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ANALYSISAND OPTIMIZATION OF A DOUBLE-SIDED, AIR-CORED
TUBULAR GENERATOR

Liang Gud, He Zhang, Jing Lf, Michael Gale4 and Chris Gerada

! Faculty of Mechanical Engineering & Automation, Zhejiang Sci-Tech University, Hangzhou, Zhejiang
2 PEMC group, Faculty of Engineering, University of Nottingham, Nottingham, United Kingdom

In this paper, the design and development of a double-sided, air-cored tubular generator (DSTG) is presented. The characteristics
of air-cored, slot-less structures are investigated in terms of power density and efficiency. This is highly desirable for small and
medium-sized renewable energy conversion systems. In thiswork, an analytical tool based on the magnetic vector potential method is
built in order to achieve a fast but accurate method by which to analyze the machine. The analytical model is validated by finite
element analysis. Further design improvements, based on the analytical and FE models are then suggested in order to enhance the
performance of the DSTG. Thefinal design of the DSTG isvalidated by test results from a developed prototype of the DSTG.

Index Terms—Double-sided, tubular generator, analytical modeling, optimization

€ RZ
|. INTRODUCTION RmRzm | axis

t is generally known, that slotted, tubular machines can ol = T /T;mng

achieve very good electro-magnetic performances [1 - 4] *E ] B i%— windings
with extremely high torque and power density values, with i < E*
however mixed results in terms of force ripple and cogging S, [ = _"éjHamach PM
forces. Ar-cored, tubular generators on the other hand, can il (Ad MiSas
achieve excellent force rifp values and a lower moving e > ,?
masswhich effectively enhances the dynamic stability and the i ] \%\ yoke
generated power quality. Air-cored tubular generators can be E2plEY / ] %/
found in a number of applications, such as energy conversion z
systems of ambient vibrations, free-piston engines and tidal Fig. 1 Construction of the proposed DSTG
wave energy conversion systerbsg].

The relativdy large equivalent air-gap of slot-less [l ANALYTICAL MODELING OFTHEDSTG

configurations limits the generatepower densityln orderto 5 Flux Density Distribution Due t&Ms
overcome this challenge,_sever_al methods _have been prc)poseqb\nalytical expressionsf the magnetic field distributions

in literature. In [7], a moving-coil generator is proposed wher]%r a single-sidé, tubular machine with quasi-halbach PMs
anequivalent magnetic circuit model of the generator with ONe . introduced i,n 12, 13. To simplify the model for the
phase was established and the basic characteristics WEIE sed DSTG the’flux aensit in the DSTG can be assumed
analyzed. In [8, 9],a three phase topology in motoringp P ' y

operation is proposedThe magnetic fields generated by theas the mathematical summation of two single-sided tubular

7 machins, while assuming that there is minimum and
PMs and the armature are analyzed and the variations of . . X . . .
X S ; . negligible magnetic saturation. Thus, the outer single-sided
forces with the main dimensions were obtained.

X o .., tubular machine can be considered as a tubular machine with
In this paper,a multi air-gap, tubular generator with

.. external quasi-halbach PNsshown in Fig. 2, where regidn
double, permanent magnet (PM) arrays, as shown in Kg.1 : I .
. . > “represents the air-gap/winding region and rediooaters for
proposed Analytical expressions of the flux density

distributionsin the proposed DSTG are established by usinthe PM reg|on._The chgr part of the_machmeonsmered as
: . 4 tubular machine with internal quasi-halbach PEisshown
the magnetic vector potential methotiO] 11]. Calculation . _. ) . . i
. in Fig. 3. The following assumptions are considered:
methods for the model parameters are also provided, whic : o o
. S 1) The relative permeability of PMs = 1;
can be used as an effective tool for optimization and for the .
; . 2) The effects of eddy currents are neglected;
control system. The analytical model is used to accurately

derive and represent the induced voltages, the generated forcgs) The z-axis length of the PM array is infinite so that the
end-effect can be neglected.

and the overall efficiency, which are the main characteristics ) . . .
. ) . For the two different regionghe vector magnetic potential
of the generator considered in this work. The accuracy of the

analytical resuft is verified by finite element (FE) analysis. ¢an be described as shown in (1)

An experimental prototype of the DTSG is then manufactured ViA =0 in region | 1)
and the experimental data resulting from testing, used to VA = —u,VxM inregion Il
validate both the analytical and the FE methods. For the configuration of Fig. 2, the magnetization wect

Manuscript received Marc20, 2015 (date on which paper was submitte M. and the field vector8. andHe in region| and regionl|
for review). Corresponding author: He Zhanfgmail: he.zhang — must satisfy (2).
@nottinghamacuk).
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B. Flux Density Distribution Due to Armature Current

> 2) The flux distribution in region and regionll, due to the
g = 0H, el g=0 armature curreris shown in Fig.4a, whemygae= (Rat Reo)/2.
= - In order to simplify the analysis, equivalent configurations
wherem = 3 M sinfmz), M, = 3 M, cosmz), gychas shown in Fig. 4b and Fig. 4c can be safely assumed.
e e This is true, when considering the assumption that the field

R, Il ze

Moo B M M oM - 4B, i MaTm: . lines are always perpendicular to the centerline of the
T ugrm, 2 2 T pgrm, 2 windings For the configurations of Fig. 4b and Fig.4c, the
(2n- 1)z _ _ current distribution of phase can be expressed by){6vhile

m, = ———, andB is the remanence of the magnetss  the conditions of field vectoi, andH, in regionl and region

T

the pole pitchzis the width of the radibi-magnetized PMs Il can be expressed as described by (7) and (8), respectively.

o

wherea, =a, _+ a,.b, =b, -+ b, . .Asshownin[12], the

parameters for flux density generated by the external PMs % é %

configuration are defined bw;,. and by,, which can be @ ©) ©

derived according to the conditions described by (2)e Th Fig4 Armature field flux distribution and equivalent solutions

parameters for flux density generated by the internal PMs )

configuration are defined ka4, andby,, which can be derived C- Induced voltage and force calculation

according to the conditions described by (&X,y) andKq(x,y) Two quality indicators for any generator are the induced

are modified Bessel functions of the first and second kind @bltages and the generated for@&e resulting efficiencys

the Oth order, respectively;(x,y) andK,(x,y) are modified dependent on these two aspects, while any harmonic

Bessel functions of the first and second kind of teeotder, components affect the power quality and dynamic stability of

respectively the system. Considering the influence of the armature field,
the coil flux-linkage in any one winding can be expressed as

T
pp——

andr,,,,is the width of axilly-magnetized PMs. 3,= Y 3,sin(m z) (6)
For the model shown in Fig. $he magnetizatio;, the n-12,
field vectorsB; andH; in region| and regionll satisfy the -B B -0:B -0 7)
following equations. el e R ] B e
M = M (ier + M Z‘ez; B“i Rm: Bllri Rm,; 1za Pnz Bllza R, ; BII za| Risdie = O;BI za| R =0 (8)
(3) 43,  mw . . iy
wile =Huale iHule =0:B L. = 0; wheres, = —%sin———=, 7, is z-axis position related to the
m1 m1 1 2 Tm 2
wherem , =-m . M, =m,. phasea windings w, is the z-axis height of the winding adg
R <—RR;: is the current density.
‘_Rmz',_lT_i o R.j For these conditions, for a single phasehe flux density
% & [ X component®,;, andB,, in th(_a regionl can be expressed _as in
4 A (9) and (0). The flux density componen®;;, and B, in
% > / ] > / regionll can be Fixpressed as (11) and (12
S 2 —/ B, (r.z,)=- Z [alanll(mnr)+ bla"Kl(mnr)]cos(mnza) (9)
% 4 VT"‘Z/ v v =tz
/i | / I 1 % B, (r,2,)= Z [ lo (M = B Ko (m D]sin(m z)) (10)
/ » Foan(m r)+a, J1L(mr)
AV . B.(r.z)=- 3 [ ) 1cos(mnza)(ll)
Fig.2 one with external PMs Fig.3 one with internal PMs nete [+ [~ Faan(m,n)+ by ] K (m 1))
ini i iti i © Fran(m r)y+a, ]1,(mr)
_C(_)mb_mmg (1) with co_ndltlons j2and (3), _the qux_ density (rz)- 3 J[ T lsin(m 2 (12)
distribution components in regidrcan be derived as: ettt & L+ [Faun (M) = by, ] Ko (M 1) nte
B (r.2)= B (r.2)+ B (r.2) whereagn( ), bian( ), @uan( ), buan( ), Faan( ) andFea( ) can be
e e ! AR @ derived as shown ifl3].
= [a,, 1,(m, 1)+ b, K (m r)]sin(m, 2) Rumiddie Rimiddle i
A Uy Ui
B,(r,2) =B, (r,2)+ B, (r,2) LR [
- 5) R i 4
= 3 [a,l,(m,r)=b, K (m r)]cos(m, z) /‘\‘_=;_/’/I _ _:,'/I . ‘\‘_f:/
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phase « 1

$ = Nl-l'zwjzj:”zﬂr(i B, + Z Z B,.)drdz (13) u u |
o2 © n=1 m=1 n=1 05 \‘,4 - M N ui

whereN; is the number of the turns of the windingsgs the z-
axis position of the windings centre-heigBt is the PMs-due

flux density,By;, is the flux density generated by timephase Eh 0 ‘
windings andphaseis the number of phases. Since the ’
position of the armature fiel®,,, is fixed relative to the 0.5 . M \ ‘
windings and the windings are full-pitch, the voltage across W W H a
one phase can be calculated as shown below. 1 FEM |
Cdgrdt e ~Analytical
¢ 0 100 200 300 400 500 600
(R . r z(mm)
47 pK. N.v I jRCZ rk,drsinm (z- ;) I (14) Fig.5 Flux density distribution in air-gap
2 (R,-R,) | w7 | 400
L+_|.R r z KIlrmndr J /\
wherek , =sin(m w_/2)/(m w_/2), 200 / \ / \
_ i -pai i S
&"" _alnll(rnnr)-# b, K,(m ), pis the pole-pairsv is the 5
linear velocity m present the parametersrofphase and § ’
K Hrmn = [FAmn(mnr) + allmn] |1(mnl’) + [7 Fan( mnr) + QIm n] Kl( mnr) .
200 FEM |
Considering that = [ (= B)dv, where J is the current / / rrrrrrrrr Analytical \
density, the Lorentz force generated in one winding 400 50 100 150 500
2ite R, © phase « (15) z(mm)
F=- 2 271 B B, )drd
'[z‘fwf‘ IRcz o (HZ:1 ot mzjl %1 en ) 412 Fig.6 Induced voltage witi=4A/mn?
Substituting 4, 5) and (11,12) into (15), then the thrust 2500 - 7
force of one phase can be calculated as the following: \ \ \
[ P 2000
|j CHKlmdrsinmn(z——)‘ \ / \ / \ / \ /
. ‘—i A7 PR, Ni| R 2 1500 \ / \ / \ / \ /
1 (R = R,) Lqi‘r z K ,mndr J (15) € 1000 | \ / \ /
wherei is the current. The total thrust force of a multi-phase 500 \/ \/ 7/ v/
generator can be derived by adding the forces generated by 0 FEM ]
each phase windings. —— Analytical
D. Validation by FEM '5000 50 100 150 200
In order to verify the analytical models presented above, a Z(mm)
FE model of the single phase DSTS built. The main Fig.7 Thrust force witd=4A/mnt?

dimensions of the generator are given in Table I. The model is o

used to simulate rated operation conditiomgh 80°C in the ~ The phase voltage curves shown in Fig. 6 and the thrust

by a lumped parameter, thermal network modef] [.The results. The voltage difference between the FE results and the

comparison between the results calculated by the FE metrjtRlytical method results is less than 2.7% and the thrust
Fig. 5 illustrates the radial compondtof the flux density Modelling of the DSTG

distribution in the air-gajat radiusR=(R2*+ R:2)/2. Since the MAIN D|MENS|0NsToAFE§r|;1EEIDSTG(UN|T- mm)

number of pole pairs of the armature is two, the flux density

the range of [50mm, 250mm] is the combination result of the Re Rue R Ra Ruu R ’
' 110 102 101 91 89 81 50

PM armature fields. The flux density in the range of [250mnT,
550mm] is due onlya the PMs. The results show that the

analytical results are in very good agreement with the FE ) )
results, within the full calculation region, except for the end N this sectionthe machine’s sensitivity to its geometrical

parts. The difference between the two results COmparisondi'gnensions, relative to voltage and efficiency is investigated.
approximately a 0.01T discrepancy. An optimized machine design is then proposed with the main

objective being to reduce the voltage harmonics and improve
the efficiency

Ill. OPTIMIZATION OF THEDSTG
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A. The Influence of Dimensions on the Induced Voltage

The variations of the voltage with the machine dimensions
are analyzed while assumirig, to be constantThe result
proves that increasing the PMs thicknbgs (wherehp,=R.-

o
©

Rn=Rmn1-R1) and the windings thickneds (h.=R.rR.) can § 0.8
enhance the amplitude of the voltage at the cost of reduced &
active material utilization. Unfortunately, harmonic content is a g7

also increased.

The variations of thesoltage and harmonic components 10
relative to the machine geometry are illustrated in Fig. 8 and
Fig. 9 respectively. A voltage maximum value is obtained 6
whenz,/z is 0.8, as shown in Fig. 8, whexg is the width of h(mm) 44 h,(mm)
the PM with radial magnetization. The optimal result in terms Fig. 10 The variation of efficiency with,, andh,

of harmonic presence is achieved whgitr is 0.5 ~ 0.6, as
shown in Fig9.

400
< oy
% 350 |5
3 g
g i
% 300
(]
o
2
£ 250
<
4 .
200 ") ° T/
0 0.2 0.4 0.6 0.8 1 Fig. 11 The variation of efficiency witt/z.
/ - .
Tt C. Optimised machine
Fig. 8 The variation of EMF with,,/ . .
g B/ Table Il illustrates how the DTSG performance varies for
0.14 the different machine dimensions considered in the above
0.12 optimization exercise. It can be observed that for a constant
£ copper loss, the best overall performances is achieved with
g2 o1 /T = 0.6 At this point, efficiency is 2% higher than that of
3 0.08 the DSTG with z/z = 0.5, while also achieving an
g, improvement in the harmonic content of the phase voltage.
‘5 0.06 However, if the harmonic content is not considered, then the
§ 0.04 maximum efficiency is achieved whep/z is set to 0.8.
[
o
0.02 TABLE Il
CHARACTERISTICS OFTHE DSTGWITH OPTIMIZED DIMENSIONS
00 0.2 0.4 0.6 0.8 1 Tmr(MM) Tmi/T Efficiency (%)  Voltage(V) 2" harmonic (%)
T It 25 0.5 75.66 342 1.67
mr
) o o 30 0.6 77.54 370 1.65
Fig. 9 The variation of harmonics with./z 40 0.8 79.18 400 5.86

B. The Influence of Dimensions on Efficiency

The sensitivity of the efficiency of the DSTG to the IV. " PROTOTYPE ANDEXPERIMENTS
machine dimensions is illustrated in Fig. 10 and Fig. 11. From To validate the analytical models, a prototype of the DSTG
the analytical results, it can be found that the efficiendg manufactured based on the parameters in Tabléotithe
increasesfor incrementsof h,, but decreases whem is maximum possible efficiency, i.e. whegr/z=0.8. In order to
increased. The optimal efficiency value is found to be whéast the dynamic performance of the prototype, a linear motor
/7 iS 0.8 is used to drive the DST& mover reciprocally.An S-type
force sensor and an optical fibre-bragg sensor system are used
to detect the force and position signalhe prototype and the
experimental rig are illustrated in Fig. 12.
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TABLE Il
MAIN DIMENSIONSOF THE PROTOTYPE(UN”—: mm)
Ry Rz Re2 Re1 R Ry T
48 40 37 32 30.5 22.5 50

The efficiency of the machine can achieve the maximum
value when the width of the PMs with radial magnetization is
about 80% of the pole span. Further work will include the
development of advanced algorithms to further optimize the
design.
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Fig.13 The output voltage 6]

The same operating conditions for the above analysis are
considered with the experimental set-up. For a translational
stroke of +20mm and with a 3Q3load resistance, the output
voltage of the prototype is measured and this is shown in FL%
13. The simulation results are in good agreement with the test
results with some discrepancy, which is mainly due to
measurement error and any manufacturing factorsA (8]
difference in the results between the FE and the experimental
tests of less than 2% has been achieved, which therefore
validates the proposed analytical method and the worthinesd%f
the proposed DTSG.

V. CONCLUSION [10]

In this paper, analytical models that consider the magnetic
field distributionin a slot-less, DSTG have been developed
and validated with FE and experimental results. Considerng”
the voltage and thrust force equations, the relationships
between the main machine dimensions and the machine
performance were investigate@he optimal desigrfor an (12]
improved machine performance is obtained based on this
sensitivity analysis.

The results show that the increment of the thickness of PN4S!
can improve the voltage and the efficiency of the DSTG, while
increasing the thickness of the windings can also enhance the
voltage but at the cost afegrading the overall efficiency of [14]
the DSTG.

University.
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