The
University
o Of

= -n,‘-_“ u}:_.'!?- Bhe&i{“:ld.

This is a repository copy of A low-power, linear, permanent-magnet generator/energy
Storage system .

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/832/

Article:

Wang, J.B., Wang, W.Y., Jewell, G.W. et al. (1 more author) (2002) A low-power, linear,
permanent-magnet generator/energy storage system. IEEE Transactions on Industrial
Electronics, 49 (3). pp. 640-648. ISSN 0278-0046

https://doi.org/10.1109/TIE.2002.1005391

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

640 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 49, NO. 3, JUNE 2002

A Low-Power, Linear, Permanent-Magnet
Generator/Energy Storage System

Jiabin Wang Member, IEEEWeiya Wang, Geraint W. Jewell, and David Howe

Abstract—T his paper describes the design, analysis, and char - Laminations Windings Non-magnetic ~ Permanent
acterization of a linear permanent-magnet generator and capaci- spacer magn/ets

tive energy storage system for generating electrical power from a o y
single stroke of a salient-pole armature. It is suitable for applica-  Salient-pole ‘F N — = T
tionsthat require relatively low levels of electrical power, such as armature Y lg?
remote electronic locks. An electromagnetic analysis of the gener-

ator is described, and a design optimization methodology for the T $

Tm
' Z. >
system is presented. Finally, the performance of a prototypeisval- |/ % /

idated against measurements.

Index Terms—Generators, linear machines, per manent-magnet

generators, power conversion. - - — -
Phase A Phase B
|. INTRODUCTION Ln
HERE IS A growing demand in various market sectors fc I

the reliable and remote provision of low levels of elec-
trical power &5 W), e.g., to supply electronic circuits in secuFig. 1. Schematic of two-phase tubular permanent-magnet generator.
rity locks data logging/telemetry systems. In many situations,
on-board power generation is preferred to the use of batteries,

R
which have a number of attendant problems, in that they con- I ‘ —
tain toxic and corrosive materials, have a limited lifetime, and X X il
need regular maintenance [1], [2]. Further, there are situations in PHASE A v C
which a loss of power may be inconvenient, e.g., a remote elec- . T

tronic security device, or result in a breach of health and safety
regulations, e.g., when monitoring operator use of machinery. A

commonly available form of mechanical input energy is linear =~ PHASEB
motion, which may be a reciprocating motion due to the vibra-

tion of a structure or machinery [3], or a single linear movement

due, for example, to the pressing of a switch or the insertion of
a key. Although such linear motions can be converted to rotrfr&g
motion, by means of racks and pinions or cams, linear genera-

tors are often preferred, since they are simpler [4], [5], havepgriod, the generator charges an energy storage capacitor,
superior efficiency, and are more reliable [6], [7]. which subsequently supplies the associated electronic circuitry.

This paper is concerned specifically with the design of a The basic configuration of the linear generator that is under
system for generating and storing electrical energy fromcgnsideration is shown in Fig. 1, while Fig. 2 shows the asso-
single linear movement, to supply a remote electronic lockéated power conditioning circuit. The generator is a two-phase
or an identification device such as fingerprint recognitiotubular device, the stator having both permanent magnets and
systems, for example. In such applications, the generator negjls, while the moving armature is a simple salient iron core.
be idle for extended periods of time, until an operator inseridie rectified output of the generator charges the capacitors to
a key or presses a push-button. During the transient operatifigre the generated electrical energy. As demonstrated in [8],

the circuit arrangement in Fig. 2 results in the best performance
from a two-phase generator.

Manuscript received March 26, 2001; revised December 25, 2001. AbstractThe axially magnetized permanent magnets and the lam-
published on the Internet March 7, 2002. This work was supported by the Ujfyated pole-pieces in the stator produce an essentially radial
Engineering and Physical Sciences Research Council (EPSRC). . . L . .

gir-gap field. The stator winding flux linkage is modulated by
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Electrical Engineering, University of Sheffield, Sheffield, S1 3JD, U.K. (e-maithe linear movement of the armature, and generates an induced

Vo

. 2. Rectification and energy storage circuit.

g.jewell@sheffield.ac.uk). _ R electromotive force (EMF). It will be noted that generators
W. Wang is with the Ultralab, Anglia Polytechnic University, Chelmsford, . . . w L

CM1 1LL. UK. of this type are often described as either “flux-switching” or
Publisher Item Identifier S 0278-0046(02)04919-5. “hybrid permanent-magnet” generators, so as to distinguish
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them from more conventional topologies in which the perma-
nent magnets are located on the moving armature. When the
armature is removable, for example, if it acts as the key for a
security system, the utilization of the generator is inevitably
compromised since the armature can only be inserted from one
end. Thus, the coils of pha&in Fig. 1 would be active only
during the latter half of the stroke. When the armature is not
removable, for example if it is integrated into a “push-button,”
the utilization of the generator can be improved significantly
by employing an armature which is longer than the stator, such
that the coils of both phases are fully active throughout the s S, | o
t2 el St2

complete stroke. S

One potentially important practical advantage of
“flux-switching” generators is that the armature will not
retain any significant remanent magnetization when the arma-
ture is removed. Thus, it would be suited to applications such
as security locks, which could not tolerate a removable perma-
nent-magnet polarized armature, since it may attract ferrous
material, corrupt credit cards, etc. However, one potentially
undesirable feature is the existence of cogging, which although
not directly compromising the power capability, may cause
significant velocity variations during the stroke, and affect the
tactile “feel” of the device. However, the cogging force can
be minimized by optimizing the width of the nonmagnetic
spacer which separates the two phases [8], [9]. If the armature

is removable, however, the extent to which the cogging force
can be reduced is limited, particularly over the initial half of
the stroke. St St
It will be noted that although the paper is concerned with a
two-phase generator in which each phase comprises a two-caoil S¢e2 Sci Stz
module as shown in Fig. 1, a generator in which each phase has
a number of such modules may be better suited to the available
space envelope. However, for applications in which the armature S . Svuz - S
is removable, this would further compromise the utilization of *‘ - I’
the windings.
L
Il. DESIGN Svu1
In order to illustrate the design synthesis methodology, the (®)

following performance specification has been addressed:  Fig. 3. Lumped magnetic circuits.

axial stroke: 48 mm;
average speed: 0.3 m/s; Few [N]
stored energy: 3 mJ.

A detailed knowledge of the magnetic field distribution as a %%y
function of armature position is a prerequisite for performing 02
design optimization of both the generator and the associated
power conditioning circuit. Two analysis techniques are em-

ployed: a lumped equivalent magnetic circuit approach and  ¢.1
magnetostatic finite element analysis, the former facilitating

the rapid assessment of a large number of potential designs, 005

while the latter facilitates design refinements and ensures that 0.
the field distribution is calculated to the required accuracy.

A. Lumped Magnetic Circuit Analysis

An equivalent magnetic circuit for the generator is established 04 025

by maklng J-ud.ICIOUS as‘?’umptlons re.gardmg.the. predomlnaf%_ 4. Electromagnetic force as a function of the dimensional ratips.
flux paths within the device. The equivalent circuit reluctancesdr., /1. .
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5. Predicted no-load flux distribution.

are readily determined for regions such as the permanent mag-
nets, the laminated stator poles, and the salient armature using
the dimensional parameters defined in Fig. 1. However, the esti-
mation of reluctances for the flux paths in air is somewhat more
problematic, and necessarily reliant on a number of simplifica-
tions.

The change in flux linkage of the stator windings as the arma-
ture moves is the main figure of merit by which alternative gen-
erator designs can be compared. The peak-to-peak variation in,
flux linkage for one stator coil can be deduced using the lumped
magnetic circuits shown in Fig. 3(a) and (b), which correspond
to the salient poles of the armature being aligned and unaligned
with the stator poles, respectively. With reference to Fig. 3, the
various reluctance components can be calculated.

+ 5, represents the air-gap reluctance due to the radial clear-
ance between the surface of a salient pole on the arma-
ture and a stator pole. In the case of the unaligned position
[Fig. 3(b)] it accounts for a small proportion of the total
effective air-gap reluctance, whereas in the aligned posi-
tion, it is the dominant component. Neglecting fringing
and leakage fluxesy, is given by

lg
Sg B Ho7T; (l‘r - lrn) ) (1)

» S, represents the stator slot-leakage reluctance, which,
for a parallel-sided slot, is determined from

lrn
Sel = ———+-
pom (rf, = 17)

@)

* S,, IS the nonlinear reluctance of the armature in the
aligned position, and although it will generally be small
compared to the air-gap componesy, it is included
in the lumped reluctance circuit since some generator
designs may give rise to a high degree of saturation. The
permeability., is derived from the magnetization curve

for the armature magnetic material and the armature flux
density. Thus,

_ lm + l‘r

= ©)

va

Since the magnetization curve is nonlinear, the determina-
tion of 1, necessitates an iterative solution of the lumped
reluctance network.

Sl represents the reluctance of the armature in the un-
aligned position, and is determined from

L

T a2

S’Uul = (4)

Swu2 represents the reluctance of the air space between the
salient poles of the armature, and is given by

I + 1+
27 g [(u - lg)2 - 73}

S’Uu? = (5)

S,, represents the equivalent reluctance of the permanent
magnet, which has a recoil permeability;of. Thus,

lrn,

Spp=—————.
" pepom (r2 = 17)

(6)
S;i—Since the stator poles are fabricated from annular
laminations, the flux that results from the permanent
magnet must cross a series of interlaminar gaps. If the
lamination stacking factor is,, the equivalent reluctance

is given by

(1 - ks) (l‘r - lrn)
2pom (12 —13,)

Sy = (7)

» S.; represents the reluctance of the leakage flux paths

from the outer surfaces of the stator poles. Assuming semi-
circular flux paths, the reluctance is given by [10]

l‘r + lm,
Set L

= S — o) ©
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TABLE |

PARAMETERS OF PROTOTYPE GENERATOR
number of poles 4 number of phases 2
outer stator radius r, 0.009 [m] outer radius of magnets r, 0.009 [m]
inner stator radius r; 0.00344 [m] inner radius of magnets r,, 0.007 [m]
airgap length /, 0.00025 [m] axial length of magnets /,, 0.0036 [m]
armature length 0.048 [m] pole-pitch /; 0.006 [m]
number of turns per phase 2 x 3100 capacitance 68 uf/ 25V
wire diameter 0.050 [mm]

TABLE I

COMPARISON OFLUMPED CIRCUIT AND FINITE-ELEMENT METHOD

COMPARISON TECHNIQUE

Analysis technique

Flux variation [mWb]

Lumped magnetic circuit 0.0684
Finite Element Analysis 0.0713
Flux (Wb)
42X 10°

0 0.01

...............................

-

0.02 0.03 .0.04

x (m)

0.05

Fig. 6. Finite-element predicted flux as a function of armature position.

By solving the lumped magnetic circuits corresponding to the
aligned and unaligned armature positions, the fluxes in the var-
ious regions can be estimated. Of particular interest, in terms of
the generator performance, is the flux that links the winding

.

o =0,+ > (13)
where®, is the air-gap flux which passes throu§}, and®. is
the leakage flux which passes througihh. From the calculated
flux for both the unaligned and aligned armature positions, the
maximum flux change\® can be calculated. Thus, the average
induced voltage in the two coils which form a phase winding
during the period in which the armature is displaced one pole
pitch is given by

2NAD  2NvAd

c = =
At I

where N is the number of turns per coil andis the armature

velocity. The output power generated by one pole pair is, there-
fore, given by

(14)

_pr— 2NADvI
I

where the winding current is related to the current densitl;

the winding packing factok,, and the stator slot arga,,, —

7’1‘) - lm by

Pem (15)

* Sem represents the reluctance to leakage flux from the per-
manent magnet, and is given by

* Sy andS;, represent the reluctance of the stator poles in
the radial direction. Again, these will only be significant

if the

1
ZI’LOTG ’

Sem =

degree of saturation is significant
S, = Tm — T3
i _WNO[T’I’ + 0-5(7‘771 + 71)](l‘r - lrn)
2(re — 1y
Siz = re = )

_WNO(TG + 372)(1‘;‘ - lrn) )

9)

(10)

(11)

_ Tkply (1 — 70)
I= - N (16)
Substituting (16) into (15) yields
2 A(I) 'm— T m
vk, AP (r ri)l . 17)

em —
I,

Therefore, the electromagnetic thrust fodcg, is given by
Pewo 20k, AP (7, — 7)) L
v L )

Equation (18) relates the thrust force capability to the generator
design parameters and facilitates design optimization by scan-

(18)

Fem =

« F,, isthe magnetic-motive force of the permanent magnéting critical design parameters so as to maximize the force, a
and is given by

Brenl
Hotbr

Frn, = lrn,

where B,.,, is the remanence.

12)

procedure which is particularly rapid with the lumped equiv-
alent circuit analysis technique. By means of example, Fig. 4
shows the variation of,,, as a function of the dimensional ra-
tios r; /r. andlm/l;, assumingB,e, = 1.2 T, . = 1.05,

7. = 0.009 m, r,,, = 0.007 m,{. = 0.006 m, [, = 0.000 25 m.
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Fig. 9. Simplified rectification end energy storage circuit.

Fig. 7. Variation of cogging force as a function of armature position.

AD/AX (vs/m)
0.015

Phase A

0.01

0.005

-0.005

-0.01

0.015 Phase B
0.01 0.02 0.03 0.04 0.05
x (m)

Fig. 10. Output energy as a function dfandC'.

Fig. 8. Rate of change of flux with respect to displacement of armature.  predicted change in flux linking a stator coil when the arma-
ture is moved from an aligned to an unaligned position. As will

. . . . N . be seen, the prediction from the lumped magnetic circuit agrees
As is evident from Fig. 4, an optimum combination of dimen- . - .
) . o ) reasonably with that from finite-element analysis.
sional parameters exists which yields the maximum thrust force . : . .
. . The optimal design parameters which were derived from
i.e.,r;/ro = 0.375,1,/l; = 0.6. 20 L.
the lumped magnetic circuit analysis, i.e;/r. = 0.375 and
l.,/l; = 0.6, were validated using finite— element analysis
by slightly varying the ratios and computing the performance.
Although the lumped magnetic circuit analysis is useful fddowever, this merely confirmed that the optimal values were
identifying likely optimal designs, it makes simplifying assumpeorrect. Further finite-element analysis was undertaken in
tions regarding the dominant flux paths, which are themselvesder to evaluate the generator performance in greater detail,
dependent on the particular combination of generator design ppecifically, the variation of the winding flux linkages, self-in-
rameters. Thus, it is prudent to perform a more detailed analydisctances, and cogging force with armature position. Fig. 6
of the magnetic field distribution using magneto-static finite-ekhows the variation of winding flux-linkages for the two phases
ement analysis. By way of illustration, Fig. 5 shows no-loads the armature traverses a complete stroke of 48 mm, while
field distribution of a two-phase generator having the parariig. 7 shows the variation of cogging force over the initial 5
eters listed in Table I, which conform to the optimal ratios fomm of the stroke (where = 0 in both figures corresponds to
r;/re andl,, /L, established in Fig. 4. Table Il compares théhe position when the armature tip is about to enter the stator).

B. Finite-Element Analysis
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Output voltage across two capacitors
VO(V) : t(s)

16.0 : : : : : : : : vr

vo(v)

0.0 s i ; ; : ; ; :
0.0 0.02 0.04 0.06 0.08 0.t 012 0.14 0.16 0.18

Fig. 11. Output voltage.

I1l. WINDING DESIGN AND RECTIFIER'CAPACITOR CIRCUIT

The design of the phase windings, i.e., the selection of the
number of turns and, hence, the conductor diameter, is closely
coupled to the selection of the rectifier and capacitor system for
the energy storage. Thus, a system-level approach embracing
the electromagnetic design aspects and the electrical circuit pa-
rameters must be employed.

The winding resistance and self-inductance per phase can be
expressed in terms of a normalized resistalRgand a normal-
ized inductancé, i.e,

R'w :R0N2 (19)
L, =AN? (20)

whereR, is constant for a particular combination of dimensiong'9. 12. Prototype generator.
m, 7: andl,,, and is given by
be assumed to have a constant magnitude, equal to the average
2p (Trn + Ti)

Ry = 1) value over the stroke, which considerably simplifies the opti-
Ep(rm —7i) lm mization of the coil design and the choice of the energy storage
] o . capacitor. It will be noted that the mutual inductance between
andp is the resistivity of copper at 20C (1.78x 10 = ). the two phases is essentially zero, and can be neglected.

_ The normalized self-inductanck, corresponds to the effec-  From the results shown in Fig. 6, the rate of change of flux
tive permeance associated with the coil flux, and can be detgfih gisplacement of the armature approximates to a square
mined from finite-element analysis. It is a function of the relazayeform, as shown in Fig. 8. This, in turn, allows the EMF per
tive position of the armature and stator poles. However, finite-§fj to be calculated. By modeling the rectifier diodes as ideal
ement analysis shows that for the generator having the parargjigyices with a fixed voltage draptV, the rectifier and capac-
ters given in Table |, the variation af over a complete stroke is jtor circuit of Fig. 2 can be simplified to the equivalent circuit
less than 20%, having a maximum value of 0.954 H and a Migsiown in Fig. 9, which comprises tw-L—C circuits excited
imum value of 0.847 H. This relative insensitivity to armaturgy two independent voltage sources. On the basis of the square

position is due to the fact that a permanent magnet with a recgijy linkage waveforms shown in Fig. 8, the amplitude of the
permeability whichiis close oy is situated in the main flux path g yoltage sourcesd/,, are given by

of the coils, and that a significant proportion of the self-induc-
tance is due to the “slot-leakage” flux component. Thusan V=K. N —2AVy (22)
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TABLE Il
MEASURED AND PREDICTED WINDING RESISTANCE AND INDUCTANCE
Resistance (Q at 20 C% Inductance (H)
predicted measured Minimum value Maximum value
predicted | measured | predicted measured
Phase A 1787 1741 0.846 0.758 0.954 0.866
Phase B 1787 1748 0.846 0.774 0.954 0.883
whereK, = [A®/Ax],, - v and[Ad®/Ax],, is the magnitude 4 10°
of A®/Ax shown in Fig. 8. : : '

The two voltage-sourc&—L—C circuits in Fig. 9 are decou- ] SRR EC SRR """"""""""" 1
pled, and hence, can be solved independently. If the armat A —O—measured | P S N |
moves at a speedfor a time duration of/., and the two phase redicted

. -y . - : p
EMF waveforms are initiated at instants of titag andto,, then 5 1 e S 1
the resultant voltages across the capacitors=at7; are given & |
analytically by (23), from which it is evident that the capacito & 7 % |
voltage is a function of botly andC O | AL b R QT 1
c
5 I R e < R EEEETTRRETE PP . AP s
1 KEN — 2AVd =
‘/ci|t=T =L 2.2 B ’ [ ] R Nl AR e A R LA LR R LR AR AR\ ACERREREE 7
E (CAN2s? + RoN?*s+ 1)s | |,_p .. : ; 3
i=a,b. (23) SRSRRALELEELES e RS LLEES P TRER R .

If the output voltage is regulated by a voltage regulator whic '50 0.005 0.01 0.075 0.02
requires a minimum voltage of 5.6 V to provide a stable outp Displacement (m)
of 5V, then the total energy which is available when the two
capacitors are subsequently discharged is given by Fig. 13. Flux-linkage of phas& as a function of armature displacement.

E, = 0.25C [(Vca F V)2 - 5.62] ) (24) in reasonable agreement with the analytically derived value of

2.4 mJ. A significant proportion of the difference may be at-

Equations (23) and (24) relate the output energy of the geng}buted to the nonlinear behavior of the diodes, which is not
ator-power conditioning circuit to the design parameférand accounted for in (23).
C. By scanning these two parameters between specified limits,
optimal values can be identified which resultin maximum stored
energy for a specified motion of the armature. Fig. 10 shows the
variation of the output energy as a functionéfandC, calcu- A prototype generator having the design parameters given
lated using (23) and (24), assuming an armature velacitfy in Table | is shown in Fig. 12. The measured and predicted
0.3 m sL. Clearly, for a given value o, there is an optimal winding resistance and inductance compare favorably as shown
value forC which yields maximum stored enerdy,,. As the in Table Ill. The measured and predicted flux linkage of phase
number of turngV is progressively increased, the optimal valud as a function of armature displacement are compared in
of C decreases while the maximum output endkyincreases. Fig. 13, with zero displacement corresponding to the arma-
However, for values oV greater than 3000, the increaselip  ture tip entering the stator. Fig. 14 shows typical measured
is no longer significant, while the required wire diameter besapacitor voltage waveforms and the associated armature
comes impracticably small. velocity waveforms, derived from a linear incremental encoder,
The validity of this foregoing analysis has been verified bgluring a single stroke of armature. As is evident from these
a more rigorous simulation of the generator—rectifier—capacit@sults, the system is capable of producing an output voltage of
system shown in Fig. 2 using the simulation package Sab#2—-16.5 V, for average armature velocities ranging from 0.15
By way of example, Fig. 11 shows how the voltage across th®0.45 m st. The resulting stored energy varies from 2.45 to
two capacitors varies with time for the case 8f = 3100, 4.63 mJ, which meets the target performance specification. It
C = 68 uF and a constant armature velocity @B ms™!. will also be observed that, due to the presence of cogging force,
The energy that is recoverable by discharging the capacitorstie armature velocity fluctuates significantly during the stroke,
2.7 mJ, after which the output voltage drops to 5.6 V, which fgarticularly at lower speeds.

IV. EXPERIMENTAL RESULTS
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Fig. 14. Measured capacitor voltage and armature velocity waveforms during a single stroke of armature. (a) Average armature eldeity s'. (b)
Average armature velocity 0.30 m s™L. (c) Average armature velocity 0.45 ms?.

V. CONCLUSIONS been highlighted. Performance predictions agree well with ex-

This paper has described the design, analysis, and expgﬁpmental results from a prototype generator.
mental characterization of a tubular permanent-magnet gener-
ator and an associated power conditioning circuit. The merits of REFERENCES
combining lumped magnetic circuit analysis and finite-element|1] c. B. williams and R. B. Yates, “Analysis of a micro-electric generator
analysis to optimize the design of the generator has been illus-  for microsystems,Sens. Actuators/ol. A52, pp. 8-11, 1996.
trated, and the need for system-level analysis to concurrently? 3 Wang. W. Wang, G. W. Jewell, and D. Howe, "Design and exper-

- o - imental characterization of a linear reciprocating generatBrgc.
design the winding and select the energy storage capacitors has IEE—Electric Power Applicatvol. 145, no. 6, pp. 509-518, 1998.



648

(3]

4

(5]
(6]
(7]

(8]

E]

(20]

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 49, NO. 3, JUNE 2002

——, “Analysis and design of a linear reciprocating generator fo
telemetry-based vibration monitoring system,” Rroc. ICEM’'98
1998, pp. 857-862.

J. Wang, G. W. Jewell, and D. Howe, “A general framework for the ana
ysis and design of tubular linear permanent magnet machifieEE
Trans. Magn.vol. 35, pp. 1986-2000, May 1999.

B. Lequesne, “Permanent magnet linear motors for short strokesSE
Trans. Ind. Applicat.vol. 32, pp. 161-168, Jan./Feb. 1996.

White, K. Colenbrander, R. W. Olan, and L. B. Penswick, “Generatol
that won't wear out,'Mech. Eng.vol. 118, no. 2, pp. 92-96, 1996. Science and Technology, where she was appointed
M. Watada, K. Yamashima, Y. Qishi, and D. Ebihara, “Improvement o a Lecturer in 1988. She was a Research Associate
characteristics of linear oscillatory actuator for artificial heartEEE  at the University of Sheffield from 1997 to 1998 and is currently a Senior
Trans. Magn,. vol. 29, pp. 3361-63, Nov. 1993. Research Fellow at Anglia Polytechnic University, Chelmsford, U.K. Her
M. K. Jenkins, G. W. Jewell, K. Harmer, and D. Howe, “Design of aesearch interests include electromagnetic devices, miniature mobile robots,
micro-generator for a smart-diskette,”mroc. 12th Int. Workshop Rare meta-level learning, and electronic learning.

Earth Magnets and Their Application$992, pp. 121-132.

P. J. Hor, Z. Q. Zhu, D. Howe, and J. Rees-Jones, “Minimization of

cogging force in a novel linear brushless permanent magnet motor,” in

Proc. IEEE Compumag Confl997, pp. 345-346.

Z. Q. Zhu and D. Howe, “Magnet design considerations for electrici
machines equipped with surface-mounted permanent magnefsgan
13th Int. Workshop Rare-Earth Permanent Magnets Applicatib®84,
pp. 151-160.

Weiya Wang was born in Jiangsu Province, China,
in 1957. She received the B.Eng. degree from
Jiangsu University of Science and Technology,
Zhengjiang, China, and the M.Sc. degree from
the University of East London, London, U.K., in
1982 and 1996, respectively, both in electrical and
electronic engineering.

From 1982 to 1993, she was with the Department
of Electrical Engineering, Jiangsu University of

Geraint W. Jewell was born in Neath, U.K., in 1966.
He received the B.Eng and Ph.D. degrees from the
Department of Electronic and Electrical Engineering,
University of Sheffield, Sheffield, U.K., in 1988 and

= T 1992, respectively.

3 From 1994 to 2000, he was a Lecturer in the Elec-
- trical Machines and Drives Research Group, Univer-
" sity of Sheffield, where he currently holds an Engi-

neering and Physical Sciences Research Council Ad-

J vanced Research Fellowship. His research interests

cover many aspects of both permanent-magnet and
reluctance-based electrical machines and actuators.

David Howe received the B.Tech and M.Sc.

Jiabin Wang (M'96) was born in Jiangsu Province, degrees from the University of Bradford, Bradford,
China, in 1958. He received the B.Eng. and M.Eng UK., and the Ph.D. degree from the University
degrees from Jiangsu University of Science an i of Southampton, Southampton, U.K., in 1966,
Technology, Zhengjiang, China, and the Ph.D - 196_7, an_d 1974, respectively, all in electrical power
degree from the University of East London, London, ,u"l“."'n engineering. )
UK., in 1982, 1986, and 1996, respectively, all in —— He has held academic posts at Brunel and
electrical and electronic engineering. Southampton Universities, and spent a period in
From 1986 to 1991, he was with the Department o I industry with NEI Parsons Ltd., working on electro-
Electrical Engineering, Jiangsu University of Science | magnetic problems related to turbogenerators. He is
and Technology, where he was appointed a Lecturer currently a Professor of Electrical Engineering at the

in 1987 and an Associate Professor in 1990. He wasdniversity of Sheffield, Sheffield, U.K., where he heads the Electrical Machines

Post-Doctoral Research Associate at the University of Sheffield, Sheffield, U.1&nd Drives Research Group. His research activities span all facets of controlled
from 1996 to 1997 and a Senior Lecturer at the University of East London frodtectrical drive systems, with particular emphasis on permanent-magnet excited
1998 to 2001. He is currently a Senior Lecturer at the University of Sheffielfachines.

His research interests range from motion control to electromagnetic devices anfrof. Howe is a Chartered Engineer in the U.K. and a Fellow of the Institution
their associated drives. of Electrical Engineers, U.K.



