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Abstract 

High-speed electromagnetic moving-iron actuators are experimentally investigated 

and numerically simulated, using digitally-controlled instrumentation techniques, 

lumped-parameter (magnetic equivalent circuit) nerWorks, and field (finite-element) 

models. Various actuator topologies, based on the moving-iron principle, that are 

capable of achieving very high operating speeds, are also investigated. 

An optically-based and digitally-controlled instrumentation technique is developed to 

assess the actuator dynamic performance. A dual voltage (microprocessor-controlled) 

strategy is also developed to improve actuator speed of response. A lumped- 

parameter model that accurately simulates, with minimum computation, the dynamic 

behaviour of the actuator is developed and experimentally verified. This model, 

whose magnetic parameters are derived from static field results, accounts for 

magnetic saturation, 3D effects due to width change between iron parts and 

transverse edge fluxes, and the dynamic coupling of the actuator system variables. A 

static lumped-parameter model is developed, in parallel, to achieve insight into the 

underlying actuator design principle, and rapid predictions of the effects of 

parametric changes. Two-dimensional field models are developed, using a 

commercial finite-element package, to accurately predict the saturation levels, and to 

estimate the mmf/flux characteristics of each actuator component (iron and air part) 

and force characteristics for use in the dynamic lumped-parameter model. The 3D 

effects are taken into account by incorporating the results of 2D scalar potential 

models, in typical transverse planes, into the longitudinal (main path) solution using 

suitable compensation factors. Transient eddy current effects are also investigated. 

The study is extended by surveying various topologies of moving-iron devices, and 

analysing their relative performances. The objective of this investigation is to 

establish, quantify, and compare the factors limiting the performance, particularly the 

maximum acceleration rate. 
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List of 12rincipal symbols 

R Magnetic reluctance 

Q Magnetic scalar potential 

0 Magnetic flux 

r Iron reluctance 

gi Iron permeability 

go Air permeability 

S Area 

B Magnetic flux density 

H Magnetic field strength 

F Magnetornotive force 

I Length 

w width 

F Magnetic force 

W Magnetic co-energy 

X, Y, Z Cartesian co-ordinates 

K9 Force coefficient 

N Number of turns 

ap, Og Compensation factors 

A Magnetic vector potential 

Hc Coercive field of permanent magnet 

i Current density 

V Laplacian operator 

Electric potential 

dp Depth of flux penetration 

CY Conductivity 

m, n nodes at extremities of magnetic path 



V 

V Applied voltage 

i Current 

R Resistance 

f Force density 

9 Gap length 

d Slot depth 

gs Slot width 

L Inductance 

Pm Mass density 

va Volume of armature 

Km Ratio total mass/active mass 

S Stroke 

Bt time delay 

a Acceleration 

p pole pitch 

P Resistivity 

vc Volume of copper 

ac Area of copper 

Kd mechanical damping 

m mass of armature 
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Chap er I 

Introduction 

1.1 Pro*ect background and obiecti 

The thesis reports on research into high-speed moving-iron actuators for knitting 

machine applications and similar high-speed electronically-controlled systems. The 

first half of the project was undertaken with close co-operation of the departments of 

Electrical and Electronic Engineering, and of Mechanical Engineering with Bentley 

Engineering Ltd of Leicester. Half way during the research period there was a change 

of emphasis toward more generic work because Bentley company was taken over, 

and subsequently this led to a cessation of co-operative work (despite attempts to 

establish links with the company that purchased Bentley's business). In the first half 

of the project [1], the original objectives were to: 

(i) Study the dynamics of high-speed electromagnetic actuators for knitting 

machine applications, and the effects of variations in design and 

manufacturing parameters on their performance, durability and cost. 

Design instrumentation techniques for production assessment of actuator 

performance to improve quality control. 

Develop methods for the electronic control of actuating solenoids to achieve 

good control of actuator dynamics. 

(iv) Research the mechanical and electrical design of solenoids for high-speed 

operation, low cost and long life. 
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(V) Research novel actuator designs for very high-speed electronically controlled 

operation. 

In the second half of the project, because of the change in the events (cessation of 

collaboration with Bentley Eng. Ltd), a more generic. work was persued under the two 

following main objectives: 

A study of methods of modelling the static and dynamic characteristics of 

high-speed electromagnetic moving-iron actuators using lumped-parameter 

(magnetic equivalent circuit) and field-solving (finite-element) techniques. 

A Survey of alternate high-speed electromagnetic actuator designs, and an 

investigation of their comparative performance and the criteria that limit this 

performance. 

The remainder of the thesis (Chapters 2 to 6) reflects this division of work between 

the study of the Bentley bistable permanent magnet actuator, and the associated 

development of instrumentation techniques, and the generic investigation of 

performance limitations and comparisons of high-speed moving-iron actuators. 

1.2 Thesis structure 

Chapter 2 reports on the experimental investigation carried out during the first half of 

the project. First, three instrumentation techniques [21 for the study of lever motion of 

the Bentley actuator, are briefly described. The techniques are based, respectively, on 

the use of a stroboscope 
Ia 

CCD camera-based system, and an optical probe. These 

instruments were digitally controlled using a microprocessor for data transmission 

and processing. An opto-sensor instrument, that is simple and very effective is 

constructed and used for most tests to measure actuator lever trajectory and operating 

time. A microprocessor-controlIed dual voltage drive strategy is also developed and 



3 

applied to the actuator system to improve speed of operation. Armature sticking, and 

the change in mechanical construction to eliminate it are also discussed. 

The lumped-parameter magnetic equivalent circuit and the finite-element field 

models, respectively, in Chapters 3 and 4 are -developed simultaneously to, 

respectively, achieve insight into the underlying design principle of the Bentley 

actuator, and to improve the accuracy of the simulation results. Chapter 4 reports on 

an elaborate account on tackling the 3D effects [3] (effects of width change between 

iron parts and transverse edge flux), and the effects of transient eddy currents in the 

iron parts on actuator performance, using the commercial 2D field-solving (finite- 

element) package PE2D [4]. 

In chapter 5, a dynamic lumped-parameter (magnetic equivalent circuit) model is 

developed. The latter has the ability to predict the dynamic actuator behaviour taking 

into account magnetic saturation, width change and transverse edge effects, fringing 

in the air gaps and dynamic coupling between the electrical, magnetic, and 

mechanical actuator system variables. Because the Bentley actuator has an unusual 

3D structure (due to width change) that includes a permanent magnet, highly 

saturated iron parts and large air gaps (causing substantial flux fringing and comer 

effects), detailed static field results obtained from the field model (Chapter 4) are 

incorporated into the dynamic lumped-parameter model [5]. The latter gives 

sufficiently accurate results that are in good aggreement with the measured data. 

In Chapter 6 the study is extended by surveying various moving-iron actuator 

designs, and analysing their relative performance. The author establishes, quantifies, 

and compares the relative merit figures for variable gap-length and variable gap-area 

devices (including the Bentley actuator), particularly when used to operate at high 

speeds. 



Chapter 2 

Experimental investig tion 

2.1 Application of MI actuators in modern industrial knitting 

machines 

The electromagnetic actuators are mainly employed in the circular knitting machines, 

used primarily for fabric and hose production. In these machines knitting is achieved 

by sliding needles in slots cut axially around the circumference of a needle cylinder 

(Fig. 2.1). Cams that rotate with respect to the cylinder act on butts on the needles. 

These butts project from the cylinder and are raised and lowered to perform the 

knitting action of the machine (Fig. 2.2). Patterning is achieved by allowing different 

cam arrangement to act on the needles, or on cam controlled elements known as 

push-jacks placed below the needles in their slots. Selection of the needle path may 

use different length of butts on needles, or the deflection or depression of additional 

needle butts. Many methods have been used for pattern selection. Mechanical 

techniques include peg cylinder or combs to interact with needle butts. In general, 

these methods limit the complexity of pattern that may be produced, and pattern 

change is laborious. The use of electromagnetic actuators under electronic control 

allows practically unlin-dted pattern complexity and very rapid pattern change. 

The main pattern selection method that has been studied involves the use of 

electromagnetic actuators for the selective depression of needle or push-jack butts. 

The actuator flips a lever to one of two positions either to contact or to miss a needle 

butt (Fig. 2.3 shows the sort of arrangement that might be used). The overall 

configuration of a single actuator is shown in Fig 2.4. In practice, actuators are 

stacked, typically into six-high arrangements (Fig. 2.5) and about 1000 actuator 
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stacks are used on large machines. Needle butts are staggered into chevrons for 

contact by the actuator stacks (Fig. 2.6). 

The reason that actuator stacks have to be used is that a single actuator cannot operate 

fast enough to interact with all the needles in a cylinder. The limitation in actuator 

speed also imposes an overall limit on machine speed, particularly on fine gauge 

machines, in which many, closely-spaced, needles are used. Higher actuator stacks 

may reduce this limitation, but space constraints limit the extent to which this may be 

used. Operating speed is a significant constraint on the introduction of electronically 

controlled machines. A second constraint is the high cost of the large number of 

actuators required. Improving the actuator speed will assist in both these respects. 

2.2 Actuator operation and d rive- electronics 

A substantial part of this research has been the study on the design of the Bentley 

actuator used on the RTC-E garment-size circular knitting machines. The actuator 

was manufactured by Bentley Engineering Limited to a design produced by Louis 

Newmark Ltd. Although full drawings of the design were available, much detail 

information concerning production techniques and design intent was not available, 

nor could it be obtained from Louis Newmark. As a consequence, a major part of this 

research involved characterisation of the design and its performance, and 
identification of the controls required to achieve satisfactory actuator operation. 

The Bentley actuator (Fig. 2.4) is an electromagnetic device that generates forces by 

controlling the magnetic energies stored in the two main air-gaps between the pole 

pieces. The device has two separately generated magnetic fluxes. The first is the 

polarising flux produced by the permanent magnet and channelled through the pole 

pieces to the air-gaps. The second flux is the control flux generated by the electric 

coil which surrounds the armature. When an input voltage pulse is applied to the coil, 
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the control flux interacts with the polarising flux at the air-gaps, thus creating a force 

on the armature. Reversing the polarity of the voltage pulse, reverses the direction of 

the control flux across the air-gaps, thus reversing the direction of the force on the 

armature. This is a bistable operation in which the armature is moved from one pole 

piece to the other, according to the polarity of the voltage pulse. Normal operation of 

the Bentley actuator requires an application of a square voltage pulse of 24 volt 

amplitude and 4 ms duration across the coil. Since this is a bistable operation positive 

and negative pulses are needed to drive the armature in both directions. The electrical 

drive circuit used normally by Bentley Eng. was modified to suit a 6809 

n-dcroprocessor-based control interface and variable input voltages (Fig. 2.7). The 

microprocessor system controls the duration of the pulses and the delay times 

between them. Details about the hardware and software control of the pulse widths 

are reported in Section 2.7. 'Me control pulses are sent through transistor stage 

amplifiers to instantaneously switch on the power MOSFET transistors and produce 

positive and negative voltage pulses to be applied to the actuator coil. The top stage 

amplifier produces an inverted pulse for negative polarity. The two zener diodes 

determine the voltage between the gate G and the source S necessary to switch on the 

MOSFETs. In addition to the control of pulse widths and delays, the microprocessor 

system can be used to investigate different pulse shapes, as reported in Section 2.7. 

2.3 Instrumental technigues for measuring actuator lever 

trajectory 

2.3.1 Available measuring techniQUel 

Initially, a number of measuring techniques were investigated to study the dynamic 

characteristics of actuators. A substantial part of the initial experimental work 

concentrated on the study of the displacement-time lever trajectories. A number of 

existing techniques were investigated which included the use of a B&K motion 
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analyser, high-speed video, miniature accelerometers and eddy-current measuring 

system for dynamic analysis. Early study indicated that a different approach would be 

more appropriate because of the foHowing reasons: 

'Me lever size of the Bentley actuator was not appropriate to eddy-current 

displacement devices, and did not merit the use of accelerometers. 

(ii) The B&K motion analyser did not have the desired characteristics. 

(iii) The video system available (NAC HSV-200) was specifically designed to 

record fast occurring events at 200 frames per second (fps) for playback at 

slower rates, and for inspection and analysis of individual frames. However, 

to study the lever motion in this way would have demanded equipment with a 

capability of at least 5000 fps. Useful recordings were nonetheless made by 

applying the principle used when fast occurring, repeated cycles are observed 

with a stroboscope, as reported in [6]. 

Owing to the small size of the actuator components, experimental work concentrated 

on optical measuring techniques and involved the use of an optical sensor, a fibre- 

optic probe, a stroboscope control system, and a charge-coupled-device (CCD) 

camera system. Interface and electronic control of these devices were developed. as 

reported in [2]. 

2.3.2 Fibre-optic probe 

The fibre-optic probe [2] is a fixed transmitter-receiver assembly in which light is 

transmitted and received along a flexible fibre-optic cable. Electronic control is used 

for adjusting the gain and sensitivity, as well as the light transmitter receiver. The 

probe was also linked to a transient data capture equipment and the displacement data 

together with the actuator applied voltage, on a personal computer. Mie instrument is 
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non-contacting and low cost and also, when used in other applications, it can monitor 

movement in mechanisms that are difficult to reach due to the flexibility of the fibre- 

optic cable. The problem encountered with this device is that its signal output is weak 

and needs a large amplification. An additional shortcoming is its high sensitivity to 

mechanical vibrations, maldng it difficult to use for measuring actuator lever 

trajectories. 

2.3.3 Stroboscope and CCD camera systems 

A stroboscope system [71 was used for the visualisation and recordings of repetitive, 

high-speed motion of actuators or any machinery. The flash rate of a stroboscope may 

be synchronised with motion frequencies from 15Hz to 10KHz with frequency or 

phase offset. Software and hardware were developed to control any standard 

stroboscope with an external trigger input. A signal synchronised to the actuator 

driving voltage is required by the control system as a reference signal. A delay, either 

user specified or time varying, is inserted between the start of the reference signal and 

the strobe pulse. The user specified delay allows the lever undergoing periodic 

motion to be "frozen" for visual inspection and measurement at any point in its cycle. 

The position of a target marked on the actuator lever was measured using a travelling 

microscope for a number of delay times, enabling the lever trajectory to be plotted. 

The time varying delay made it possible to view the lever in slow motion at a preset 

speed. 

The principal advantage of the stroboscope control system over all the other methods 
investigated in this study is the possibility of monitoring the actuator lever inside the 

main air gap (between the pole pieces). The technique was very useful in detecting 

that there was no observable bounces of the lever tail against the pole piece. The 

other features include linearity and absence of calibration. However, the technique is 

very slow and tedious because it relies on reading through the travelling microscope 
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which also leads to measurement errors. Full details of the hardware and listings of 

the computer software, may be found in [7]. 

A more versatile technique [71 involved the use of a CCD camera which can monitor 

the position of an edge of an opaque object over various displacements (typically 

greater than 0.5 mm) at a sampling frequency of up to 33 Khz. Output is digital, and 

the prototype has a spatial resolution of 1 part in 256. It is versatile, non-contact, 

displacement measurement system, with potential to measure a wide range of 

displacements, remotely or close to the camera. Although the instrument is non- 

intrusive, linear, capable of operating over a wide range of sampling frequencies and 

displacements, and needing no calibration, difficulties were encountered when used 

for the actuator experimental investigation. The reason for this is that the actual 

setting up of the apparatus is not straightforward. It is difficult to focus the object 

onto the camera lens and the CCD is very sensitive to the surrounding light level. 

This represents a shortcon-ting when a large number of repetitive experiments are 

required. The apparatus was used in the early stages of the project and was then 

abandoned because of the problems metioned above. 

2.4 Optical sensor-based instrument for measuring actuator lever 

trajectory and operating time 

A simple opto-switch instrument (Fig. 2.8) was developed and used to monitor the 

motion of the actuator lever. The output signal from the optical sensor may be 

displayed on an oscilloscope, and thus provides a quick and convenient way for 

investigating the effects of changing input voltages applied to the actuator, for 

example. 7lie optical sensor consists of a light emitting diode (LED) that transmits a 

light beam to a reflective surface which sends it back to a phototransistor to generate 

an electrical signal. 
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Because of the severe non-linearity of its transfer characteristic, the device must be 

used in the limited linear region which extends over about 1 millimetre. By 

positioning the optical component on the appropriate part of the lever where the 

actual movement is less than 1 mm, the instrument produces the displacement/time 

characteristic of the actuator. The optical sensor was calibrated using several 

reflective surfaces in an attempt to obtain maximum amplitude of the linear region. 

These surfaces comprised tin foil and white paper. 

libration of the ovical sensor. 

The calibration of the optical sensor was performed by carrying out various tests with 

respect to angular and linear displacements and to the types of reflective material 

used on the lever surface. To ensure that the calibration was performed as accurately 

as possible, the sensor was clamped onto a micrometer. Fig. 2.9 shows diagrams of 

the angular displacement and linear back-off calibration tests. Fig. 2.10 shows the 

results of the calibration for angular displacement for tin foil and white paper on the 

lever surface, respectively. The output signal obtained with the white paper surface 

varies little when displacing the sensor over an angular range of 180. In normal 

actuator operation, the lever angular displacement has an amplitude of 2.8 degrees 

that is inside the region (-1.50-+1.50) in Fig. 2.10. In this region, the signal is almost 

constant with respect to displacement. A better output was obtained with a foil 

surface, particularly between 00 and +4.50. Between -1.50 and 00 the signal is almost 

linear. Since the amplitude of angular displacement of lever in normal actuator 

operation was about 2.80, the optical sensor could be used in the range (-1.50 to 

+1.50) without causing major errors. In the second test the sensor was calibrated for 

linear back-off with tin foil on the lever surface (see Fig. 2.12). As the the sensor 

moves away from the lever (lever and sensor are in contact at zero nun), it starts 

responding at about 0.6 mm, after which the device enters a region of non-linearity of 
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about 0.5 mm. The linear region extends over a distance of I mm (from 1.1 to 2.1 

mm). For correct use of the optical sensor, the lever must be positioned at 1.1 nun 

away from the sensor and its displacement must not exceed 1 mm amplitude. 

After calibration, the optical sensor was mounted, as. shown diagrammatically in Fig. 

2.11, to measure the lever trajectory. To ensure that the output signal level was in the 

linear region, the sensor was positioned at the middle of the lever where the 

amplitude of the linear displacement is about 0.6 mm. Ile starting position of the 

lever was at 1.1 mm away from the sensor (inside the linear region). Fig. 2.13 shows 

the oscilloscope trace produced from the sensor output, and the coil current 

waveform, after switching the actuator on with a square voltage pulse as shown in 

Fig. 2.14. The lever displacement in Fig. 2.13 exceeds the expected travel of 0.6 mm 

due to the presence of oscillations caused by the mechanical contact of the armature 

with the pole piece which extend the travel to 0.7 mm, well inside the linear region 

(Fig. 2.12). To derive the linear displacement of the armature end (part between the 

pole pieces), the measured data were doubled. However, because the materials of the 

armature and the lever are different and have some elasticity, the point on the lever 

where the measurment is taken and that of the armature end between the pole pieces 

may behave mechanically differently causing errors to arrise in the measured data. 

The advantages of the optical sensor over the devices mentioned in the preceding 

sections are that it is simple, cheap, non-contacting, and not sensitive to mechanical 

vibrations. 7bese qualities make the optical sensor more attractive to use than the 

above devices for measuring the speed of response of the Bentley actuator. 

Measurement f the actuator oDeratine time- 

Because of the bending of the lever at the contact of the armature with the pole piece, 

and the subsequent result of oscillations on the trajectory, it is difficult to accurately 
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determine from the displacement curve when the armature hit the pole piece for the 

first time. The actual operating time is defined as shown in Fig. 2.15. To accurately 

detern-tine the operating time of the actuator, the optical sensor electronic circuit was 

developed further as shown in Fig. 2.16. The actuator is switched on from the power 

MOSFET drive circuit using the microprocessor which triggers a timer. The armature 

displacement produce the sensor output signal which is sent to the input of a 

comparator (operational amplifier) to produce a falling edge of a pulse when the low 

level on the sensor signal is reached. A transistor is also used to convert the op-amp 

output signal into a TrL compatible pulse which is sent to the input interrupt of the 

microprocessor to stop the timer, and the operating time is then displayed on the 

monitor. Since the n-dcroprocessor gives only hexadecimal numbers, software 

development was needed to convert the hexadecimal results in decimal form. A more 

detailed account on hardware and software control is given in Section 2.7. 

2.5 Measurement of magnetostatic force 

The awkward position of the armature in the actuator assembly also made the 

measurement of force difficult to perform. I'lle measurement was carried out using a 

load cell of a 'NENE' machine. Fig. 2.17 shows a simplified diagram of the 

measurement rig. An ultra light plastic block, for better contact with the load cell, 

was glued and positioned at the extremity of the lever, so that the distance between 

the pivot and the point of measurement is equal to that between the pivot and the 

main gap where the net static force is produced. The force was measured at various 

currents and positions. For changing the position, very thin papers (0.1 mm thick) 

were placed between the pole piece and the armature as shown in Fig. 2.17. After 

setting the current and position of armature, the 5N load cell was lowered so that it 

makes contact with the plastic block. The cell was then displaced very slowly 

downward until the armature was observed to move. I'lie net force value was then 
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read on the transducer display. Fig. 2.18 shows the measured data of the net force 

characteristic. The errors that may have emerged during measurement would have the 

following origins: 

(i) Ile lever and armature have different masses, so that the forces at both ends 

(on lever and armature) may not be the same. 

(ii) Existence of a frictional force on the pivot. 

2.6 Dynamic characteristics of the actuator 

Two of the main dynamic characteristics that are directly measurable are the lever 

displacement/time curve and the coil current waveform. They carry information on 

the dynamic behaviour of the actuator during its operation and are directly linked, 

respectively, to two important parameters that characterise any actuator, namely the 

electrical and mechanical time constants. 'Me Bentley actuator is normally operated 

by application of a standard voltage pulse of 24 V and 4 ms duration (see 

oscilloscope trace in Fig. 2.14). Notice the negative spike when the voltage is 

switched off. This is due to the return of energy to the source. In effect, when the 

voltage is chopped off, the flux decay results in induced emf that is in opposite 

direction to the supply voltage, and hence, this causes the presence of a negative 

surge. The actuator lever trajectory that was monitored with the optical sensor in 

response to the applied voltage is shown in Fig. 2.13. The displacement/time curve 

shows three stages in the operation of the device: 

(i) A delay period (or electrical delay time), during which the flux in the closed 

main gap is gradually reduced to the point when the'. net force changes 

direction, and becomes a pulling rather than a holding force. 
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(ii) A travel time (or mechanical delay) from pole to pole. This is due to the 

accelerating pull-off force produced in the closing gap. 

Oscillation of the selector lever after impact with the pole piece. It has to be 

pointed out that the oscillations occur only on the end lever due to its bending 

and that stroboscopic examination showed no observable bounce of the lever 

tail piece (or amature) on the pole piece. 

The displacement/time curve was used to study the effect of voltage increase and 

changes in the magnetic circuit on the delay and travel times. Fig. 2.13 shows the 

oscilloscope trace of the actuator current response. It is interesting to observe that the 

curve has two significant dips due to saturation effects. The first dip occurs at the 

start of motion showing a sudden rise in di/dt caused by a sudden decrease in the 

circuit inductance. If the armature were held into position the current would continue 

to rise until it reaches the steady-state value. Allowing armature motion produces the 

second dip at the end of the travel. Measurement of the travel time, using the opto- 

sensor instrument, shows that the second dip occurs, precisely, at the first impact of 

armature on the pole piece. The dynamic lumped-parameter model in Chapter 5 will 

show that the second dip is caused by further saturation in the armature. After the 

second dip, the current starts rising again until it reaches the steady-state value of 

V/R. One feature to note is the large di/dt on the current response (Fig. 2.13) just after 

the voltage was applied. This may be explained using the electrical circuit equation 

which reads: 

iR+N d(D/dt (2.1) 

where V is the applied voltage, i the current, R the coil resistance, N the number of 

turns and d(D/dt the coil flux time derivative. At the initial time (t--O), the current is 

equal to zero and d(D/dt takes a large value equal to V/N which results in a large di/dt. 
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Under normal operating conditions, the electrical time delay and the mechanical time 

delay (or travel time) are of the same order of magnitude (see Fig. 2.13). The actuator 

operating time could be substantially reduced by either reducing the electrical time 

constant (LX) or reducing the mechanical time constant (proportional to armature 

mass/total accelerating force) or both. The first strategy would require only 

modification of the electrical drive circuit and does not affect the actuator design, 

and, hence, it is the first choice in an attempt to reduce the actuator response time 

(Section 2.7). The second strategy would require significant design changes of the 

magnetic circuit such as the shape of the pole pieces, the an-nature and the size of the 

air gaps. Ilis would need substantial calculation to predict actuator performance (see 

Chapters 3 to 5). 

2.7 Dual voltage strategy to increase actuator speed 

A dual voltage strategy was employed to reduce the actuator operating time. Mle 

technique consists of applying a square dual voltage as illustrated in Fig. 2.19. The 

effect of the short pulse (Vl, tl) is to force the flux up and drives the current up as 

quickly as possible. In effect, by applying as high a voltage as possible, maximum 

diffit (and hence maximum d(D/dt) can be achieved to reduce the flux in one of the 

main air gaps to zero as quickly as possible, and obtain maximum acceleration force 

as early as possible during operation time. The second pulse (V2, t2) provides enough 

voltage for iR, since d(D/dt is zero, and the latch on then holds the armature. The 

voltages Vl and V2 were set using variable power supplies, whilst the times tI and t2 

were controlled by a 6809 microprocessor-based system. 

System hardware: 

To implement the dual voltage strategy, a microprocessor-controlled drive system 

was developed. The overall system hardware is shown in diagrammatic form in Fig. 
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2.20. Fig. 2.21 shows a simplified block diagram of the n-dcroprocessor (MC6809) 

board. The latter has a CPU (Central Processor unit) that communicates with its 

peripherals via a 8-bit data bus and a 16-bit address bus at clock cycles of I Vsecs. 

The timer uses a 4MHz clock as its time base for counting. The timer (MC6840) was 

used to generate the interrupt request signal (IRQ) and operates as a monostable. The 

asynchronous communications interface adapter (ACIA MC6850) provides the 

control and formatting of data transn-dssion and reception between the CPU and the 

keyboard/monitor unit. The software program described in the next sub-section was 

stored in a4 Kbyte ROM (MC2716). The system also uses a8 Kbytes RAM 

(MC6264) for temporary data storage. Both ROM and RAM have an access time of 

150 nsecs. 

The dual voltage drive circuit (Fig. 2.22) was realised by linking two single-drive 

circuits in parallel. In one of the circuits, the MOSFETS are switched on to high 

(positive and negative) voltages (Vl), and in the other, they are switched on to low 

voltages (V2). To switch on the MOSFETs in each single circuit, pulses of durations 

tj and t2 are sent from the microprocessor at predetermined times controlled by 

software. Let's consider the upper single-drive circuit. Pulse A(tl) is sent to MPSA42 

(NPN) transistor whose collector provides sufficient current to open the gate G of the 

MOSFET IRF621 which, instantaneously switches on to the positive voltage +VI. 

The MOSFET output D (drain) produces the high positive voltage pulse. Mie signal 

B(tl) sent through transistors BC337 and MPSA92 opens the MOSFET IRF9631 

which produces the high negative voltage pulse. The signal C(t2) and D(t2) switch on 

the MOSFETs in the lower drive circuit to generate the low (positive and negative) 

voltage pulses. 
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System software: 

An Assembly language program was written and fed into the microprocessor to 

generate the 4 pulses A(tl), B(tl), Qt2), and D(t2) with controllable widths at chosen 

instants of time, and to determine the actuator operating time at the reception of an 

interrupt signal sent from the opto-sensor instrument (Section 2.4). Full listing of the 

Assembly language program is given in Appendix A. The program flowchart is 

shown in simplified block diagram in Fig. 2.23. The latter helps to explain and 

understand clearly how the assembly language program listed in Appendix A works. 

Before the main program starts, each memory location (address) that will be used for 

data storage and retrieval must be reset and identified with variable names supplied 

by the user. These addresses are of the form I lXXh, 12XXh, andXXh (see Appendix 

A). Special addresses for use of the timers, the universal transn-dtter receiver (urt), the 

interrupt, and the escape key must be enabled and initialised. The main program starts 

at subroutine STARTI. which, at a hit of a key on the keyboard, will identify, via the 

subroutine KEY the ASCII characters that have been typed. The entered characters 

will be stored temporarily at addresses 'xloc' in CONV 1 subroutine. When the return 

key (CR) is hit, all entered characters will be converted from ASCII to hexadecimal 

numbers through the subroutine CONVD. The pulses A(tl), B(tl), C(t2), and D(t2) 

were generated using the subroutine WAVEI which uses the loop DELAY to set the 

durations of ti, t2, and of the rest time tr (delay time between pulses), with the ASCII 

numbers entered. The program was made user friendly by displaying instruction-like 

messages which appear in the last part of the program listing. 

Constant eneMy_sfrakgj and test results: 

The voltages VI and V2 set on the variable supplies and the times t, and t2 to be 

supplied to the microprocessor system, were determined using a constant energy 

strategy. These parameters were detenrnined so that the maximum electric input 



18 

energy is the same as for the single standard voltage pulse (V3=24V, t3=4ms). Ile 

following condition was then set: 

El + E2 = E3 (2.2) 

where El, E2, and E3 are maximum energies during the times tj, t2, and t3, 

respectively. Transformation of equ. 2.2 yields: 

R112tl +R122t2=R13 2 t3 (2.3a) 

and, results in: 

V12 t, + V22 t2 ý V3 2 t3 (2.3b) 

The combinations of VI, tI, V2, and t2 that verify equ. 2.3b and the following 

condition 

tl + t2 ` t3 (2.4) 

are unlimited. Various combinations Of Vl, tl, V2, and t2 were computed using a 

simple algorithm to solve equs. 2.3 and 2.4. V, was allowed to change between 70 

and 120 V (maximum voltage supply available) with increment of 10. For each value 

of VI, tj was allowed to vary from 0.1 to 0.5 ms by increments of 0.1 ms. A set of 

tables giving 5 values of tl, t2 and V2 for each value of Vl were obtained, and tested 

to drive the actuator. VI and V2 were set from the variable power supplies and t1 and 

t2 were entered using the keyboard and the monitor attached to the n-ficroprocessor 

board. Table 2.1 shows the results of the tests. For each value of V I, only one set of 

values Of tl, V2, and t2 that produced minimum operating time is given. 
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Table 2,1 Results of dual voltage 

VI(volts) tl(MS) V2(volts) tims) Oper. Time(ms) 

24 4 0 0 3 

70 0.1 23.4 3.9 2.8 

80 0.1 19.6 3.9 2.5 

90 0.24 9.6 3.76 2.2 

100 0.2 9.5 3.8 2.2 

120 0.1 9.3 3.9 2.2 

As can be observed in Table 2.1, the lowest operating time of 2.2 ms was achieved 

for V, values between 90 and 120 volts. Fig. 2.25 shows the oscilloscope trace of a 

dual-voltage pulse of 90 V/0.24 ms and 9.6 V/3.76 ms that was applied to the Bentley 

actuator. The corresponding displacement/time and coil current responses are 

illustrated in Fig. 2.26. As can be observed the effect of the dual voltage was to 

reduce the delay time by 50 % and the overall time by 27 %. This is accounted for by 

the increase in the rate-of-change diffit. However, the subsequent travel time 

remained unchanged because the attractive force is limited by the saturation in the 

armature. It was also observed that provided the armature has started to move, the 

voltage pulse can be chopped off and the actuator still operates correctly (Fig. 2.27) 

with slightly longer operation time which suggests that during the travel time the 

energy is provided by the permanent magnet only and this could lead to significant 

energy savings. The improvement in actuator speed has been realised at the expense 

of electronics cost since twice as many components were used as compared to a 

single-voltage drive. Thus, the proper shaping of the pulse is an effective way of 

reducing the response time of the actuator. This technique can improve the 

performance of any high-speed actuator, provided that its ratio electrical time 

constant/mechanical time constant is not small. The work on modification to the drive 

strategy was not pursued further because Bentley were unwilling to consider the use 
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of drive voltages above 56 volts, or modifications to the hybrid electrical drive circuit 

used by the company. 

2.8 Changes in mechanical construction 

One of the problems that was given attention by Bentley Engineering Ltd and the 

Bristol University research team was that the actuator had a tendency to stick (and 

thus mis-select stitches, or even damage the machine) after a period of inactivity. In 

addition actuator sticking made the existing design very expensive, with much of the 

cost arising in machining, and plating of the soft iron parts. At least 11 stages were 

involved in the manufacture of a pole piece, and these include carburising, induction 

hardening and chromium plating of the end of the component. The problem or risk of 

sticking caused Bentley Engineering Ltd to adopt an electrical drive strategy for the 

actuators such that a voltage pulse was applied to an actuator even if it was already in 

the correct position. By pulsing the actuators every time, the risk of sticking was 

reduced significantly, and this meant that the actuators had a much higher electrical 

duty than the average pattern demands, which limited the DC voltage that could be 

applied, and thus the speed of operation. 

In the past, it was believed that sticking was caused by a mixture of knitting oil and 

lint gumming up the actuator lever and pole pieces, and that this was compounded by 

low drive voltages, and low ambient temperatures, in some installations. To 

investigate this, a number of 'used' actuators were tested. These were driven with 

square voltage pulses of between 16 and 25 volts, and with varying degrees of 

knitting oil ingress, and the actuator response measured. The overall finding was that 

actuator operation time was not significantly affected by temperature (actuator 

temperature in the range 0-20C), or by bearing clearance on wom actuators. Oil 

ingress had the effect of increasing operation time, but did not lead to sticking at the 

voltages tested. 
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In the reference documentation [8] on Remko soft iron it is suggested that, to achieve 

satisfactory magnetic properties, the iron had to undergo an annealing treatment. If 

this were not carried out, there was a risk of high remanent flux leading to solenoid 

sticking which was not observed during the experimental investigation. Bentley Eng. 

Ltd did not carry out this anneal phase, because of their requirement to case-harden 

the actuator components to withstand the mechanical impacts for a 100 million 

operation life and then plate them to reduce residual flux and minimise the risk of 

sticking. 

The main work in this area involved collaboration with Bentley Eng. Ltd on the 

design of an experimental actuator (Fig. 2.28) with polymer stops to control air-gap 

thickness and to provide a 'seat' against which the actuator lever tail piece would 

impact. With these stops it would not be necessary to harden or plate the pole piece or 
lever, which could be blanked from stock material, and these components could also 

be annealed to achieve optimum magnetic properties. The prototype actuator 

performed satisfactorily on test machines since no sticking was observed. The 

polymer used in trials is Nylatron, a molybdenum disulphide filled nylon. Alternate 

materials were also investigated. It was noted that the durability of the material under 

repeated impacts may be crucial to the reliability of the actuators. Unfortunately, 

progress with the development of the experimental actuator was interrupted by the 

sale of the Bentley Engineering company. 
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Chapter 3 

Static lumped-parameter magnetic circuit analysis 

3.1 Objectives 

The present chapter will focus more on understanding of the working principle of the 

Bentley actuator than on achieving accuracy of the magnetic modelling which will be 

the subject of the next chapter. Important information on how the device works can 

be obtained by studying the magnetic circuit under static conditions, using a lumped- 

parameter approach which will be described in the next sections. However, this is 

only an initial analysis which is based on the major assumption that the magnetic 

fields are essentially static, that is, no induced currents flow in any part of the device. 

The effects of eddy currents in the conductive iron parts will be investigated in Chap. 

4. Although the device looks simple in its overall structure, its mathematical 

modelling is relatively difficult because of the various complex features which will be 

exan-dned in this section. Another aspect of this chapter is to discuss how these 

complexities are tackled by the applied prediction technique. 

Fig. 3.1a shows a 3-dimensional diagram of the actuator. For the sake of clarity only 

magnetic parts are shown (for device operation see Chap. 2). I'he actuator is 

characterised by long air gaps and, for mechanical reasons, the cross-section of the 

moving armature is much smaller than those of the other parts. The actuator is also 

characterised by the armature protrusion inside the main air gap beyond the pole tips 

which results in two air gaps of complex structure. The main flux path seems to be 

confined to the longitudinal (x, y) plane as shown in Fig. 3.1b. However, the 

transverse (y, z) cross-sections in Figs. 3.1c, Ild show a considerable change in width 



37 

between the different iron parts which suggests that some flux paths will lie mainly in 

transverse planes. 

The actuator presents a complex three-mesh magnetic circuit as shown in Fig. 3.2. It 

operates by interaction of flux (Dm with (Dj and 02. The role of the cou is to switch 

the flux from gap Ga to gap Gb (or vice versa) in order to create the accelerating 

force that drives the armature from one pole piece to the other. The aim of this study 

is to understand how the three-mesh circuit works using a simple lumped-parameter 

approach. In addition, the determination of how the fluxes vary with current will give 

a quantitative assessment of the circuit inductance which is related to the electrical 

time constant, one of the key parameters in the design of high-speed actuators. 

One of the characteristic features is the uneven shapes of the main air gaps Ga and Gb 

between the pole pieces and the armature as illustrated in Fig. 3.3 which shows the 

latter at the starting position against the top pole piece. Note that the armature 

protrudes beyond the pole tips which is a characteristic feature of the actuator. The 

small initial air gap between the pole and the armature is the thickness of the plating. 

The hold-on force Fga prevents the armature from moving, whereas, the pull-off 

force Fgb drives the armature from pole to pole and determines the armature 

acceleration. Another aspect of the problem is the effect that the fringing flux (Fig. 

3.3) may have on the initial pull-off force. This effect does vary with armature 

position. All these aspects will be considered in the development of the magnetic 

circuit model. 

The pole pieces and armature undergo heavy saturation due to their small cross- 

sections, so that this will have an effect on the pull-off force and the speed of 

response of the actuator. The pole pieces and armature are made of Swedish Remko 

B, a non retentive soft iron of high permeability, low remanent flux density and 

maximum flux density B. of about 2 T. Since Remko B does not have major 
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hysteresis loops, for practical purposes its B/H characteristic can be modelled using a 

single-valued approximation curve. 

The actuator includes Alnico 9 pen-nanent magnet which operates on minor and major 

hysteresis loops. A full description of the hysteretic characteristics of the magnet 

material, including both the major and minor loops is not presently realistic because it 

requires knowledge of the past history of the magnet. However, since the permanent 

magnet operates over a limited range, it is sufficient to model it using a linearised 

approximation curve as described in Section 3.6. 

Because of the existence of a pivot at one end of the armature (Fig. 3.1), the motion 

produced is rotary although it is a variable gap length device working by attraction 

force principle (devices working under this principle are often called linear actuators). 

Most rotary actuators work under a different mode of operation principle based on 

varying the gap area (see Chap. 6). For the purpose of the electromagnetic analysis, 

and because of a small angular displacement (about 30 maximum), the armature 

displacement was assumed linear. 

One other important feature in the actuator is the simultaneous change of current and 

armature position during operation. This variation occurs in a manner that can only be 

detern-dried by a time-stepping method which requires the coupling of electrical, 

magnetic, and mechanical actuator system variables (see Chap. 5). 

3.2 Magnetic circuit lumping and other considerations 

The actuator geometry was subdivided into rectangular iron and air blocks (Fig. 3.4) 

whose length li and thickness ti were estimated from early finite-element analysis of 

the actuator flux distribution. Fig. 3.5 shows the lumped magnetic equivalent circuit 

model in which the magnetic saturation in the iron parts is taken into account (see 

Section 3.4). The iron components are represented by non-linear reluctance elements 
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(r), whereas the air gaps are represented by linear reluctances (R). The magnetic 

sources are, respectively, a coil source (NI) where N is the number of turns, and a 

permanent magnet mmf source. Due to the relative transverse dimensions (width 

change) and the comer effects, finite-element results were necessary to accurately 

determine the reluctances of the air gaps. 

The displacement of the armature is angular and bidirectional, so that the static 

behaviour in both directions is the same when reversing the current. Therefore, the 

study of the effect of displacement (represented by the variable y) in one direction 

only is needed. Since the distance between the pivot and the contact point 

an-nature/pole piece is very large compared with the gap dimension 19 (see Fig. 3.4), 

the motion in the main gap is assumed to be linear for magnetic analysis purposes. 

3.3 Calculation of air gap reluctance 

The effects of width change between the iron components (Fig. 3.1) and the sharp 

edges of their comers, particularly those of the poles in the main air gap region (Fig. 

3.3) make the reluctances of the air gap geometries difficult to detem-dne. Solutions 

for specific air gap geometries such as those given by Roters 19] do not fit the 

actuator configuration under study, and thus cannot be applied here. Because early 

performance analysis of the actuator was carried out using the commercial (finite- 

element) field-solving package PE2D [4] and at the same time the lumped-parameter 

model was being developed, the author used the finite element results to calculate the 

air gap reluctances since these are difficult to accurately deten-nine by any classical 

method due to the 3D effects. Development of a PE21) model and detailed analysis of 
the field distribution is reported in Chapter 4. Because the use of a 3D field-solving 

package such as TOSCA [10] was cumbersome and time consuming, the 3D effects 

were dealt with by performing 2D field calculations in longitudinal and transverse 

planes as discussed in Chapter 4. Due to symmetry, reluctance calculations for air 
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gaps Ga, Gl, and G2 only were needed. Detailed account of how these reluctances 

were calculated is reported in Chapter 5 (for the simplified dynamic model) and only 

the results are given here. The total reluctance of any air gap at any specified current 

in the coil and position of armature is the ratio of the gap mmf il 9 (as defined in 

Chapter 5) to the total air gap flux Oi 

Rga = flga / 4bga (3.1) 

Figs. 5.6 in Chapter 5 show linear flgalOga curves for the main air gap Ga. 7be 

effect of armature displacement on the main air gap reluctance is as shown in Fig. 

3.6. In the lumped model, this curve was simply fitted with a two-segment piecewise 

linearised curve. Ile reluctance of gap G2 (Fig. 5.7) was little affected by armature 

displacement since the latter is small compared to the gap length. A reluctance 

change of less than 10 % was observed for gap G2, and thus for the purpose of this 

analysis, its reluctance was assumed constant. The reluctance of G 1, however, 

remains constant since there is no geometric change in its vicinity. 

3.4 Non linear elements 

The elements rsl, rs2, rpl, rp2, and ra in the 3-mesh circuit of Fig. 3.5 are non-linear 

variable reluctances that characterise the behaviour of the shelves, pole pieces, and 

armature, respectively. Each element ri was evaluated as 

ri = li / pq Ai (3.2) 

where li, gi, and Ai are the mean path length, the permeability, and the cross- 

sectional area of the corresponding iron part. Ile permeability Vi is the value of B/H 

at the relevant operating point on the Remko BH curve. The common approach is to 

search for the value of the absolute permeability 

gi(abs) =B/H (3.3) 
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during an iteration process. This requires an analytical function that can approximate 

the B/H curve which is difficult to obtain. As B varies between 0 and the saturation 

limit, gi(abs) may vary continuously over a wide range which slows down the 

convergence of the iteration process. The technique used here is simple and easy to 

implement. It consists of modelling the Remko BH curve using a piecewise linearised 

approximation as shown in Fig. 3.7. The approximate BH curve is made up of 8 

segments whose linear analytical expressions are known. The following expressions 

are those of 3 segments selected from Fig. 3.7: 

B<Bl H= (1/gl) B (g, is the initial permeability) 

Bl <B< B2 H= (1/g2) B+ b2 

B> Bs (BS=2T) H= (1/gs) B+ bs (gs=go is the penneability at 

saturation) 

where I/gi is the constant reluctivity for the corresponding linear segment and is 

equal to AB/AH. It was assumed that for B> 2T, the slope of the BH curve becomes 

equal to go. 

3.5 Modelling of permanent magnet 

The Alnico 9 permanent magnet is one part of the actuator structure that is under 
influence of changing magnetic fields and geometry (armature displacement). It 

operates on recoil lines within the major hysteresis loop and it is necessary to 

determine the actual operating recoil line in order to model it. The actuator magnet 

can be represented either as a flux source in parallel with a reluctance or an mmf 

source in series with a reluctance [11]. Ile former representation of equivalent circuit 
is preferable only for magnets that appoach the ideal behaviour of constant flux and 

very high equivalent reluctance. Since this is not the case here, the magnet was 
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modelled using the equivalent mmf representation. Fig. 3.9 shows the relation 

between the magnetic flux Om and the mmf Fm of the block of the magnet material. 

This curve was obtained by rescaling the demagnetisation portion of the BH curve of 

Fig 3.8. If the magnitude of the mmf applied in the negative direction does not exceed 

Fa, the magnet operates along the locus a-b. This locus may be closely approximated 

by a straight line of slope 11RO denoted by the expression 

FM =- Fo + Ro (DM (3.4) 

This equation describes the equivalent magnetic circuit of Fig. 3.10. The part of the 

system external to the magnet is simply the equivalent reluctance seen by the magnet. 

The magnet is represented as a source of mmf Fo in series with a reluctance Ro* The 

latter is defined as 

Ro=gmlm/Am (3.5) 

where gm is the actual slope of the recoil line in Fig. 3.9, and Im and Am are, 

respectively, the length and the cross-sectional area of the block of permanent 

magnet. Once Req is known, the operating point can be determined by finding the 

coordinates of the intersection point c of the two straight lines as shown in Fig. 3.9. 

3.6 Manetic force calculation 

As shown in Fig. 3.4 two magnetic forces Fga and Fgb act simultaneously on the 

annature. These forces, referred to as the holding force and the pulling force, 

respectively, were calculated from an energy-balance analysis [121. Generally, a 

magnetic force F9 in a single mesh magnetic circuit can be expressed as 

(3-6) ýWOA=constant 
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where Wi =f Ri 4D d(D is the energy stored in each circuit element. Since only 

variable air gaps contribute to the summation of equ. 3.6 the force expression 

becomes 

F9=- D* Ri 0 d(D = -0.5 (D2 DR g(ay (3.7) 

In the case of the actuator under study, the magnetic forces acting on the armature are 

expressed as follows: 

Fga 0.5 (Dga 2 aR ga/ay (3.8a) 

Fgb 0.5 'I'gb2 aRgb(aY (3.8b) 

where (Dga---4DI-(Dm, and 4)gb=(D24-(Dm are the fluxes in the main air gaps Ga and 

Gb, respectively, and the net magnetic force is simply 

Fnet= Fgb - Fga (3.9) 

The gap reluctances Rga and Rgb were modelled using a 2-segment piecewise 

linearised curve (Fig. 3.6). Their derivatives with respect to displacement y take only 

two different values depending in which half of the travel the annature is. The net 

force can be expressed 

Fnet = Kgb 4gb 2- Kga (D ga 
2 

where Kga and Kgb depend on y. 

3.7 Model eguations and solution technique 

The corresponding system of equations describing the magnetic equivalent circuit 

model is given below. 
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Rgl+Rg2+Rga+rpl+ra ra Rga-rpl 01 Fc 

ra Rg3+Rg4+Rgb+rp2+ra Rgb+rp2 X (D2 Fc 

-Rga-rpl Rgb+rp2 Rga+Rgb+rpl+rp2 Om Fm 
Li 

(3.11) 

Analytic solution of this system is not possible because of the nonlinear nature of 

many of the magnetic-circuit elements, and so an iterative numerical solution 

technique was employed [13]. The technique is illustrated by the program flowchart 

shown in Fig. 3.11. Initially, the armature is assumed to be positioned against the top 

pole piece and the three fluxes 01, (D2, and Om were assumed to have initial values 

to find trial flux densities in each iron parts. The above equation system was solved 

for 01,02, and Om for a range of armature positions and currents in the coil. Ile 

current was allowed to vary from zero to V/R (V is the applied voltage, R the coil 

resistance) at small constant Bi steps. Tle value of 8i was chosen sufficiently small to 

avoid oscillations during the iteration process. Some other precautions were taken to 

ensure the convergence of the iteration process. Trouble arises from the severe 

nonlinearity of the magnetisation curve of Remko B soft iron. This is because 

relatively small differences in the flux density between successive iterations caused 

large differences in the permeability and hence in the coefficients of equ. 3.11 which 

gave rise to oscillations and divergence. This was corrected by keeping the changes in 

the coefficients below a certain limit using an acceleration (or undeffelaxation) factor 

less than unity. The 3-mesh flux calculation and force computation were perfortned 

using a Fortran program developed by the author and run on IRIX (Unix System) 

mainframe. The lumped-parameter model took only 25 seconds to solve for one static 

position of armature which is very rapid compared to the field solution running time 
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of 4 hours. These running times are not meaningful since two different machines 

were used, but they do show the difference between the 2 models in terms of size. 

3.8 Static performance results 

To be able to understand how the 3-mesh circuit works, the flux and force 

characteristics, with respect to current in the coil and displacement of the armature, 

were plotted (Fig. 3.12-3.19). For the sake of simplicity and clarification of the 

performance analysis, three positions of armature were given for each graph. The 

most interesting cases to examine are the variations of flux and force, with respect to 

current, at the starting position, since at this position, the initial pull-off force is 

developed to produce the initial acceleration of the armature. 

The main parameters to examine are the main gap fluxes 4)ga 0--onf(N), (Dgb 

(----(Dm+(D2), the hold-on force Fga, and the pull-off force Fgb acting on the armature. 

A clear understanding of the actuator magnetic design was obtained by plotting Oga 

and Fga Pgb and Fgb) together. Fig. 3.16 shows that at zero current (actuator excited 

by permanent magnet only), Fga falls sharply when the armature is displaced from 

starting to middle position, particularly at zero current. When increasing the current 

(Dga (Fig. 3.15) at starting position decreases at a higher rate-of-change d(Dgddi than 

in the middle and final positions, due to the large decrease of Om (see Fig. 3.14). 

This results, as shown in Fig. 3.16, in a large rate-of-change dFga/di. Notice in Fig. 

3.16 that Fga starts increasing again after reaching the zero level at high currents 

because (Dga reverses. 'Mis is a negative effect since it will reduce the net pulling 

force. As shown in Figs. 17-18, the flux (Dgb and particularly, Fgb remain at a much 

lower level at starting and middle positions. Fgb increases substantially only at the 

final position when most of the armature travel has been completed. Fig. 3.19 shows 

the resulting net magnetic force Fnet which is mainly don-driated by the change of Fga 

at the starting position, whereas at the final position, the dominating force is Fgb 
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which seems to be affected by moderate saturation as shown in Fig. 3.17. The Fý ne I 

curve, at starting position, also shows that when the mmf reaches the value of 330 At 

the forces Fga and Fgb become equal, point at which the armature is pulled away 

under the action Fgb. The smaller is this value, the smaller is the required mrnf to 

drive the actuator. Fig. 3.19 also shows reasonably good agreement between 

theoretical and experimental results, particularly at low current levels at the three 

positions. However at high currents (Ni>-600 At), particularly at the final position, the 

results diverge. Illese discrepancies originate principally from the simple 

approximation of the BH curve which does not follow exactly the manufacturer's BH 

characteristic, especially in the saturated region. 

3.9 Design analysis 

The above results show that the Bentley actuator design is based on the requirement 

that the hold-on force must be sufficiently high (much higher than the pull-off force) 

to secure the latch before switching on the device. This explains the existence of the 

protrusion of armature inside the main air gap. In effect, as shown in Fig. 3.3, the 

extended part of armature (at starting position) does not affect the hold-on force since 

most of the flux passes through the short gap and only a negligible amount crosses the 

parallel gap (the 2 gaps form Ga). However, the protrusion weakens the flux density 

in the lower main gap (Gb) because the flux crosses a wider gap (Gb), and hence 

giving a much lower force than in Ga as shown in Fig. 3.18. Therefore, a large net 

latch force is achieved by merely extending the armature. However, this results in an 

increase in mechanical inertia due to the extra mass, and hence reduce armature 

acceleration. To counter this negative effect, the pulling force must be increased. It is 

suggested this may be achieved by using magnetic shunts across the secondary air 

gaps G2 and G4- 
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One of the questions that remain to be answered at this stage is: why was the actuator 

designed with large secondary air gaps particularly G2 and G4? In effect, these 

absorb much of the applied mmf in the coil. The lumped-parameter model was used 

to investigate the effects of magnetic shunts across G2 and G4 (see Fig. 4.16). Figs. 

3.20-3.21 show their effects on the hold-on force, the pull-off force and the net force, 

at starting position. There is a substantial improvement in the force characteristics. 

The comparison with the original design shows an increase in the hold-on force, at 

zero current (before switching the device), by almost 40 %. Fga decreases more 

sharply with current and displacement. However, at high currents, Fga starts rising to 

almost half its maximum value, which may represent a drawback in the actuator 

perfon-nance. However, the inclusion of shunts has two contrasting implications: the 

circuit mesh reluctances have decreased, which has resulted in increase in circuit 

inductance L, and hence, increase in the electrical time constant L/R. This represents 

a disadvantage for a high-speed device. Hence, it explains the existence of large air 

gaps and a large coil to supply the large input nunf needed. On the other hand, the 

positive result of increase in force shown by Fig. 3.20-21, will produce a higher 

acceleration of the moving mass, and hence a smaller mechanical time constant. The 

effects of shunts on actuator dynamic response is quantified using the simplified 

dynamic model developed in Chapter 5. 

3.10 Conclusions 

The lumped-parameter model has predicted the performance of the actuator with a 

reasonable degree of accuracy (less than 20 % maximum error in predicting the net 
force). It has given an insight into the working principle of the device. Ile model has 

shown that the basic requirement in the actuator design is that the hold-on force Fga 

must be as high as possible to secure the latch and meet the load requirement, and 

must be reduced to a zero level at maximum rate-of-changes dFgddi and dFgddy. 
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The model has also shown that this is achieved at the expense of a much lower pull- 

off force Fgb that increases substantially only at the end of the armature travel. 

Because of the important levels of saturation in the actuator and the subsequent 

effects of the shunts in increasing these levels, there was a need for a more refined 

prediction using a field-solving package such as PE2D. The latter was also used to 

check the validity of the lumped-parameter model. 
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Chal2ter 4 

Magnetic field analysis 

4.1 Objectives 

Because of the high saturation levels in the iron parts, particularly in the armature, the 

large air gaps (inherently three-dimensional) and the varying flux distribution caused 

by current change which results in eddy currents in the conductive parts, it is 

necessary to investigate more closely the actuator magnetic circuit using more 

accurate methods of solution than that used in Chapter 3. In effect, the static lumped- 

pararneter model did not predict fluxes and forces, at high currents, with sufficient 

accuracy, due to the use of a simple approximation to model the iron BH curve. A 

field analysis is carried out to deal with the highly nonlinear permeability of the iron 

parts, and to estimate the effects of transient eddy currents whose intensity varies 

with space and time, and depends on several other factors such as the shape of the 

magnetic circuit, the electrical conductivity and the magnetic permeability. These 

problems were treated using a commercial 2D field-solving (finite-element) package 

[3]. Ilie actuator problem is, however, three-dimensional and of dynamic nature, 

which requires cumbersome and time-consuning solutions because of the large 

amount of computation involved. 

In the absence of a field-solving package that can deal with 3D dynamic problems 

with eddy currents and mechanical motion, as is the case here, the commercially 

available 2D finite-element package PE21) [3] was used. The latter has the ability to 

deal with static and transient nonlinear magnetic fields including eddy currents, but 

limited to problems not involving motion. The full dynamic modelling of the actuator 

taking account of the mechanical motion is the subject of the next chapter. PE2D was 



61 

used in a manner that accounts for the width change of the actuator components and 

the edge effects by solving for the magnetic vector potential and scalar potential in 

longitudinal and transverse directions, respectively. This technique referred as 'quasi- 

3D' analysis combines the 2D vector potential (A) solution in the longitudinal plane 

with the scalar potential (Q) solutions in the transverse planes, so that only one 

component of A is needed instead of three in a 3D problem. This technique which has 

required less computation and cpu time than a full 3D analysis gave sufficiently 

accurate results. 

The major part of this analysis involves investigation of the magnetostatic fields and 

the magnetic forces for a series of current levels and armature positions with the 

assumption that eddy currents do not exist in the iron parts. The static field results 

were obtained with a minimum of computation time. The magnetostatic field analysis 

allowed the study of the influence of changes of various magnetic and geometric 

parameters that affect the actuator static performance. In the last part (Section 4.9) of 

the analysis transient fields in the actuator were investigated to assess the effects of 

eddy currents on actuator performance, particularly the effect on the net magnetic 

force. This involved the computation of time-varying potentials using the PE2D 

transient program. 

4.2 Initial analysis using a 3D rield-solving package 

As was shown in Fig. Ma (Chapter 3), the actuator under study has, inherently, 3D 

geometric features. The change in width of the different iron parts makes the 

magnetic field problem essentially 3-dimensional, hence the use of a 3D field-solving 

(finite-element) package such as TOSCA [10] may be appropriate. The latter was 

used at the initial stage of this project and run on the Prime computer. The package 

was found to be cumbersome in the pre- and post-processing of data, and 

computation time were relatively long. In addition, the maximum number of nodes 
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allowed could not exceed 6,000 which was not sufficient to describe the model 

geometry in moderate detail. A simple TOSCA model for the actuator was 

constructed with about 6,000 nodes and required 20 hours of cpu times on the Prime 

machine. The lin-dtation in the number of nodes (or mesh density) achievable and the 

long computation times made the 3D solution less practical than its 2D couterparts, 

particularly for this actuator configuration which requires a high mesh density to deal 

with the important levels of saturation and also a series of magnetic field solutions for 

each level of current in the coil and each position of the armature. In addition, 

TOSCA is purely a 3D static solver and cannot be used to carry out eddy-current 

calculations necessary for the actuator transient problem. Another aspect of the 3D 

computation is the difficulty in visualising and interpreting 3D fields. All these 

considerations created strong incentives to use 2D approximations. 

4.3 Quasi-3D magnetostatic anaLuill 

As pointed out in Chapter 3 the main flux path around the various parts of the 

actuator is assumed to be confined to the longitudinal (x, y) plane (Fig. 4.1). However, 

straigthforward 2D analysis using the longitudinal cross-section as the field problem 

region would not give correct results because the iron components do not have the 

same depth (into the page) along the z-axis. The change in width from one iron part 

to another is significant (60 % to 160 %) and must be taken into account as is shown 

by the transverse (y, z) cross-sections in Figs. 4.2ab, c. The flux density in these parts 

can be corrected for by way of adjustment of the iron permeability giý This aspect of 

the problem will be examined in great detail in the next section. Although the 

correction for the width change, which is the major compensation, produced 

sufficient results for the purpose of the analysis, the effects of the transverse fluxes 

that must exist near the edges of the air gaps, were also investigated. These fluxes are 
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most important in the largest air gaps such as the ones between the shelves and the 

armature (gaps G2 and G4 in Fig. 3.1d). 

In order to deal with the effects of the width change and the transverse fields in the 

air gaps 2D field calculations were carried out in two directions (longitudinal and 

transverse) leading to a quasi-31) analysis. The latter consists in incorporating the 

results obtained from transverse scalar potential solutions into the longitudinal vector 

potential solution. 

4.4 Width change effects 

The differences in the widths of the various parts greatly affect the saturation levels 

and also cause transverse fluxes which cannot be represented in the longitudinal A 

model. The 2D approximation assumes that there is no variation of Bx in the 

transverse z-direction, and that the flux is transfered only between ad acent parts, 

whereas some passes around the narrower parts. The most important effect is the 

width change which was allowed for by adjusting the permeability of the materials in 

pole pieces and shelves in the longitudinal model, a method commonly applied to 

ventilating duct problems in electrical machines 115,16]. However, the difference in 

width is, there, relatively small. In the actuator iron parts the flux distribution is 

complex, but is of little interest unless the flux density is high, when the component 

Bx predominates, and tends to become uniform. 

Let's illustrate the effects that the width change has on the longitudinal component Bx 

with the use of the diagram in Fig. 4.1. Assumimg that the thickness is the same for 

all the iron parts, any particular amount of flux passing through them will produce 

lower flux density Bx in the pole pieces and the shelves than in the armature. 

Subsequently, the longitudinal 2-D model with a depth equal to the base width wa 

will give correct flux density Bx in the armature, but incorrect Bx in the pole pieces 
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and the shelves. One simple approach to this problem is through modification of the 

B/H curves of the pole pieces and the shelves. Another alternative is to change the 

thickness of the iron parts to adjust the flux density Bx. However, changing the 

thickness will alter the overall geometry and can then affect the overall flux 

distribution. Hence, the B/H curve compensation method was chosen. 

The approach in [15] is usually used for only small corrections such as the problem of 

ventilating ducts in machines. Here, the corrections needed are much larger because 

of the large ratios between iron parts. The method of compensation consists in 

rescaling the BH curve of the soft magnetic material in the pole pieces and the 

shelves, whilst that of the armature stands as it is. It is based on the following 

argument. For a given magnetornotive force, the actual pole piece and shelf carry 

more flux than would a pole piece and shelf of width wa- Provided the flux density 

lies in the longitudinal plane everywhere in the pole piece and shelf, their iron may be 

replaced by homogeneous, fictitious materials whose permeabilities are higher than 

that of the real iron. The magnetic field H in the fictitious materials is the same as it 

is in the actual pole pieces and shelves, respectively, because H does not depend on 

the geometry of the iron parts. On the other hand, the flux densities B P! and B s' in the 

fictitious materials must be such as to produce the correct total flux in the pole pieces 

and the shelves. The fictitious flux densities will therefore be related to the actual flux 

densities Bp and Bs by 

Bp'= ap Bp (ccp ý wp/wa) (4.1a) 

Bs'= as Bs (as =W slwa) (4.1b) 

where (xp and a. represent the compensation factors. The analysis of the actuator 

longitudinal (A) model should therefore employ magnetisation curves which have 

magnetic field H' identical to that of the actual iron (Hi7H'), but a different B' as 
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shown in Fig. 4.3. The B/H curves of the fictitious materials were obtained through 

the following transfonnations : 

Hp10Hp 

Bp0 ap Bp (4.2a) 

for the pole pieces, and, 

HS f0 HS 

Bs 0 as BS' (4.2b) 

for the shelves. 

These adjustments of the B/H curves will produce the correct total flux in the pole 

piece and the shelf, but local flux densities in these iron parts (not in the armature) 

will require inverse scaling. This technique was applied to the 2D vector potential 

model of the actuator which is described in the next section. 

4.5 Vector potential (A) model 

4.5.1 The PE2D software packag& 

A 2D vector potential model was developed using the PE2D static analysis (finite- 

element) program which deals with highly non-linear magnetic materials such the 

ones found in the actuator (Remko B and Alnico 9). PE2D was used to solve for the 

magnetic vector potential using the following equation [17,181 

Vx (1/gV xA- Hd =3 (4.3) 

where A, Hc, and J are respectively, the magnetic vector potential, the coercive field 

of the permanent magnet and the current density of the coil winding. This equation 

(derived from Maxwell's equation: VxH= J) describes the static magnetic field 
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taking into account the properties of the magnetic materials. In order to determine the 

vector potential distribution inside the actuator the following assumptions must be 

made: 

The vector potential distibution inside the actuator is constant along the z 

direction. The length of the model in this direction is assumed to be equal to 

the armature width and the technique outlined in the last section is applied. 

The magnetic materials of the actuator are isotropic. The B/H curves of 

Remko B iron and Alnico 9 permanent magnet are modelled using their 

magnetisation curves which are single-valued (minor hysteresis loops are 

ignored). 

The magnetic vector potential A and the current density vector J have only z- 

directed components. 

4.5.2 Finite-element mesh 

Since there is no magnetic symmetry in the actuator (except when the armature is in 

the middle position and no current flows in the coil), the entire device must be 

modelled. To build the finite-element mesh, the actuator geometry (magnetic 

components, coil and surrounding air) was broken down into quadrilateral regions 

(Fig. 4.4) which were assigned codes to define the material type and the current 

source density. The regions were then subdivided into triangular elements by 

specifying the number of elements desired in the two local directions of each region. 
Adjacent regions were subdivided so that all elements along the common boundary 

are compatible. Fig. 4.5 illustrates a mesh of 3600 elements which was used to model 

the actuator with the armature at the initial position. The material boundaries are 
highlighted to show the actuator components. An important requirement is the need 
for a fine mesh in the main air gaps where magnetic forces are produced, and in the 
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armature in which high levels of saturation occur. In the initial analysis a coarser 

mesh of 900 nodes gave rapid solutions but produced large local and global errors in 

the fields (RMS error over whole problem of about 20 %), whereas the 3600 element 

model lead to a global error of 3.5% after refining the mesh in the regions of large 

variations of the field. 

PE21) offers the choice of using either first-order or second-order elements. An 

investigation was done at the initial stage to find out which type will be appropriate 

for the actuator analysis. Results showed that when using a fine mesh there is no 

significant difference between lst and 2nd-order finite-element results (I to 2% 

difference, on force and nunfs), however, the overall solution error was reduced by 

50% (the global error was brought down from 3.5% to 1.8% when using 2nd-order 

elements. In terms of computation time there is an advantage in using lst-order 

elements since the running time is 6 times shorter than with 2nd-order type, which 

makes significant time savings. When high solution errors were obtained these were 

reduced by refining the mesh in the regions where large variations of the flux density 

occured. Under these considerations the lst-order element type was chosen for the 

actuator analysis. 

4.5.3 Modelling of armature displacement 

An additionnal requirement in this analysis is the construction of several meshes (or 

finite-element models) to study the effect of armature displacement. The successive 

meshes were derived from only one mesh (armature in the middle) by changing the 

coordinate of the armature region comers. To avoid squashing and stretching of the 

elements at either side of the armature (in the main air gap) after displacement, the 

number of elements was reduced in the gap which is closing and increased in the one 

which is opening. To ensure a minimum of discrepancy between the local errors in 

the fields of the various solutions, the number and the distribution of the elements 
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was kept constant. Also, the shape of the triangular elements, particularly in the main 

air gaps and armature, was made as regular as possible so as to minimise the solution 

errors. 

For the purpose of this analysis 5 geometric models. with the same number of finite- 

abla 

elements were constructed. Each model corresponds to a particular position of 

armature. As for the lumped model, the same set of positions was used. 

4.5.4 furrent-change 

For each fixed position a number of cases were studied to reflect the change of 

current through the coil. For a given position the current density Jz over the coil area 

is set to I A/crn2 and a range of current density values is specified. In this way only 

one run of the PE21) solver is needed during which JZ is multiplied by each one of 

these values to produce a series of solutions. The current density was allowed to vary 

between 0 (actuator excited by the permanent magnet only) and a maximum value 

that correspond to the peak current (Ipeak = applied voltage/coil resistance). For this 

study 7 values of current were specified at equal intervals for each of the 5 positions. 

Hence, a total of 35 field solutions were obtained for a full investigation. 

4.5.5 B/H curves 

Soft iron and permanent magnet used in the Bentley actuator were modelled by 

specifying their B-H and demagnetisation curves, respectively. The procedure used in 

the PE2D program consists in converting the graphical data of the manufacturer's B- 

H curve into numeric data. This procedure allows for direct entry of experimental 

points without any need for interpolation. Remko B iron was modelled using 20 

points as shown in Fig. 4-6. PE2D provides an internal routine that convert the 

experimental data into mathematical form using interpolation techniques. The 

program then calculates the reluctivity and its derivatives. The system does not use 
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the B/H curve in its classical form H=H(B), but rather the reluctivity as a function of 

flux density squared to avoid mathematical complications such as square root 

operation. Automatic extrapolation take place beyond the point corresponding to 

maximum B and H. 

To take account of the effect of width change, the pole pieces and the shelves were 

assigned BH curves different from the actual BH curve of Remko B. These fictitious 

curves (Fig. 4.6) were derived from the actual curve as explained in Section 4.4. 

The manufacturer's B/H curve of the alnico 9 permanent magnet (Fig. 4.7) was 

approximated using the recoil line in Fig. 3.9. 

4.5.6 Boundary conditions 

The homogeneous Dirichlet boundary condition was applied to the outer surface of 

the mesh. This consists in forcing the nodes on the outer boundary line to have the 

vector potential A equal to zero (Fig. 4.8). The outside surfaces of the shelves were 

taken as boundaries for the whole mesh since the field in the air outside the shelves is 

negligible. The tangential component of the magnetic field intensity H and the normal 

component of the magnetic flux density vector B are continuous along the iron-air 

boundary of the actuator. To allow for fringing effects the vertical outer boundary 

lines of the mesh were drawn sufficiently distant from the actual device. 

4.5.7 Computer consideration 

The PE2D data and solutions for the 35 cases (armature and current change) were 

developed using, respectively, the PE2D preprocessor and static solver on a Appolo 

DN4000 (Unix Sun 5). The average cpu time for a single solution was about 20 

minutes for a non-linear problem of 3600 elements (1900 nodes). All the 35 cases 
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were run overnight by batch processing (execution commands assembled into a file 

which was read by the PE2D solver at a specified time). 

4.6 Results and comparisons with lumped-parameter model and 

experimental data 

4.6.1 Analysis or nux and mmf distributions 

After solving for the vector potential A at every node for a specified current level and 

armature position, the flux distribution was obtained by plotting lines of constant 

potential. For the sake of comparison between the field model and the lumped- 

parameter model, it was sufficient to give the results for 3 armature positions. Figs 

4.9-4.11 show flux plots for the starting, the middle, and the final position of 

armature, respectively. For each specified position the mmf is allowed to change from 

zero to a maximum level at equal intervals. As discussed in the last chapter, the most 

interesting case to examine is that of the armature at initial position (Fig 4.9). At this 

position and zero mmf in the coil (actuator excited by permanent magnet only), the 

field plot shows clearly the 3-mesh flux pattem of the device as was modelled in 

Chapter 3. As the coil mmf increases, the flux in the upper main gap is reduced to 

almost zero and that of the lower main gap remains almost constant as was 

determined from the lumped-parameter model. 

Although the upper shelf seems to be saturated at 804 At, its maximum flux density 

was found to have a low value (well into the linear region of the actual BH curve) 

after inverse scaling using the correction factor as discussed in Section 4.4. Whereas, 

the readjustment of B in the bottom pole piece shows that it is well saturated. The 

armature does not need inverse scaling since it was modelled with the actual BH 

curve. The advantage of the field model over the 3-mesh circuit model is that it shows 

the saturation occuring locally in the iron parts, whereas in the circuit model the 
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saturation level is the same everywhere in the iron block. The flux density calculation 

have shown that the armature and the bottom pole piece become heavily saturated at 

high currents. Because of the existence of large air gaps with large mmfs, saturation 

has no great effect on actuator performance unless the mmf drops in the iron parts are 

important. To investigate the mmf distribution in the actuator, the mmfs in the iron 

and air parts were calculated from the field solutions (including the scaling factors) at 

the specified current and position. The mmf computation is discussed in Chapter 5, 

and for the purpose of this analysis only the results are presented. Table 4.1 shows the 

mmf levels in the armature, the bottom pole piece, and the air gaps that correspond to 

each field solution in Figs. 4.9-4.11, respectively. By reason of symmetry, it is 

sufficient to investigate the mmf levels in air gaps Gl G2, and Ga only. As can be 

observed in Table 4.1, and although the bottom pole piece becomes heavily saturated 

at high currents, its mmf drop remains at negligibly low level as compared to those in 

the air gaps. However, the rnmf in the armature reaches important levels at high 

current due to heavy saturation. This important result shows the need to model the 

armature as accurately as possible. In this respect, the lumped-parameter model in 

Chapter 3 did not handle saturation sufficiently. To check the validity of the lumped 

model, its force-current-displacement characteristics were compared to those of the 

field model as is reported in Section 4.6.3. 

4.6.2 Computation of the net magnetic force 

The vector potential solution was also used to calculate two of the most important 

single factors that determine actuator performance: the hold-on and the pull-off forces 

acting on the armature. These were calculated for the various currents and armature 

positions to derive a force characteristic diagram that will be indicative of the sort of 

accelerations achieved in dynamic operation. 
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For each field solution (at specified current and armature position), the magnetic 

forces were calculated using the Maxwell stress tensor method [19]. To determine 

both forces the following integral must be computed: 

F9T ds 
fs 

(4.4) 

where T is the stress tensor (a function of the flux density in the air on the armature 

surface), and Sa surface surrounding the armature upon which the force is exerted. 

Equ. 5.2 is exact even if the field is not perpendicular to the airfiron boundary surface 

(saturation taken into account). The contour of integration does not have to enclose 

the whole armature since most forces act on the surface sections inside the main air 

gap region between the pole pieces Ga and Gb. The forces acting on the remaining 

sections of the armature were found to be negligibly small. 

To avoid calculation errors that may arise when integrating the stresses, the following 

steps were taken: 

(i) A large number of elements surrounding the armature was used, particularly 

in the regions of the main air gaps. 

(ii) The contour of integration was specified so that it goes through the centroid of 

the elements. 

(iii) I'he force was evaluated using three contours of integration to check any 

deviation between the results. Calculations showed that this deviation is less 

than 10 % which was acceptable for analysis purposes. 

Since the motion is angular (with 3 degrees amplitude) the torque was also derived by 

multiplying the force by the distance between the action point (pivot) and the point of 
impact (pole piece/armature). 
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4.6.3 Force-current-displacement characteristic 

Figs. 4.12-4.14 show, respectively, the variations of the hold-on force Fga, the pull- 

off force Fgb, and the net force Fnet with respect to the coil mmf at various armature 

positions as obtained from both the field model and the lumped-parameter model. For 

the sake of comparisons between the two models, the results arc given for 3 armature 

positions. As can be clearly seen in Fig. 4.14a, the field model and the lumped- 

parameter model seem to be in good agreement only at the middle position. The 

major differences are observed at both ends of the armature travel. At the starting 

position the discrepancy between the two curves is due to large errors, particularly at 

high currents, produced from the calculation of Fga with the lumped-parameter 

model. At this position, any errors produced in predicting the flux Oga (Fig. 3.15) 

lead to larger errors in the calculation of Fga! The other consideration is that Fg. 

starts increasing at high currents in the lumped-parameter model. The field model 

shows that this does not happen and that Fga remains at zero level because heavy 

saturation prevents increase Of flux 4bga. At the other end of armature travel (final 

position), the errors obtained in the prediction of Fnet with the lumped-parameter 

model, particularly at high currents, originate mainly from the use of a simple 

approximation of the BH curve as reported in Section 3.8. At this position, the field 

model show strong effects of saturation in the armature and the bottom pole piece 

(Fig. 4.11). The error produced from the field model to predict the net magnetic force 

was found to be less than 5% which was satisfactory for the actuator study as can be 

observed in Fig. 4.14b. 

4.7 Transverse edge effects 

The flux entering the annature, at its transverse edges contributes to the saturation 

levels and needs to be considered. This flux which takes partly tranverse and partly 

vertical directions cannot be represented by the longitudinal A model. The edge flux 
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was found to have a substantial effect on the armature saturation. To compensate for 

the edge effect either of the two following techniques could be used. The first one 

suggests another correction applied to the BH characteristic, however, this is not valid 

because the saturation effects are in different cross-sections from the plane in which 

the fringing is calculated. The proportion of fringe flux relative to gap flux is constant 

in the x-direction in some regions but not in others. A second more direct method is 

to change the permeability of the air between any two iron parts in the A model to 

compensate for the local transverse field conditions. Although the amount of flux that 

passes directly from shelf to shelf (or pole to pole) is important it is found to have no 

great consequence on the saturation levels in these parts because of their greater 

widths. Hence, the problem was simplified to the study of armature edge flux only 

since this is what affects saturation in the armature, and the mmf distribution in the 

actuator. 

The edge fluxes are taken into account by making another adjustment in the A model. 

The permeability of air between iron parts is increased using a correction factor P as 

follows : 

Rg 2-- Og go (4.5) 

ßg ý-« (be +Du) /Du (4.6) 

where (De represents the edge flux and (Du is the flux that would cross the gap if the 

field were uniform. In a similar way the permeability gm of the magnet is adjusted to 

compensate for the transverse fluxes that exist at its edges. This is a local adjustment 

since the edge fluxes affect only the local operating conditions of the magnet. The 

new permeability is obtained as follows 

gjý =X RM (4.7) 
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where X is the magnet correction factor detern-tined from calculation of edge flux. The 

correction factors Og and X were evaluated from flux plot postprocessing. 

The transverse problems were solved assuming the iron part surfaces to be 

equipotentials. This assumption is justified because saturation is due primarily to Bx, 

which does not cause Q potential variations in the transverse (y-z) plane. Scalar 

potential values are extracted from the longitudinal solution and used as boundary 

conditions for the transverse problem regions. Ile transverse models were terminated 

by assuming flux line boundaries to exist at some distance from the edges of the iron 

parts. In the main air gaps the boundary conditions of the transverse model were set 

as follows: 

fl = Opi on the upper pole piece surface, 

Q= ilp2 on the lower pole piece surface, and, 

il = fla on the armature surface. 

diWdn =0 along the flux line boundary. 

where Opl, Op2 and Oa take values which are extracted from the longitudinal vector 

potential solution. Since these values vary with current and armature position, a set of 

scalar potential problems must be solved. Fig 4.15ab, c show, respectively, the 

transverse scalar potential distribution in the main air gap region, the shelflarmature 

gap region, and the magnet region. To obtain a transverse flux distribution in these 

regions, equipotential lines orthogonal to the scalar potential lines must be drawn. 

Since the PE2D program does not produce orthogonal flux lines when the problem is 

solved for Q, the dotted lines in Fig 4.15 were drawn manually to illustrate the 

important amounts of edge flux, particularly in gaps G4 and G4. To determine the 
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edge flux in each air gap, the flux density was integrated along horizontal lines (x- 

axis). 

The prediction of the fluxes in the gaps is most important because of the effect on gap 

permeance and armature reluctance. The relatively large gap length/gap area ratios 

make the comer effects non negligible, particularly in the regions of air gaps G2 and 

G4. However, the effect in the main air gap region (Ga and Gb) is not severe because 

the armature protrusion inside the main gap helps to reduce it, and hence, the 

variation of the transverse flux proportion in the z-direction. The proportional effect 

of the transverse flux is largest at maximum gap length. 

As shown in Table 4.2 the correction factor P for the main air gaps (Ga and GO 

depends on the coil mmf and armature position. It is found that this factor varies more 

with armature displacement than current. However, for the gaps G2 and G4 between 

shelf and armature it is almost constant (about 1.6) with current and displacement. In 

effect, in these regions the displacement of armature is negligibly small compared 

with the lengths of G2 and G4. For the magnet region, b was found equal to 1.1. 

Table 42 Variatimn-gQga with current and position 

Coil mmf (At) 0 400 800 

Starting position 1.33 1.35 1.36 
Position 2 1.26 1.27 1.27 
Mid-position 1.22 1.24 1.25 
Position 4 1.18 1.20 1.20 
Final position 1.14 1.15 1.15 

After determining the correction factors , the 5 finite-element models that correspond 

to the 5 positions of annature were modified. In all of these models, the elements 

inside the secondary air gaps Gl, G2, G3, and G4 were assigned permeabilities 

greater than that of the air as follows: 

For G1 (and G3) Rgj = 1.1 go 
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For G2 (and G4) Rg2 2-- 1.6 go 

In the main air gaps Ga and Gb, the permeabilities were modified according to the 

position of the armature. In each of the 5 models, the air elements inside Ga (and Gb) 

were assigned permeability values that were obtained by multiplying the factors in 

Table 4.2 by mo: 

Rga 2-- Pga Ro 

As Pga varies only slightly with current (Table 4.2), it was assumed to have one fixed 

value equal to the average of the values corresponding to the specified armature 

position. After assigning all the air gaps new permeabilities, the 5 models were 

solved using the magnetostatic field solver of the PE2D package, for the same set of 

applied coil mmfs. 

The compensations for edge fluxes will correct the air gap permeances and bring the 

gap fluxes to the right total level. The major interest from the results of these 

compensations was to investigate the effects of edge flux on the actuator mmf 

distribution. Table 4.3 shows the mmfs in the various components of the actuator. 

These values were compared to those of Table 4.1. Notice that the mmf in the 

armature has increased considerably at high currents. At 806 At in the coil, the 

armature mmf has more than doubled. Subsequently, this has caused a reduction in 

the nunfs in the large secondary air gaps, particularly in G2 where it has decreased by 

20 %. Although this effect is most significant only at maximum current, it must be 

taken into account in the dynamic model (Chapter 5) since it may affect the electrical 

time constant. 
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4.8 Effects of ma2netic -shunts 

A preliminary investigation of the effects of shunts across G2 and G4 in Chapter 3 

showed that these improve the actuator static performance as was shown in Figs. 

3.20-21. However, the hold-on force Fga is increased beyond the value giving zero 

force to almost 3N at 800 At. To fully investigate the effects of the shunts the field 

model was modified by assigning some elements of the air gaps G2 and G4 the 

permeability of Remko B iron, leaving two small air gaps between the shunts and the 

armature to allow the armature free to move. Fig. 4.16 shows a close view of the field 

distribution at the starting position of armature, for 4 values of applied nimf. When 

comparing these plots with those of Fig. 4.9, it is interesting to observe that the flux 

in the upper main gap is higher at 0 At and that it decreases at a higher rate to zero as 

can be seen in the cases of 536 At and 806 At, whereas in the original design (Fig. 

4.9), there is still some flux at high currents. Notice the difference between the 2 

results in the case of 536 At. These changes in the main air gap flux has affected 

more significantly the hold-on force, as can be seen in Fig. 4.17. Fga has increased by 

40 % at 0 At and decreases at a much higher rate with respect to current and 

displacement. Notice that Fga does not rise again at high current as was shown from 

the results of Chapter 3. There is, however, a negligibly small (almost zero) increase 

Of Fga at 806 At. Fig. 4.18. shows an increase in the pull-off force with respect to 

current and displacement. Notice the large increase Of Fgb at the final position and 

also the stronger effect of saturation. The net force characteristics have been 

significantly improved (up to 40 % max) as shown in Fig. 4.19. An interesting remark 
from observing the Fnet variation at the starting position, is that the current at which 
Fgb becomes greater than Fga is 30 % lower which shows less mmf is required to 

drive the armature. The results here have confirmed those obtained with the lumped 

model, that the inclusion of shunts across the large secondary air gaps improves the 

nriagnetostatic performance of the actuator. However, because of the reduction in 
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circuit mesh reluctance their effect on dynamic performance result in an increase in 

the time constant I. IR due to an increase in L (see Chapter 5). 

4.9 Transient eddy-current analysis 

One physical phenomenon that can affect the performance of the actuator is the effect 

of eddy currents that were neglected in the field analysis. The eddy currents arise in 

the conductive (non-driving) parts of the actuator from the time-varying fields that 

result from a sudden application of a constant voltage across the coil terminals. The 

aim of this analysis is to evaluate their effects on several magnetic parameters, 

particularly the mmf along the conducting parts and also the net magnetic force 

acting on the armature. 

In electrical machine problems the effects of eddy currents can be reduced by using 

laminations in the magnetic circuit. However, the iron parts of high-speed devices 

such as the Bentley actuator (particularly the armature and pole pieces) cannot be 

laminated because of the need to use solid iron pieces that can withstand repetitive 

impacts, and hence, their behaviour is influenced by eddy current effects. Ile 

dynamic behaviour of the Bentley actuator depends greatly on the rate at which the 

device can be operated, or in other words how quickly the flux penetrates into the 

iron parts. To understand the details of the field penetration process, it should first be 

studied for a simple case such as the problem of a semi-infinite space, in which the 

field penetration is one-dimensional. Aldefeld [20,21] performed one-dimensional 

calculation of this kind which he applied to a simple cylindrical configuration in 

which the penetration depth (skin depth) was small compared with the other 

dimensions. This investigation is relevant to the Bentley actuator example because a 

material with a BH characteristic similar to that of Remko B iron was used. The 

results of this investigation are shown in Fig. 4.22 which illustrates the flux-density 

distributions under excitation of a step pulse (a magnetic field parallel to the surface 
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of the material is suddenly switched on and remains constant) and also under 

excitation of a triangular pulse (with the surface field strength rising linearly to its 

peak value). It is interesting to notice that for a given instant of time the depth of 

penetration is greater in the case of the step pulse (best case) than in the case of a 

triangular pulse (worst case). The thin armature of the Bentley actuator (made of the 

same material as above) undergoes heavy saturation. It has a thickness varying from 

1.2 nun to 1.5 mm (half the thickness is 0.6 to 0.75 mm since the flux has to travel to 

the middle of the armature) and is subject to an exponential external field 

(exponential current pulse applied to the coil) with a time constant of about 1.2 ms. 

On the basis of the results by Aldefeld it can be suggested that the flux will penetrate 

into the armature in a period of time well below 1.2 ms. To obtain a measure of the 

penetration depth in the armature for the case of a step pulse the following formula 

can be used [20]: 

dp =42t/up BS/Hs) (4.8) 

where dp is the penetration depth, a the conductivity of the material, R its 

permeability. For t=1.2 ms, and Bs! =2T corresponding to Hs=28000 A/m, dP is found 

equal to 2.4 mm, which is well above the actual half-thickness of the armature. These 

unconfirmed results seem to be suggesting that the effects of eddy currents induced in 

the actuator iron components will not significantly affect the device performance. To 

confirm or disprove the above implication, a 2D transient field analysis of the 

actuator was needed. Ile transient field distribution of the Bentley actuator was 

studied using the PE2D transient program. 'Me results were obtained for a case where 

the coil was excited by a current pulse as shown in Fig. 4.21. This means that to 

calculate the eddy currents the driving coil current must be known in advance 

because the available PE21) version does not solve the coupled problem (transient 

magnetic/electric circuit), where usually the voltage is applied (which is the case 
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here) and it is the coil current that is computed step by step. The prescribed time- 

varying coil current is(t) is the actual current waveform that was obtained from 

switching the actuator coil with a voltage step. 

Ile PE2D transient program solves the following 2D vector potential diffusion 

equation (derived from the well known Maxwell's equations curl H=J and curl E 

DB/Dt) with the vector potential as the unknown variable: 

V 1/gVAZ - (VxHc)z = JS -a (DAZ/dt - VO) (4.9) 

with the assumption that the current density over the cross-section of any iron part is 

equal to zero as expressed by the constraint equation: 

(- a DAzMt -a VO) ds =0 
s 

(4.10) 

Az and 0 are the z-component of the magnetic vector potential and the electric scalar 

potential, respectively, and S is the area of any considered conducting iron part. JS is 

the magnetising current density and Hc represents the coercive force of the 

permanent magnet. Ile electrical conductivity was assumed to be independent of the 

electric field. Eddy currents due to motion and present in the armature only (-cy vx B) 

were neglected. Ile actuator possesses 5 conducting iron parts (shelves, pole pieces, 

armature), electrically isolated and for which equ. 4.3 must be satisfied [22]. 7be 

transient PE2D program was used to solve the above equation system (equs. 4.2-4.3) 

taking into account the nonlinearity of the iron parts and the permanent magnet. 

The actuator firifte-element meshes used for this study were set up in such a way that 

the lengths of the triangular elements in the iron parts were smaller in the main 

directions of the field penetration. Under the assumption that the penetration depth is 

of the same order of magnitude as that of the iron part thicknesses, the regions were 
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subdivided by 8 elements along the penetration direction which was satisfactory. The 

equation system was also descretised in time, with the time derivative of the vector 

potential approximated by the fast-order expression 

DAzi9t = (Az(t+l) - Az(t))/St (4.11) 

where bt is the time step. After applying a current-time function drive at t=O, the 

program starts with a given time step Bt (e. g 0.2 ms). After the first step, the time step 

is automatically adjusted to achieve time-stepping errors of less than the supplied 

tolerance. To verify the efficiency of the method, the number of iterations that were 

required during the numerical calculation, was checked. For this study, 20 iterations 

per time step, on average, were needed to achieve sufficient accuracy and acceptable 

computer time. This number is also dependent on the mesh density and on the shape 

of the BH curve. Initial conditions are set by the permanent magnet which provide the 

DC background field. The latter was determined using the PE21) static solver with the 

driving current set to zero. This static solution (Fig. 4.9a) was used as the initial 

condition for the transient solution at t=O. 

As discussed previously, the most important case to examine is when the armature is 

held at the starting position for which the initial force and, hence, the initial 

acceleration of the armature can be determined. The time taken to develop this force, 

just after switching on the actuator coil is directly dependant on the build up of flux in 

the iron parts. The transient solution for the initial position case has been obtained to 

examine the effects of eddy currents on the net magnetic force and on the mmf in the 

armature. To be able to assess these effects, the transient solutions were determined 

for two cases. One in which the conductivity a of the iron parts was set to zero to 

represent an ideal actuator without eddy currents, and in another case, s was set to the 

actual value of the RemkoB iron material. Figs. 4.24-4.25 illustrate, respectively, the 

flux distribution and the direction and intensity of eddy currents in the conducting 
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iron parts at 4 instants of time selected from the transient solution. Fig. 4.24 shows 

that although the flux distribution is distorted in the iron parts, the flux patterns in the 

air gaps appear to be less affected by the eddy currents which may suggest that eddy 

currents have no serious effects on the initial magnetic force. 

To evaluate the effects on the net magnetic force, the two force/time curves 

corresponding to both ideal and non-ideal cases were plotted together as shown in 

Fig. 4.24. Assuming no other forces are exerted on the armature, the motion would 

starts when the net force is equal to zero (Fga = Fgb) which correponds to a delay 

ume of about 0.87 ms in the ideal case, and 1.05 ms when the eddy currents are 

presents. Therefore, the existence of eddy currents cause an increase in the delay time 

by 20 %. The effect on the mmf distribution, particularly in the armature, were also 

examined. Fig 4.25 show the armature mmfItime curves for both cases. The results 

show that the difference between the two curves is important only between 0.4 ms 

and I ms, however. it is not crucial since the mmf levels are very low compared to 

those of the air gaps in this initial period. These results show that eddy currents are 

important only to some extent, and can be neglected for dynamic analysis purposes, 

provided the results of dynamic simulation do not greatly diverge from experimental 

data. 

4.10 Conclusions 

The amount of computation has been greatly reduced, by making two-dimensional 

field calculation using only one component of A and a scalar! Q. 111le interdependence 

requires adjustment of the permeability of both the air region and the iron parts. The 

proportionate amount of edge flux is nearly uniform over extended regions, hence 

only few cross-sections are needed, and this further reduces the amount of 

computation considerably. The accuracy achieved is comparable to that of a very 

extensive 3-dimensional model. Comparison of results obtained with and without the 
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0 corrections for the transverse flux effects shows a 50 % maximum change in mmf 

in the armature, which has a dominant effect in the main flux path. 

Ile static lumped-parameter developed in Chapter 3 has been validated by 

comparing its results with those of the finite-element model. The two models were 

shown to be in a reasonnably good agreement. However, there were major 

discrepancies between the two models at high currents, mainly due to the use of a 

simple approximation to model saturation in iron. 

The analysis of the effects of magnetic shunts across the large secondary air gaps has 

shown that the actuator static force characteristic can be improved. However, the 

shunts reduce the circuit reluctance which results in an increase in circuit inductance 

L, and hence, an increase in electrical time constant UR. The effect of the shunts on 

dynamic response is quantified in Chapter 5. 

Ile analysis of transient eddy currents in the actuator has shown that their effects are 

not negligible since the thickness of the iron parts is comparable to the depth of 

penetration. However, the magnitude of these effects are not as important as those of 

the width change and the transverse edge flux that were examined in this chapter. For 

analysis purposes, they were ignored in the dynamic model developed in Chapter 5, 

although they can be taken into account using additional couplings. 
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Fig. 4.4 Model subdivision into quadrilateral regions 

Fig. 4.5 2D finite-element mesh 
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Fig. 4.9 Static flux distribution Inside actuator with armature 
at starting position and applied coil mmfs: 
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Fig. 4.10 Static flux distribution Inside actuator with armature 
at mid-position and applied coil mmfs: 
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Fig. 4.11 Static flux distribution Inside actuator with armature 
at final position and applied coll mmfs: 
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Fig. 4.15 Transverse flux distribution In typical cross-sectlons 
(a) main air gap region 
(b) coll region 
(c) magnet region 



(0 At) (403 At) (806 At) 

Pi 1.9 2.1 117.6 

Armature P2 2 5 218.5 

P3 1.9 107.5 354.6 

P1 5A 6.5 8 
Bottom pole 

P 2- 5.8 10.5 12.7 
piece T-3 1 24 36.5 1 45.6 

P1 74.8 35.8 10.1 
Gap Ga P2 193.2 115 85.2 

P3 302.2 252.4 248.7 

PI 46.8 03Q 
f-%. P 524 

Gap G2 P2 117 373.1 524.3 

P3 186.8 397 5243 5, 

P11: Starting position 
P2: Middle position 
PI Final position 

Table 4.3 MMF values (in AQ In the actuator components 
alter correction for edge fluxes 



(a) 

(b) 

(C) 

Fig. 4.16 Static flux distribution In modified design with shunts. 
Armature at starting position and applied mmfs: 
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Fig. 4.22 Transient flux distribution (armature at start pos. ) 
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Chaoter 5 

Dynamic model 

5.1 The dy 0- illem 

The aim of developing a dynamic model is to predict the actuator armature movement 

in response to an application of a constant voltage across the coil. Ibis problem is 

represented by a set of coupled equations describing the electric circuit, the magnetic 

field, and the mechanical motion. This system of equations is highly non-linear 

because of saturation in the iron parts. Because the PE213 package does not include 

mechanical motion it was not possible to use it to determine the dynamic 

performance parameters of the actuator. An alternative method which combines the 

accuracy of PE2D and the simplicity of a lumped-parameter circuit similar to that 

developed in Chapter 3, was used. The method consists of incorporating vector 

potential solutions into a simplified scalar potential model. 

In recent years, the approach to solve the dynamic problem has been to use a method 

in which the electrical equivalent circuit and mechanical equations are directly 

coupled to the electromagnetic finite element equation and solved simultaneously 

with them in an iterative manner, ta1king into account eddy currents [23,24,25]. The 

armature motion requires remeshing after each time step. The advantage of this 

method is its ability to model motion and to link, directly, the finite element solution 

to the electrical and mechanical equations. However, this technique is expensive due 

to the considerable amount of computation and cpu time required, the large number 

of meshes needed and the many iterations through each time step due to saturation. In 

the last section of Chapter 4 it was shown that the computation of eddy currents, 

including saturation and ignoring armature motion (one position only), required 30 



107 

hours of cpu time on Appolo DN4000, a reasonnably fast machine, which gives an 

idea on the size of the problem. Because of the unavailability of a commercial finite- 

element package that deals with full dynamic modelling, the author turned to two 

other methods. These are less costly in computation than the above method and 

consists of decoupling the electromagnetic finite element equations from the 

electrical and mechanical equations. 

Ile first of these two methods has been used as an alternative [26,271 to the fully 

integrated finite-element method. It is based on predetermining the magnetic force 

and inductance for a range of currents and displacement values, using a field-solving 

package, such as PEW, and storing the values in the form of look-up tables. These 

static results are then integrated in time to solve, simultaneously, the electrical circuit, 

and the me-chanical motion equations. This method is limited only to single-mesh 

circuits, and has the defect of using the inductance, which is inappropriate in a non- 

linear problem. Another drawback is the use of much data which is not subsequently 

used. 

The method developed by the author, and described in this chapter offers a more 

direct approach than the force/inductance method by using a magnetic equivalent 

network model with few elements or component which was derived from the vector 

potential model (allowing for transverse effects) developed in Chapter 4. Ibis method 

is particularly suitable to multiple mesh circuits and, gives information on flux-time 

variations in each iron and air gap components and force-time patterns for both main 

air gaps. 'Me coupled magnetic equivalent network/electric circuit model is easy to 

solve and requires much less computation than a direct finite-elementlelectrical 

circuit problem. An additional advantage of the presented method over the 

forcelinductance method is the possibility of modelling eddy currents by lumping the 

magnetic circuit reluctances together with eddy inductance elements that can be 
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estimated using simple theoretically-based techniques usually applied to simple 

geometries such as rectangular bars [28]. In section 4.8 the effects of eddy currents on 

the delay time before armature motion starts, were evaluated and although not 

negligible, they were found to have a limited effect on performance. Thus, in general, 

it is important to be able to take them into account, although they were neglected 

here, so that the circuit model components were simple magnetic reluctances. 

5.2 Simplified scalar potential model 

In Chapter 4a static vector potential model was developed using about 3500 

elements. The basic problem here is to reduce this number in order to derive a 

simplified network model consisting of a considerably low number of elements or 

components, for the purpose of dynamic modelling. This depends on the 

identification of flux paths and potential nodes so that the field problem can be 

transformed from a description in terms of the magnetic vector potential A to one 

expressed in terms of a scalar potential KI [29]. 

It was shown in Chapter 4 that the pole pieces and the shelves produced sufficiently 

low mmf drops compared to those of the armature and air gaps, so that for the 

purpose of the dynamic analysis, they need not be modelled. Fig. 5.1 shows the 

derived 3-mesh magnetic network model (Chapter 3) where the only path reluctances 

considered are those of the armature and the air gaps. Mie method consists in 

determining the mrnf/flux characteristic of each iron and air part of the actuator from 

the various solutions of the vector potential model at specified currents and armature 

positions. As shown in a typical vector potential solution in Fig. 5.2, the flux 

distribution in most parts of the actuator is severely non-uniform. 'Merefore, the 

reluctance of any non uniform path cannot be expressed in terms of the flux density B 

and the magnetic field H, but rather in terms of the mmf drop Q across the 

component and the flux (D. The latter is defined as the flux in the region of highest 
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flux density, since this makes the major contribution to the mrnf, while the former is 

detennined by integrating as follows : 

Jýnn((D) H dl 
m 

(5.1) 

where m and n represent the nodes at each extren-dty of the contour line of any 

considered non-uniform flux path. 

As the flux paths in the actuator do not coincide with the x-y coordinate directions, it 

is necessary to resolve the vector H into components tangential to the path (parallel to 

the direction of the line segment dl) and normal to it. Once the contour is known and 

the component of H tangential to the contour is found at all points of the contour, the 

following integration is then performed: 

Ht di (5.2) 
m 

5.3 Modelling of armature 

Figs. 5.2 to 5.4 show magnified flux plots at various levels of coil excitation and 

positions of armature. As can be observed the field in the armature is highly non- 

uniform at low excitation levels and its pattern changes significantly with current and 

displacement. As the coil current rises, the flux distribution becomes less influenced 

by displacement. Using the various PE2D vector potential solutions, the mmf and 

flux in the armature were calculated in the manner stated above. 

A series Of flalOa curves were plotted for the armature at different positions by 

determining the (0,0) solution points as shown in Fig. 5.5. As can be seen, there are 

small differences between the curves in the unsaturated region (low flux levels) due 

to the change of field pattern inside the armature caused by displacement and change 
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of current. In effect, the field pattern changes in such a way that for a given flux, the 

mmf, as defined earlier, varies with displacement. However at high flux levels the 

influence of displacement is negligible, and as a result all the curves coincide with 

each other. Since in the unsaturated region of the W(D curves, the mmf levels are so 

low compared with those of the air gaps, the accurate determination of the curves in 

this region does not matter, and the armature can be modelled using one piecewise 

linearised curve that fits into the PE21) (fl, (D) points. 

5.4 Modellint! of air gaps and magnetic sources 

As was shown in Chapter 3, the mrnfs produced in the large air gaps greatly influence 

the actuator overall performance. Thus, the calculation of these mrnfs must be as 

accurate as possible to produce a reliable dynamic model. The magnetic field in the 

main air gaps (Ga and Gb) has a non-uniform pattern due to the pole piece comer 

effects and the relatively large gap length/gap area ratios as can be clearly seen in 

Figs. 5.2 to 5.4. When the armature is at initial position, Ga is at minimum length, 

and has a uniform field along its width, except near the pole step where the field is 

slightly deformed. The uniformity of the field is due to the small gap length/gap area 

ratio. However, the opposite main air gap Gb is at maximum length and has a non- 

uniform field pattern due to a much larger gap length/gap area ratio. Due to 

symmetry, the Q /4) characteristics of only one main air gap is needed. At the 9_9 

starting position Ga appear to be two air gaps in parallel. The mmfs in both air gaps 

were determined by integrating Ht along a line contour (equ. 5.2) in the middle of 

each gap where H is maximum. The results showed, as expected, almost equal mmfs 

in both gaps. The mmf for the whole gap was determined as the average of these two 

values. As the armature moves away from the top pole piece, the effect of the pole 

step diminishes and the whole air gap appears as one. For each specified armature 

position (from pole to pole) and each current level, the gap mmf was calculated along 
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several vertical contours and the average value was determined. To check the 

variation in Q, the ratio AI-11flave was determined and was found not to exceed 5 %. 

As a result of this, the accurate determination of the positions of the nodes at both 

ends of the main gap is not necessary as long as the nodes are on the boundaries 

pole/air and armature/air. Fig. 5.6 shows linear curves flga/bga at various armature 

positions. The absolute ratios flga/Oga for each position are the actual gap 

reluctances at the corresponding positions. Fig. 3.6 (Chapter 3) shows the effect of 

displacement of these reluctances. This curve is a 2-segment piecewise linearised 

curve that is used in the dynamic simulation. Although few positions were taken to 

model the whole motion, this simple 2-segment linearised curve was found sufficient 

for analysis purposes. 

In the secondary air gaps G2 (or G4), the field distribution is quite different. The 

magnetic field component Hy in this gap increases from zero in the z-direction to a 

maximum value and then drops to zero. Hy does not vary significantly with z in the 

region around the right-hand side edge of the coil. The mmf was calculated by 

integrating Htmax along the corresponding contour line. Fig. 5.7 shows linear curves 

flgiOg2 at various armature positions. As can be observed, the effect of changing 

armature position is not as significant as in the case of the main air gaps because the 

armature displacement in this region is negligibly small compared to the length of 

G2. For dynamic analysis purposes, this effect was ignored and the gap G2 was 

modelled using one linear curve. The determination of mmf in gap G, (or G3) is 

more simple since Qgl does not vary in the z-direction, and the mmf was calculated 

by integrating in the middle of the gap. The corresponding Qgj/4DgI curve is shown 

in Fig. 5.8. 

To complete the simplified model, the permanent magnet and the coil sources were 

considered. The permanent magnet was modelled as an mmf source for the purpose 
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of the method of calculation since it is more convenient here than using a flux source 

magnet model. Using the PE21) solutions, the operating point of the permanent 

magnet was found to vary along a very small portion of its recoil line. As is shown in 

Fig. 5.9, Q varies along a straight line with respect to 4) for all positions, which 

makes the magnet modelling straigthforward using only one approximation curve. 

5.5 Main air gap forces 

As was shown in Chapter 3, two magnetic forces, namely Fga and Fgb act 

simultaneously on the armature in each main air gap. Using the energy balance 

analysis, Fga and Fgb are expressed as follows 

Fga = Kga (D ga 
2 (5.3) 

Fgb = Kgb 4ýgb 2 (5.4) 

Since the forces Fga and Fgb and the fluxes (Dga and (Dgb were obtained from the 

PE21) solutions at the specified currents and armature positions, Kga and Kgb were 

easily derived. These were found to be independent of current and to vary with 

displacement as shown in Fig. 5.10. Kga and Kgb have similar variations due to 

symmetry between the two gaps (when Kga is minimum Kgb is maximum). The net 

magnetic force acting on the armature can be written as 

F2K 4) 2 
net , gb(y) cDgb2 - Kga(y) ga (5.5) 

Piecewise linearised approximations were fitted into the PE2D values of Kga and 
Kgb, and incorporated in the simplified dynamic model. 

5.6 Actuator system equations 

The dynamic behaviour of the actuator system can be represented by three sets of 

coupled equations which must be solved simulaneously. The 3-mesh magnetic 
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network equations were established using the equivalent of Kirchhoff s voltage law as 

follows: 

flgl('DI) flg2((Dl) + Oa((Da) + flga((Dga) = Ni 

flg3((D2) + L'94((D2) + fla((Da) + L-Igb((Dgb) = Ni 

f1gaRga) + ilgb(Ogb) ý '2m(4m) (5.6) 

where 4a--"0l4'b2, Ogb---0244ýDm are, respectively, the fluxes in the 

annature and in the upper and lower main air gaps. Each term fli(, Di), representing a 

magnetic component, is then expressed in terms of the loop fluxes (DI, 4)2, and (Dnr 

When solving the system, these terms must be updated at each value of displacement 

y and current i. To start the solution of the above equation system, initial conditions 

were assumed for the three fluxes (bl, (1)2, and (Dnr Their initial values were 

determined from the field model solution at the initial position of armature and 

current i equal to zero. This solution corresponds to the case where the actuator is 

excited by the permanent magnet only. 

Ile annature flux (Da and coil current i, in eqn. 5.6, are linked to the electrical 

subsystem equation 

V=iR+N d(Da/dt (5.7) 

where R is the resistance of the coil, V is the voltage across the coil terminals, and N 

the number of turns. Eqn. 5.7 is expressed directly in terms of the flux 4ba instead of 

the current i which is derived from eqn. 5.6, thus avoiding the various terms in 

incremental inductance which appear when current is used as a parameter [27]. 
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The third coupled equation is the mechanical motion equation which is obtained by 

summing all the forces acting on the armature. There is no significant damping, so 

that acceleration is given by 

d2y/dt = Fnet(i, y) - Ff (5.8) 

where Ff is a small (constant) friction force and m is the equivalent mass of the 

equivalent linear system Ile equivalent mass was determined by equating the 

energies in both linear and angular systems. The net magnetic force Fnet(i, y) may be 

computed from eqn. 5.5. 

5.7 Timmle * icedure used in the dynamic simulation 

In order to determine the dynamic performance parameters of the actuator eqns. 5.6, 

5.7 and 5.8, describing the magnetic, electric and mechanical subsystems, 

respectively, were solved simultaneously using a Fortran computer program 

developed by the author and run on IRIX (Unix System) mainframe. Conceptually, 

the system of equations may be abstracted in the block diagram form shown in Fig. 

5.11. 

4)a was predicted at a particular time from the corresponding 4Da and d(Dddt at an 

earlier time, thus 

(ba(t+8t) ý 41a(t) + 8t (d(Da/dt)t (5.9) 

The time-stepping procedure is as follows. At t=O, when voltage is applied, current is 

equal to zero and (Da has the initial value (Dao (obtained from the field solution with 

armature at initial position and current equal to zero), and d(DWdt is unknown. An 

initial estimate of current at the end of the first time-step is obtained using one of the 

magnetic system equations with mesh fluxes taking initial values. Using eqn. 5.7, the 

first iteration gives the first estimate of flux (Da and, hence, d(Dddfs. Thus, the 
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induced voltage in the coil is available at the start of the second iteration and a better 

estimate of current can be made. The procedure is repeated until changes in Oa are 

below a specified limit. The time-stepping procedure starts with the armature at initial 

position. Time-stepping is then continued until armature travel has been completed. 

Initial calculations showed non-convergence of the magnetic parameters due to the 

small size of the time-step St needed for the subsequent estimate of current. The non- 

convergence problem was overcome by adopting double-precision variables. This did 

not increase greatly the computation time which was about 45 seconds. 

5.8 Model yerification and dynamic analysis 

In order to check the validity of the dynamic model, the computed results were 

compared to the experimental data measured under normal actuator operation. 

The results presented in Figs. 5.12 and 5.13 give the predicted transient response of 

the actuator under static mechanical conditions. Fig. 5.12 shows the coil current 

waveforms at the starting, middle, and final positions of armature and an applied 

voltage of 24 volts. Notice the strong saturation effect in the current trace at the final 

position (lower main gap closed), and at the starting position, the armature just 

reached saturation. As pointed out in Chapter 2, one important feature to note here is 

the large dVdt at t--O Oust after applying the voltage V). Lefs consider equ. 5.7. At 

t--O, the current is equal to zero and, thus, d(Da/dt takes a large value V/N which 

results in a large di/dt. This abrupt initial rise of current was predicted fairly well for 

the case of starting position, however, the model did not predicted it for the middle 

and final position cases. Fig 5.13 shows the corresponding predicted armature fluxes 

at the same fixed positions. Notice that (Da does not start from zero at the starting and 
final positions, because of the presence of permanent magnet. At the starting position 
I>a starts from a negative value and rises to a zero level at about 0.2 ms. Using the (Da 
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vs time curve, at starting position, the electrical time constant was computed and 

found equal to 1.15 ms which aggreed. well with the experimental value of 1.2 rns. 

Model verification was carried out by comparing the predicted transient electrical, 

magnetic, and mechanical behaviour to experimental results. The experimental and 

predicted armature displacement versus time curves are shown in Fig. 5.14. The most 

appreciable error in the predicted results appears to be the shorter (by approximately 

0.25 ms) time delay that the model predicts before armature motion begins. 'Me total 

operating time is in error by less than 4 %. This includes the error produced from the 

tests since the armature trajectory was measured by monitoring its motion outside the 

actuator assembly (see Chapter 2). Another origin of errors between experimental and 

predicted results is the neglect of eddy currents in the model. For the purpose of this 

analysis, the oscillations on the experimental displacement/time curve in Fig. 2.13 

(Chapter 2), were not predicted. These oscillations were found to be caused by the 

bending of the lever and no bounces were detected at the impact pole/armature. The 

experimental and theoretical results for the coil current versus time are shown in Fig. 

5.15. As discussed earlier, the experimental current rises very quickly initially (large 

di/dt) due to a large d(Da/dt. As the armature starts to move (after 1.6 ms on the 

experimental wavefonn), the rapid increase in the armature flux induces a negative 

voltage in the coil reducing the current change di/dt temporarily (hence the first dip). 

When the armature hits the pole piece at the other end, the armature flux increases 

rapidly again causing further saturation, and hence a second dip on the current 

waveform. Once the armature is heavily saturated, the current rises quickly to its 

steady-state value V/R. Figs. 5.14-5.15 taken as a whole, clearly show the dynamic 

coupling between the actuator systems variables as mechanical motion affects the 

magnetic flux which, in turn, affects the electric current. 
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hunts on-dvnmic--r, 

The Lumped-parameter and field models in Chapters 3 and 4 showed that the use of 

magnetic shunts (Fig. 4.16) across the large air gaps G2 an G4 improved the actuator 

force characteristics. However, the concern was. that the shunts increase the 

inductance L in the magnetic circuit. Ile dynamic model was used to quantify their 

effects on dynamic performance. To evaluate these effects the cuffent/time and 

displacement/time curves for both original and modified designs, were plotted 

together as shown in Figs. 5.16 and 5.17. Notice in Fig. 5.16 that the shunts reduce 

the rate-of-change diffit because of the increase in inductance, in turn due to the 

reduction in circuit reluctance. This is reflected on the displacement/time curve in 

Fig. 5.17 which shows a longer delay time (by 0.2 ms). The model showed no change 

in the travel time. 

5.9 ConclUsions 

7"he simplified dynamic model has proved to be an effective means of predicting the 

dynamic characteristics of the actuator with less computation than with a fully 

integrated dynamic finite-element model. An important additional advantage of the 

simplified model is the insight that it gives into the underlying design problem. it can 

also be used to predict the dynan-dc performance of other high-speed moving-iron 

actuators, provided that its parameters are derived from field studies. 

Although the magnetic shunts have slightly increased the operating time (as was 

shown theoretically and experimentally), they are advisable. Further work in this area 

would also look at the change on current feed and reduction in the number of coil 

turns as other ways to reduce actuator response time. 

The static and dynamic analysis (Chapters 2 to 5) of the Bentley actuator has shown 

that it is electromagnetically, well designed. This has created some incentives for the 
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author to extend the study, to investigate various topologies of moving-iron actuators 

for achieving high operating speeds, and compare their relative performances, 

including that of the Bentley actuator (see Chapter 6). 
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Chapter 6 

Performance limitations and comparisons of various 
high-speed moving-iron actuators 

6.1 Obiect 

The work on the Bentley actuator is extended by establishing, quantifying, and 

comparing the factors limiting the performance of high-speed moving-iron actuators, 

particularly the maximum acceleration rate. One objective is to attempt to answer the 

questions: can the Bentley actuator be significantly improved 7 more specifically, can 

its mechanical time constant be substantially reduced, and how does the actuator 

compare with the relative performances of the various devices analysed in this 

chapter 7 

In most moving-iron actuators, the required reluctance changes are produced by 

varying the length of an air gap, in contrast with most rotating reluctance machines, 

in which the effective gap area changes. The chapter describes the results of a 

comparative study of the different forms of linear moving-iron actuators, when used 

in applications in which the speed of response is the most important of the 

performance criteria. 

6.2 The two modes of MI operations and their fundamental 

differences 

The MI actuators form one of the largest classes of electromagnetic device 

applications after rotating machinery. Ibey are generally used to provide forces or 

motions to do work in machines or to position parts or close switches. The simplest 
forms of these devices arc the linear motion configurations illustrated in Figs. 6.1 and 
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6.2. Fig. 6.1 shows an actuator in which the operating principle depends on a change 

in the length of the working air gaps, while Fig. 6.2 represents an actuator in which 

the gap overlap area changes. The two operating modes can also be used to provide 

rotational motion. 

The variable gap area (VGA) actuator (Fig. 6.2), generally designed for long stroke 

applications, can be made to have a linear relationship between current and force. 

This is a desirable feature for servo positioning applications in which it is also 

necessary to have the force independent of armature position. The VGA actuator is 

generally regarded as a device of low force delivery and small force-per-volume ratio 

which make it, in principle, not suitable for high-speed applications. Although this is 

the general belief, VGA actuators in rotary form such as the stepper motors have been 

designed to produce fast response. They are used when rotary motion and/or descrete 

positioning is desired. With an appropriate gear, they can be used for linear motion. A 

typical application is their use in computer peripherals for which they are preferred to 

the DC servo, synchronous or induction motors because of their compatibility with 

digital electronics. The use of rare-earth permanent magnet in the stepper motors has 

extended their high-speed capability, high specific torque and torquefinertia ratio. 

This leads to suggests that the VGA type deserve examination with regard to high- 

speed application. Other examples of VGA actuators include the Law's relay actuator 

[301. 

The variable gap length (VGL) type, shown in Fig. 6.1, is most useful for simple 

point to point movement and produces a larger force than that of the VGA type at the 

expense of linearity and length of stroke, assuming constant current. The VGL 

actuator is most popular for applications requiring high speeds and high forces over 

short strokes. There are a wide variety of configurations of this type, many of which 

employ permanent magnets such as the Bentley actuator. Other examples of the VGL 
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type include the Philips actuator used in dot matrix printers [31], and the General 

Motors solenoid actuators for automotive control applications [32,33]. 

The characteristic feature of a VGA type is a progressive increase in the volume of 

the working air gap during the stroke, and a corresponding increase in the magnetic 

stored energy which is needed to maintain a constant force, whereas the VGL device 

demands maximum energy initially to meet the same requirement. This affects the 

dynamic performance of high-speed actuators, since the rate at which the magnetic 

energy can be supplied determines the initial force and acceleration rate. 

It follows that the most suitable way of driving a VGL actuator effectively, is to 

maintain the maximum possible force (as limited by saturation). To do this, in a VGL 

actuator, 0 must be kept constant to maintain constant flux (by short-circuiting the 

drive coil in a zero-resistance circuit). This requires maximum energy initially, very 

rapidly, which is a disadvantage since it cannot be supplied. Hence, it may be slower 

than a VGA device. Note that the VGL actuator is inherently a constant 4) device. If 

the flux were constant from t=O, then it would work ideally (with zero delay), but the 

constant-current source has to supply a lot of energy very quickly. In contrast, in the 

VGA devices a linear rate-of-change of flux requires a constant supply voltage to 

maintain constant current and force. This difference in the dynandcs suggests that the 

usual method of excitation by switching on a DC source is generally more 

appropriate to the second type of device. It is capable of developing the maximum 

force more quickly, and maintaining it more uniformly, as well as providing low- 

speed characteristics better suited to some mechanical load requirements. If 

necessary, the electrical and mechanical time-constants could be matched in a design 

in which a uniform velocity is maintained for a substantial part of the stroke. Because 

the VGA device has obvious advantages when relatively long strokes, and small 
forces, are needed, and it is then necessarily slow in operation, it tends to be regarded 
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as essentially low-speed. Ibus one of the questions to be answered is whether or not 

it is capable of operating at speeds comparable to those of VGL devices. To be able 

to compare the high capability of both types, there is a need to establish and quantify 

the factors that limits the performance of MI devices. 

63 Force char cteristics 

The usual view in the design of moving-iron actuator is that the increase in force as 

required by the load requirement is not realised without reducing the operating speed 

of the device, as it can be shown with the aid of illustration in Fig. 6.3. For the sake 

of simplification the slot side is chosen equal to the pole width w. After specifying 

the stroke s, w is chosen to obtain the required force. If, for instance, the force is 

doubled by doubling w, the armature volume would be 4 times greater so that the 

ratio force per unit volume of armature (F/va) is halved and so is the acceleration. 

However, the following argument demonstrates that it is not necessary to use a large 

pole pair (or unit 'cell) to obtain the required force, but use a multiplicity of cells 

joined side by side or by increasing the length of the 'cell' as shown in Fig. 6.4. In this 

case the force and the volume of armature increase in the same proportion with the 

linear size of the actuator and the ratio force per unit volume of armature remains 

constant. However, for practical reasons the number of cells or the length of the cell 

cannot be increased linearly infinitely to achieve the maximum force possible. Other 

configurations must be sought to obtain a more solid and compact design such as the 

helical forms (the Helenoid and Colenoid actuators) devised by H. Seilly [34,351, the 

cylindrical type developed by Ford [36], and the disc-shaped (Disole) solenoid 

actuator by T. Kushida [371. 

For comparison purposes, the 2-pole 'cell' or 'unif arranged in the rectilinear form is 

considered (Fig. 6.1), with length Iz in the remaining dimension. Assuming that the 
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poles have infinite Permeability and that the field Hg is uniform in the air gap and 

zero field outside gives the usual expression for force 

F1 = go H9 2WI 
z 

(6.1a) 

= (1/go) B9 2WIZ (6.1b) 

by integrating the Maxwell stress (1/2go) B92 in the two gaps. The VGA device, 

shown in Fig. 6.2, gives a field H., in the slot before the armature is inserted. 

Integrating the Maxwell stress over the dotted surface in Fig. 6.5 shows that, by 

assun-dng that the poles have infinite penneability and that the field is unifonn in the 

small air gap g and in the large air gap gs [19], 

F2 ý ýLo (92 H92- gs HS2/2) Iz (6.2a) 

=VOH 92 (1 - 2g2/gs) 9 Iz (6.2b) 

and in terms of flux density B, 

F2 ý (1/go) B92 (1 - 2g2/gs) g Iz (6.2c) 

where HS is the field in the large air gap, and gsIg must be sufficiently large to 

prevent an undue reduction in F2. In both devices the mechanical work, F times 

stroke, gives the total gap energies, 

W, = (1/go) B9 2wlzs (6.3) 

W= (1/go) B2 (1 - 2g2/gs) g Iz s (6.4) 29 

but the factors determining force and stroke are interchanged. If the dimensions of 

both were chosen so that the width of each gap were the same as its length, then the 

strokes would be the same, and so also would be the forces, were it not for the 2g2/g. 

term. Thus, in the limit of practical air gap dimensions, the two outputs are directly 
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comparable, and increasing the width of the gap increases either the force or the 

stroke, depending on which device is chosen. 

In actuators designed for a high operating speed an important figure of merit is the 

force density, F/va, where va is the volume of the armature. In Fig. 6.1 

f, = FIN = (1/go) B9 2w/tp 

in terms of the pole pitch 

2w + gsl 

which must be as small as is consistent with an acceptable gýg ratio. 

whereas in Fig. 6.2 

(6.5) 

f2 = F2/v,, = (I Igo) B92 (1 - 2g2/gs) 92 Iz/(gs-2g2) s lz (6.6a) 

= (1/40) Bg 2 92/sgs (6.6b) 

If the stroke, s, were continued beyond the constant-force region to the point at which 

F2 falls to zero and the annature no longer protrudes. Assuming gs7492 in Fig. 6.2, 

reduces the multiplying factors to 

1/4w and 1/4s 

respectively, and illustrates the conditions required to give similar accelerations from 

both devices, if the total accelerated mass is in some constant proportion to v. As a 

basis of comparison, we observe that the arrangement shown in Fig. 6.6 gives for a 

disc shaped armature (assuming the flux densities gaps 1 and 2 are the same) 

F= (1/2go) Bg2 x d, 2/4 (6.7) 

2 (1/2go) Bg 7c d2 t (6.8) 
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and a force per unit (volume ve at d2 2/4), 

F/va 2-- (2/go) B9 2/d2 (6.9) 

For a stroke s, the work per unit volume is 

w=s F/va = (2/go) B92 s/d2 

If smax=0.5 d2o 

B92 

which is twice the energy density in the gap (= 0.5 H B). Equs. 6.9 and 6.11 provide 

data for assessing the figures of merit for any moving-iron actuator. 

Ile dimensions shown in Figs. 6.1 and 6.2 define the 'electromagnetically active'part 

of the entire armature, whose practical design must necessarily include additional 

structural material. The effect of the consequent increase in mass, and loss of net 

force density, is shown by a factor K defined as total mass/active mass by which 

equs. 6.5 and 6.6, have to be multiplied to give the actual acceleration, and operating 

time. Analysis of commercially-available high-speed variable-gap actuators show K 

values in the range between 1.25 to 3. 

The response time of both devices increases in proportion to the linear dimensions, 

because the force is a surface effect, acting on the larger side of the armature in Fig. 

6.1. It acts on the end-surface in Fig. 6.2, and is proportional to the area, whilst the 

stroke s deten-nines the amount of armature material, so that increasing s causes a 

proportional reduction in the force density. 7be latter is increased by keeping 9W92 

small, with a limiting value of 2 as the armature thickness tends to zero. However, 

gsI92 is constrained by the need to maxin-dse F2, from a given pole structure, so that 



137 

the practical limit of gA2 is about 4, and the energy density (product of force- 

density and stroke), 

f2 s= (1/go) B92 92/gs (6.12) 

is largely determined B92* Thus specifying the stroke lin-dts the maximum 

acceleration rate, regardless of the other dimensions of the device, or the force which 

it is required to produce. Although an increase in F requires more armature material, 

this does not necessarily cause any reduction in force density if the ratio of 

surface/volume is maintained, as can be done either by increasing the length, 1z, or 

the number of poles (by combining different geometric arrangements of the 2-pole 

unit). It is the stroke, rather than the force, or any other measure of size, which 

directly affects the maximum acceleration. 

Similar considerations apply to VGL actuators, even though they do not appear so 

explicitly. Since the length, Iz, and the number of poles, may be chosen to meet the 

force specification, the unit dimensions (particularly the pole pitch) can be kept as 

small as possible, to give maximum acceleration rate. The least size depends directly 

on the stroke. More specifically, the ratio gýg, and w/g, where w is the pole width, 

must be sufficient to maintain the surface force density, which depends on B92* Thus 

the two types of actuator may give similar amount of energy conversion, per unit gap 

volume, similar forces, when appropriately compared, and similar maximum 

acceleration rates, suggesting that the VGA device may be more attractive than its 

relative neglect suggests. Modem experience with rotating machines also suggest 

high specific outputs from variable-area (stepper-type) devices when compared with 

wound-rotor machines, which are the rotary equivalent of MC actuators. 



138 

6.4 Force/stroke ratio 

Although both types of actuator shown in Figs. 6.1 and 6.2 can be designed to 

produce performances which do not differ greatly over a range of forces and strokes, 

the VGL device is obviously better suited to applications in which the force/stroke 

ratio is large, and, conversely, the VGA device to those characterised by a large 

stroke/force. This can be quantified by writing equ. 6.1 in the form 

FI/91 = (1/go) Bg2 (W/gl) Iz (6.13) 

and equ. 6.2 

F2/s = (1/go) B92 (1 - 2g2/gs) (g2/s) Iz 

giving the force/stroke ratios in terms of the aspect ratios, w/g, and g2/s, of the two 

air gaps. A gap flux density Bg of slightly more than I Tesla and a gap aspect ratio of 

I (w = g) gives 

Fl/lzgl = (1/go) B92= 106 N/M2 

or 10 N per cm length, if g, is in nim. Thus, if the stroke is limited to I mm, a force 

of more than 10 N per cm length suggests a VGL device, and this force increases in 

proportion to gl, so that a 10 mm stroke suggests the same choice if the specified 

force exceeds 100 N per cm length. Conversely, a stroke of more than 10 mm 

suggests a VGA device if the force does not exceeds 100 N per cm. 

These figures depend on Bg2, which will be increased in a high-performance device, 

and ignore the 2g/gs factor, but they provide a useful measure of the operating range 

to which each device is most appropriate. Exceeding the specified stroke/force ratios, 
in a VGL device, will require a gap length greater than the pole width (g/W > 1), and 

similar consequences in a VGA device in which the force/stroke ratio is excessive. 
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6.5 Innuence of gali aspect ratios 

Equ. 6.5 can be expressed in terms of the ratio w/gs as 

Fl/va = (1/go) B9 2/(2w/g, +I) g. 

In practice, specifying the stroke g in a VGL actuator (Fig. 6.1), specifies the slot 

width g. needed to obtain the flux in the gap and armature. That is g/g. is 

approximately fixed. The pole width w is chosen to produce the specified force F, but 

as w increases F/va diminishes, so that the smaller w the better. In the limit as w 

tends to zero F/va reaches a maximum value of (1/go) Bg2/gs, assuming the flux 

density B9 is uniform for the distance w and equal to zero outside. In practice, there 

is a limit wo for which the armature will carry the minimum flux (Do* As w decreases 

towards this limit, the relative concentration of mmf gradient near to the pole (Fig. 

6.7) progressively reduces B9 on the flat surface, and hence the force F. The uniform 

field region which is needed to keep large B92 dissappears. Field calculations (using 

PE21)), taking account of saturation in the iron core, showed that the ratio w/g I 

should be between 0.5 and 3. Below 0.5, the force starts dropping sharply because of 

the loss of uniformity of Bg and above 3, F/va decreases rapidly because of the 

greater effect of v. By keeping w/g, in this range, it is possible to achieve maximum 

values of F/va, and hence, maximum acceleration rates. Mie required force F can be 

obtained by simply increasing the length Iz or increase the number of 'units' without 

changing F/va. The commercial high-speed VGL devices [34-371 have been designed 

with w/g ratios well above the theoretical limit of 3 (usually between 5 and 10), thus 

working with low values of F/va. Fig. 6.8 shows an example of a commercial high- 

speed VGL actuator. 

In the VGA type, the corresponding aspect ratio of interest is S/92. Fig. 6.9 shows the 
design of a VGA actuator for a stroke of 5 cm, and an air gap length of 1 cm, giving a 
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force of 500 N for a length Iz of 10 cm. The constant-current force-displacement 

curve, calculated from PE2D, shows that starting the stroke from the x---O position 

shown in Fig. 6.10, with the annature outside the gap, gives an initial force little less 

than the maximum value. 

Ile total flux in any given annature position can be expressed in the fonn 

(D = (DO + (DI X/S (6.16) 

where the flux 4)o which is established in the x=O position remains approximately 

constant for a large part of the stroke. It is this which causes the initial force. 

Reducing the stroke, s, and hence the armature mass has little effect on the initial 

force, so that, if there were no other mass, the maximum acceleration rate would be 

obtained from an armature whose stroke dimension is less than 9 (s/g < 1). 

6.6 Effects of saturation and slot geometry 

If high accelerations are to be obtained, the pole and armature immediately adjacent 

to the air gap must be heavily saturated. At the same time, the slot must be kept small 

(gs small). If all other considerations are ignored, the problem of maxin-dsing F/va is 

that of achieving the maximum F from the arrangement shown in Fig. 6.11 in which: 

(i) The parameter gs is chosen according to g (gsIg specified). Ihis is the basic 

size effect. 

(H) Ile pole profile maximises B at the gap surface. 

The armature is shaped for uniform B since the maximum B in it is less than 

that in the pole, so the additional mmf loss is small. 

(iv) The ratio t/gs should be sufficiently small to keep the armature volume down. 



141 

Saturation effects are the most important in the armature when they dominate the 

problem of keeping the volume down. There is no obvious advantages in saturating 

the rest of the poles, and increasing the angle 0 (Fig. 6.11) has the effect of increasing 

F. "us, it is reasonable to assume an unsaturated pole surface to examine the 

problem of the best t/gs and gdg proportions. Reducing g. will eventually reduce the 

force, as well as increasing the slot flux, the inductance, and the pole saturation. rMe 

basic problem is keeping gs as small as possible, consistent with achieving the flux in 

the armature. 

Alongside with the ratios g/gs and t/gs, the slot aspect ratio d/gs must be considered. 

In a simple rectangular slot (Fig. 6.1), the area is proportional to the depth d: 

Bg =J go gsd/2g (6.17) 

Hence, if gýg is kept constant, the smaller the depth d, the more current density is 

needed to maintain B 9' This will increase saturation in all parts of the actuator and 

reduces the flux in the gap (because of leakage), and hence, the force F. On the other 

hand the larger the ratio d1gs, the lower the current density J needed, but the slot flux 

increases. What is needed here is the absolute size of the device, which gives 

reasonable d1gs ratios. PE21) calculations were carried out for a 2-pole VGL unit, 

keeping gs/g constant and varying the depth d and current density J. The results 

showed that for maximum F/va the ratios d/g. must be in the range 1 to 3. 

6.7 Mechanical tiMe dt, ]U 

The F/va ratio controls the acceleration rate, but the most important single measure of 
high-speed performance is the operating time, which is directly influenced by the 
length of the stroke. The VGA device gives a constant force, if the current is assumed 

to be constant. Then the acceleration, a, is also constant, if the only retardation is 

inertial, so that 
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Pm va Kn, a (6.18) 

where pm is the mass density and Km the ratio of the total armature mass to the 

I active'mass pea. The time, 8t, to complete the stroke, s, is given by 

(8t)2 = 2s/a (6.19) 

Substituting in equ. 6.6, 

8t = (s/Bg) NfZI92) (6.20) 

and is proportional to s. 

Of the parameters, only Bg is subject to much variation, and we can obtain a measure 

of the performance by substituting the values Bg = 1, pm = 7,600 Kg/M3 and g. /g = 

4, giving 

Bt = 0.28 s (6.21) 

If Km is unity. This is therefore a minimum value, in the sense that the additional 

mass will increase bt according to NrK-nr It ignores the delay due to the electrical 

Ume-constant, but the result is otherwise comparable with perforrnance data given 

graphically by Seilly [341 for the high-speed VGL Helenoid design. 'Mis shows a 

linear relationship between operating time and stroke, with a slope of 0.8 ms/mm. For 

the VGL type, and substituting from equ. 6.5 instead of equ. 6.6 replaces s by Ts-p, in 

equ. 6.20, and removes the -4g'--, Ig factor, giving similar results. 

6.8 Comparison with the Bentley actuator and proposed 
design to reduce the mechanical time constant 

The Bentley actuator has a mechanical time delay of 1.4 ms for a stroke of 1.2 mm, 

giving a ratio Ws of 1.16,4 times larger than the above figure (equ. 6.21). The 
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relatively large mechanical delay in the Bentley device results from the need to use a 

long armature which is inserted inside a large coil needed to supply the large mmf 

required by the large air gaps. Note that in the Bentley device a large part of the 

armature is used to carry the flux and only a small part (where the main forces are 

exerted) is active, which results in a poor force per-unit-volume of armature. In 

effect, the equivalent linear mass (half the total mass) is much larger than the active 

mass, resulting in a small w/p ratio equal to 0.13 (equ. 6.5). This results in F/va far 

below the maximum merit figure given by equ. 6.9.7be relatively large mechanical 

delay in the Bentley device is the price to pay in achieving a small electrical time 

constant. In effect, the increase in reluctance using large air gaps, reduce the 

inductance (N2/reluctance), and hence LJR. In the Bentley design, the accelerating 

force (or pulling force) is produced in one air gap only, since the other gap produces 

the hold-on force (in opposition). Whereas, in a simple 2-pole unit the 2 forces in the 

gaps are added. This a second price to pay when a bistable operation is required using 

a permanent magnet. 

It is proposed that the design shown in Fig. 6.12 will substantially reduce the 

mechanical time constant since it uses less moving mass (hence larger F/va) and less 

inertia without affecting the electrical time constant L/R. The coil can be split into 2 

coils in series (same total number of turns as in the original design) which allows 
insertion of the non-magnetic spindle in the freed space, and use of a smaller (active) 

armature (section I in Fig. 6.12). The other section (2) is necessary for the return of 

the flux path. This can either be free to move by attaching it to the spindle or static, 
leaving a small gap between it and the spindle. The lever can be attached to the 

spindle and inserted through a hole in the middle of the shelf. With this proposed 

configuration, the single actuators have to be stacked side-by-side instead of on the 

top of each other as shown by the actual stack arrangement in Fig. 2.5 (Chapter 2), 

which may be a problem for Practical reason of the Bentley application. 
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6.9 Electrical time-constant 

Ile operating time depends on both the va/F ratio, and on the electrical time constant 

JJR. Mie inductance L of an unsaturated device with uniform field B 91 in similar air 

gaps, is given by 

U2/2 = (1/go) B92v9 /2 (6.22) 

in terms of the total volume, vg, of the air gaps. This ignores the flux in the excitation 

slot, as well as fringe effects adding to L, giving a n-dnimum possible 

L/R = (1/go) B92v9 /i2 R (6.23) 

and the OR loss depends on the current density, J, resistivity p, and total volume, vcq 

of copper. Substituting, 

L/R = (1/ýL 0) l3g2 vjj2 p vc (6.24) 

(and is otherwise independent of the number of turns in the winding), where the 

copper volume depends on the current density, since 

B9 =go J ac/2 g (6.25) 

in Figs. 6.1 and 6.2, in terms of the area of copper, acq in the excitation slot. Denoting 

the mean length of turn Ktlzt 

Ll/R =B9w /p J Kt (6.26) 

in Fig. 6.1, in terms of the mean length of turn Ktlz* In Fig. 6.2 the volume of the gap 

g increases with displacement, x, whilst the volume of the gap g. diminishes, giving 

L2/R = (Bg /pJ Kt) [(2g/gs) s+ (1 - 2g/gs) (6.27) 



145 

with a maximum value when x=s, reducing the square bracket to s. Thus, if the air 

gap flux density, and current densities, are both kept constant, the maximum 

electrical time constant in Fig. 6.2, like the vIF2 ratio (equ. 6.6) and 8t (equ. 6.20) 

increases in proportion to the stroke, but does not otherwise vary with size or with 

air-gap length. In practice the current density increases in smaller devices because of 

the increased ratio of surface area to volume of copper, and the method of cooling has 

to be taken into account, following the general rule that L/R can always be reduced 

by reducing the copper section. However, the assumption that J is constant greatly 

simplifies and clarifies the description. 

Comparing equs. 6.5 and 6.6 shows that the va/F2 ratio in Fig. 6.2 includes a factor, 

gs, but otherwise the electrical and mechanical responses both depend on the 

dimension w, and hence on the specified force, F (equ. 6.1). In general, the 

mechanical and electrical delays vary in the same way, regardeless of the mode of 

operation. Substituting typical values shows that the LJR delay is the greater of the 

two in both devices if the structural (non-active) part of the armature mass is ignored, 

althoug the practical comparison depend on the various design factors. The L21R and 

Ll/R ratios are equal when the two devices have the same stroke, and a pole with/gap 

ratio (w/g) of unity, and the other factors are the same, but this refers to L2 at the end 

of the stroke, and Ll at the beginning, if B9 and I are to take their design values. The 

characteristic feature of the variable-area device is the reduction of L /R to its 2 

minimum value at x=O, giving a more rapid rise in current and force at the start of the 

stroke, when they matter most. However, equ. 6.27 shows that this advantage is 

limited, since the minimum inductance Lo is related to the maximum, Ls, by 

LO/Ls = 2g/gs (6.28) 
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6.10 Eguivalent circuit 

computer solution of the field usually gives the vector A. The equivalent circuit 

equation is then 

vs= iR + (d/dt) A. dl (6.29) 

If we define the average value 

Aa = O/lw) 
f 

A. dl (6.30) 

for a coil wire of length lw,, then 

vý= iR+ lw (DAa/'Ji) (di/dt) + lw (DAaMx) (dx/dt) (6.31) 

where vs is the supply voltage, R the resistance, and x the annature position. The 

vector A can be interpreted in terms of flux linkage, or, more directly, as the 

momentum density of the moving conduction electrons [38] (viewed in these terms, 

the actuator is a device from converting electrical to mechanical momentum). The 

corresponding energy input in time Bt is 

vsi8t = i2 R Bt +i lw [(DAa/Di) di + (DAa/Dx) dx] (6.32) 

It is convenient to represent the terms by the equivalent circuit shown in Fig. 6.13, in 

which the Ma/Di term is represented by a coil, in the usual way, and the A fiax term D 
a/ 

is split into two, one representing the conversion to mechanical work, and the other 

the change in electrical energy with position (some of which is also converted by 

hysteresis). To clarify the discussion we assume ideal, linear, components, although 

saturation is important in a detailed study. Then lwaAXQ is independent of i, 

defining the inductance, L, the electrical energy represented by this term is 
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Es = Li2/2 (6.33) 

and is stored (i. e. 'Magnetically', or as the kinetic energy of the moving electrons 

[381). The displacement Bx causes equal changes in stored energy and mechanical 

work 

F 8x = i2BU2 (6.34) 

giving equal voltages V and v" in Fig. 6.13 

vl=v"=0.5 j(Dl, /gx) u=0.51w(DAa/Dx) u (6.35) 

where u=dx/dt is the velocity, and iv" accounts for the mechanical work rate, Fu. F is 

given by 

F=0.5 i2 (Ulk) = 0.5 lw (DAa/Dx) i (6.36) 

and equs. 6.34 and 6.35 describe the momentum exchange. Assuming a mechanical 

damping Kd and mass m, i. e. 

F= Kdu +m du/dt + FL(x, u) (6.37) 

where FL(xA is a specified mechanical load characteristic, completes the equivalent 

circuit. The effects of eddy currents, when significant, are easily added by suitable 

couplings and impedances. 

'Me circuit model helps to illustrate the dynamic behaviour in diagramatic form. At 

the start of the stroke V and v" are zero, and the current increases to vsrR at a rate 

determined by LOIR, where Lo is the initial inductance. 'Mis tends to zero in an ideal 

variable-ara device when the gap area is zero, although it is convenient to assume a 

sufficient initial overlap to give a uniform-field region. The force rapidly increases 

with i to its maximum value, given by equ. 6.36, where DAa/Dx depends on the flux 
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density B9 in the gap, and the device is designed so that this is at the saturation level. 

Equ. 6.36 can also be expressed in the form 

F=0.5B 9 Ni (6.38) 

and this provide a direct performance comparison with a moving-coil actuator, since 

the same maximum force would be exerted on a winding whose ampere-tums, Ni, are 

sufficient to 'terminate' the air-gap field, reducing it from B9 on one side to zero on 

the other. Thus we obtain the same force on the armature, in Fig. 6.2, as would act on 

a pair of moving coils placed in the two air gaps if the two coil together had the same 

ampere-turns as the main exciting winding. 71iis illustrates in simple terms one of the 

performance advantages of the moving-iron devices, since the same ampere-tums 

cannot be accomodated in the gap without a considerable increase in the electrical 

loading, as defined by j2' where J is the current density. 

Keeping the armature stationary defines the first 'steady-state' solution, given by 

j iT1R (6.39) 

When freed the armature accelerates at maximum rate, in response to the 

corresponding force, F, and the voltages V and v" appear in the equivalent circuit, one 

representing the increase in stored energy, and the other the useful work. These 

reduce the current towards a second 'steady-state' condition, defined by constant 

velocity u, giving constant V and v", and hence constant i. The LAI& voltage falls to 

zero, and the current is controlled by velocity, not inertial, effects to a value 

i2 2- v, /(R + Kuu) (6.40) 

where 

Ku = lw DAa/Dx =i DIJDx 
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and is independent of x if the gap area varies in proportion to x. The value of the 

velocity, u, in equ. 6.40, will depend on the mechanical load characteristics, and 

whether or not the 'steady-state' will be achieved will depend on the relative 

importance of the mass and kinetic-damping terms. 

The same equivalent circuit describes the behaviour of VGL devices, in which L 

would increase to very high values as the gap tends to zero, were it not for the 

limiting effect of saturation, together with any additional air gaps in the magnetic 

circuit (as in the Bentley actuator). The change in inductance due to the non-linearity 

causes a further induced-voltage term due to DL/Di, which opposes that due to aWat, 

but can be avoided by using the more fundamental form in equ. 6.29 when computing 

the current/time curve. The initial inductance, and hence time-constant, L/R, is 

deten-nined by the initial gap energy, which is similar to the final gap energy, and 

thus LJR, in a VGA device having the same mechanical work capability. If the 

current were established with the armature stationary, and a short-circuit applied 

through zero resistance, the velocity terms would remove the initial energy by 

reversing the sign of di/dt. In practice the supply voltage, vs, overcomes the iR drop, 

but also causes a rise in current which merely tends to increase the saturation level, 

rather than the force, if the designed B9 is achieved early in the closing period. 

6.11 Conclusions 

The study shows that it is the stroke which determines the operating speed of a well- 

designed moving-iron actuator, and it controls the mechanical and electrical delays, 

both varying linearly with stroke in an idealised device. Tle force, on the other hand, 

can be increased without necessarily slowing the operation down. This is true of each 

of the method of operation by changing either the length, or the area, of the air gap. 
The choice between two modes of operation depends partly on the specified ratio of 
force to stroke, but the variable area device also offers possibilities in increased 
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operating speed by allowing a stroke in excess of the air-gap length. 'Mis allows a 

reduction in pole-pitch, provided that the number of poles, or length, can be increased 

to meet the total force requirements. 

The variable-area device also has other potential advantages, giving less variation of 

force with time, and a smaller electrical time-constant at the start of the stroke. It is 

generally well-matched to the usual excitation method by switching a DC voltage 

source, in contrast with the variable-length which need a constant-current source that 

has to supply a lot of energy very quickly. The design principles of the VGA device 

have been examined, and suggest that, although it is inherently well suited to long- 

stroke applications, it deserves consideration when this is not an obvious requirement. 

Although only single-acting devices have been considered without permanent 

magnets, the VGA principle can be applied to double-acting and polarised actuators. 

It was also shown that the mechanical time delay of the Bentley actuator is 4 times 

larger than the minimum limit figure. Its mechanical time constant can substantially 

be reduced by making appropriate design changes without affecting its electrical time 

constant. 
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Chapter 7 

Summary. conclusions and recommendations 

7.1 Summary 

In this study, high-speed electromagnetic moving-iron actuators were experimentally 

investigated using digitally controlled instrumentation techniques to assess actuator 

dynamics, and numerically simulated with a dynamic lumped-parameter (magnetic 

equivalent circuit) whose magnetic parameters were derived from field (finite- 

element) studies. A dual voltage strategy was developed to improve actuator speed of 

response. This consisted in applying a high voltage dual pulse whose widths were 

changed to obtain the desired shape. The pulse widths were controlled using 

appropriate hardware and software. 

The lumped-parameter model was shown to accurately predict the dynamic response 

of a high-speed moving-iron actuator. This lumped model accounts for magnetic 

saturation, effects of width change between the iron components, effects of transverse 

edge fluxes, and the dynamic coupling of actuator system variables. The dynamic 

lumped model was obtained by deriving its magnetic parameters from finite-element 

results with the aid of a commercial field-solving package. In parallel, a static lumped 

model was developed and shown to simulate the actuator static performance with 

reasonable accuracy, and to give an insight into the underlying actuator design 

principle. The static lumped model improved the understanding of the working 

principle of the device under study, and determined the key parameters of actuator 

performance. Two-dimensional finite-element models were developed to accurately 

predict the saturation levels, and to assess the 3D effects (due to width change 

between the iron parts and to transverse edge fluxes). The 3D effects were evaluated 



158 

by incorporating the results of 2D scalar potential models in typical transverse cross- 

sections into the vector potential solution in the longitudinal (main flux path) cross- 

section. The 2D finite-element models were used to determine the air gap reluctances 

for the static lumped model, and to estimate the mrnf/flux and force characteristics for 

use in the dynamic lumped model. Transient eddy currents under static mechanical 

condition were also determined from finite-element results, and were found to have 

limited effects on actuator performance due to thin dimensions of the iron parts. 

The study was extended by surveying various moving-iron actuator designs, and 

analysing their relative figures of merit for high-speed operation. The factors limiting 

the performance of both operating moving-iron modes, particularly the maximum 

possible acceleration rates were established, quantified, and compared. 

7.2 Conclusions 

In general, this research has shown the feasibility of using a dual voltage drive 

strategy to improve the dynan-dc performance of practical, high-speed moving-iron 

actuator systems. It has also shown the capability of combined lumped- 

parameter/finite element techniques to provide a great deal of useful design 

information. The extended study has shown that it is the stroke which detern-dnes the 

operating speed of a moving-iron actuator, and it controls the mechanical and 

electrical delays, both varying linearly with stroke in an idealised device. More 

specifically, it has been shown that: 

(i) The operating time of the Bentley actuator could be reduced by 27% using the 

dual voltage strategy. This is accounted for by reducing the electrical time 

delay by 50 %, and hence, the electrical time constant QR. Thus, the proper 

shaping of the pulse is an effective way of reducing the actuator response 
time. 
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The hybrid actuator model which combines the simplicity of a lumped 

parameter technique with the accuracy of finite-element (field-solving) 

methods, proved to be a very efficient and inexpensive tool for improving 

understanding of the Bentley device. The model was used to investigate the 

effect of parametric design changes. Static and dynamic analyses showed that 

the use of magnetic shunts improve the static force characteristics, but 

increase the actuator operating time. It was concluded that the Bentley device 

is, electromagnetically, well designed. 

the operating time of a high-speed actuator, as determined by both the 

mechanical and electrical time-constants is, not fundamentally, determined by 

the force capability, but only by the required stroke. The force in both 

variable-length and variable-area devices, on the other hand, can be increased 

without necessarily slowing the operation down. The variable-area device also 

offers possibilities in increased operating speed by allowing a stroke in excess 

of the air gap length. It has advantages in the stored-energy changes when 

switched on to a DC voltage supply. It is also shown that the maximum force 

densities, and hence operating speeds, in both modes of operation, do not 

differ gready. 

7.3 Recommendations 

There are several specific areas in which the instrumentation techniques, the dual 

voltage strategy, the numerical simulation methods, and the results of this research 

could be extended: 

The dual-voltage technique should be used to improve the performance of any 

high-speed actuator, provided that its ratio electrical time constant/mechanical 

time constant is not small. 
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Ile actuator modelling techniques developed should be used to improve the 

performance of other types of moving-iron actuators (other than bistable 

permanent magnet devices). These should include both variable gap-length 

and variable-area actuators. The model developed for dynamic simulation 

should be used to predict the dynamic performance of other high-speed 

moving-iron actuators, provided that its parameters are derived from field 

studies. 

Ile results of the performance limitations and comparisons of high-speed 

moving-iron actuators should be verified experimentally, particularly those 

suggesting high potential of the variable-area device for high-speed 

applications, and those suggesting a reduction of the mechanical time constant 

in the proposed modified design of the Bentley actuator. The maximum merit 

figures should also be compared to those of other high-speed devices, such as 

the moving-coil and the moving-magnet actuators. 
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Anvendix A 

Software for the dual voltage drive system 

Program written in Assembly Language for a 6809 microRrocessor 

. processor m6809 
urtlst equ 22h ; universal receiver transmitter 
urtldt. equ 23h 
vara equ 1 100h ; duration of the pulse 
varb equ 1102h ; duration of the rest time 
varc equ 1104 
temp4 equ 1108h 
temp3 equ 1109h 
temp2 equ 1 10ah 
templ equ 1 1Obh 
temp equ 1 10ch 
xloc equ 1110h 
ylocl equ 1112h 
yloc2 equ 1114h 
temp5 equ 1116h 
temp6 equ 11 18h 
temp7 equ lllah 
tempc equ. Illch 
timlC equ 0010h ; address of timerl control register 
tim2c equ 0011h ; address of timer2 control register 
timld equ 0012h ; address of timerl buffer register int equ 0048h ; interrupt address 
tempi equ 1204h ; l6bits 
xmem -equ 1206h 
ymem -equ 1208h 
count equ 120ch 
ti equ 120eh 
t2 equ 120fli 
0 equ 1210h 
t4 equ 1211h 
t5 equ 1212h 
t6 equ 1213h 
p12 -equ 1215h 
table equ 1220h 
table2 equ 1260h 
esc equ Olbh escape key 
pdata equ OfOOch; 
pcrlf equ OfOOeh 
kl equ 1402h 
k2 

-equ 1403h 
U 

-equ 1404h 
k4 equ 1405h 
k5 equ 1406h 



k6 equ 1407h 
V equ 1408h 
k8 equ 1409h 
11 equ 140ch 
12 equ 140eh 
13 equ 1410h 
test equ 1412h 
meml equ 1414h 

zero: 
. Org zero+1800h 
Idd Etable 
std, xmem 
Idd E00h 
std. ymern 
Ida fOlh 
sta, tim2c ; set timer2 control register to I 
Ida f0a2h 
sta timlc ; initialise timerl in continuous mode 
Ida f: 03h ; uart 
sta, urtlst ; 
Ida f52h ; uart 
sta, urtist 
Idd 02 ; vara and varb set with this value 
std. vara 
Idd E495 
std. varb 
Idd E9999 
std varc 
lbsr mes4 

Tead: cir templ 
cIr temp2 
clr temp3 
cIr temp4 
Idd ftemp4 
std x1oc 

start: Ida urtIst 
anda fOlh 
Ibne key 

wavel: Ida fOffh 
sta 2 
sta 4 
lbsr ptm 
Idd E32 



lbsr delay 
Ida LOO 
sta 2 
Idd f: 495 
lbsr delay 
Ida foo 
sta 4 
Idd E2000 
lbsr delay 
Ida EOffh 
sta. 3 
sta. 5 
Idd E32 
lbsr delay 
Ida foo 
sta 3 
Idd E495 
lbsr delay 
Ida foo 
sta 5 
Idd E2000 
lbsr delay 
lbra startl 

ptm: Idd fOffffh 
std timld 
rts 

******************************************************************** 

delay: subd fl. 
bne delay 
rts 

key: Ida urtIdt 
cmpa E61h 
lbeq adj a 
cmpa f62h 
lbeq adjb 
cmpa E63h 
lbeq adjc 
cmpa E30h 
lbeq convl 
cmpa E31h 
lbeq convl 
cmpa E32h 
lbeq convi 
cmpa E33h 
lbeq convl 
cmpa E34h 
lbeq convl 



cmpa E35h 
lbeq convl 
cmpa E36h 
lbeq convl 
cmpa E37h 
lbeq convl 
cmpa E38h 
lbeq convl 
cmpa E39h 
lbeq convl 
cmpa E39h 
lbeq convl 
cmpa E7ah; z 
lbeq mes2 
cmpa fOdh; CR 
Ibne mavel 
lbsr convd 
lbra wavel 

convl: lbsr output 
ldx x1oc 
sta x+ 
stx x1oc 
Idd x1oc 
cmpd ftemp 
lbeq mesl 
lbra startl 

mesl: ldx fm3 
jsr [pdata] 
lbra startl 

mem2: jsr [pcrlf] 
ldx im4 
jsr [pdatal 
jsr [pcrlf] 
lbra read 

meml jsr [pcrlfl 
jsr [pcrlfl 
ldx fm5 
jsr [pdatal 
jsr [pcrlfl 
rts 

mem4: jsr [pcrlfl 
ldx fm6 
jsr [pdatal 
jsr [pcrlfl 
rts 



a: Idd tempc 
std vara 
lbra wavel 

adjb: Idd tempc 
std varb 
lbra wavel 

adjc: Idd tempc 
std varc 
lbra wavel 

convd: Idb 
andb 
stb 
Idb 
andb 
stb 
Idb 
andb 
stb 
Idb 
andb 
stb 
Idb 
andb 
stb 
Ida 
Idb 
mul 
std 
addd 
addd 
addd 
std 
Ida 
Idb 
mul 
std 
Ida 
Idb 
mul 
std 
addd 
addd 
addb 
std 
lbsr 
rts 

temp4 
f0fl, 
temp4 
temp3 
fOfh 
temp4 
temp3 
fOfh 
temp3 
temp2 
f0fli 
temp2 
templ 
fOfh 
templ 
temp4 
EOfah 

temp5 
temp5 
temp5 
temp5 
temp5 
temp3 
E64h 

temp6 
temp2 
fOah 

temp7 
temp6 
temp5 
templ 
tempc 
mes3 



; convert decimal number into ascii character 

scm: adda E30h 
jsr output 
rts 

; clear screen 

clear: Ida Cesc 
jsr output 
Ida v; ' 
jsr output 
rts 

; transn-dt to the scTeen 

output: pshu a 

ready: Ida urt. I st 
anda E02h 
beq ready 
pulu a 
sta. urtIdt 
rts 

ml: text "(press any key to continue)" 
. byte 00h 

m2: text 'The following values are the time intervals taken" 
. byte Oah, Odh 
. text "by the armature to move accross the gap" 
. byte Oah, Odh 
. text "Time interval = delay time + travel time" 
. byte Oah, Odh 
. text "The values are in microseconds" 
. byte Oah, Odh 
. text "(press any key to continue)" 
. byte 00h 

m3: text "(press return to store the number or Y to delete it) 
. byte 00h 

m4: text "type a new number" 
. byte 00h 

m5: -text "the number is stored, press 'a!, 'b'or(and)'c' to change" 
. byte Oah, Odh 
. text "a, b or(and) c, " 
. byte Oah, Odh 
. text "Press Y before typing a new number " 
. byte , 00h 



m6: . text "This is a two-level voltage waveform. The period ot is" 
. byte Oah, Odh 

. text "signal is set with initial values a, b and c" 

. byte Oah, Odh 

. text "a: duration of high voltage pulse, b: duration of low" 

. byte Oah, Odh 

. text "voltage pulse and c: rest time" 

. byte Oah, Odh 

. text "Initial values are: " 

. byte Oah, Odh 

. text "a--0.24 ms, b=3.76 ms and c=70 ms, " 

. byte Oah, Odh 

. text "period T=2(a+b+, c). " 

. byte Oah, Odh 

. text "The durations a, b and c of the signal can be changed" 

. byte Oah, Odh 

. text "by typing a number of 4 digits. " 

. byte Oah, Odh 

. text "This number will be multiplied by 1.085 *7 microseconds" 

. byte Oah, Odh 

. text "to give the actual durations a, b, c desired. " 

. byte Oah, Odh 

. text "Type a number of 4 digits" 

. byte 00h 

. end 

UNNERSITY 
OF MISTOL 

UBRARY 

ENGINEERING 


