Using this 
technique with more precise control, it can be 
seen that the motor has a larger reserve of
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torque to utilise. The benefit is such that smaller 
motors can be employed giving sufficient 
energy efficiency savings.
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