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Abstract- This paper presents the optimal design of a surfaceinted permanent-magnet (PM) Brushless direct-
current (BLDC) motor meant for spacecraft applicats. The spacecraft applications requires the ahata motor
with high torque density, minimum cogging torquettdr positional stability and high torque to inartratio.
Performance of two types of machine configuratiolesigned viz Slotted PMBLDC and Slotless PMBLDQ wit
Halbach array and radial magnetization are compaveth the help of analytical and finite-element JF&ethods. It is
found that unlike a Slotted PMBLDC motor, the ®kgltype with Halbach array develops zero coggingue without
reduction in the developed torque, suiting spacit@pplications. Moreover, the machine being caslprovides high
torque to inertia ratio and zero magnetic stictioonfirming to the requirements of spacecraft agilans.
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reluctance caused by slotting [2-6]. For high periance
applications, such as in robotics and space apiolica

Nomenclature requiring utmost accuracy, torque smoothness isntiss
R, Radius of the stator yoke surface [7].- Hence, it is very important to consider torgugple
R, Radius of the stator surface minimization and its related harmonics without afiieg
R, Radius of the Permanent Magnets surface the developed torque of the machine. The preseiice o
R Radius of the rotor yoke surface coggi_ng _torque, which is one of the main. factors
0n  Mechanical angle of the Permanent Magnets ~ contributing  to the torque ripple is an inherent
6  Mechanical angle of stator slot opening disadvantage faced in the slotted motor design.
6. Mechanical angle of stator tooth pitch The Attitude Control Systems (ACS) for future
0, Mechanical angle of a pole-pitch spacecraft applications requires an ideal choicenofor

B., Remanent flux density of Permanent Magnets  that has high torque density, zero cogging tordugh
L  Relative recoil permeability of Permanent Meign positional stability, high torque to inertia ratamd zero

p Number of pole pairs magnetic stiction. Stepper motors, a special cag& DC

n Spatial harmonic order motors cannot be used for critical ACS applications
v Slotting harmonic order because of its high ripple torque, which affects pinecise

M, Radial Component of Magnetization positioning requirement of the application. Moregwe

M, Tangential Component of Magnetization research works carried out by the authors [8-9artye

A,  No-load magnetic vector potential reveal the magnitude of the detent torque preserthe
f,,f, Dimensionless function in fourier series stepper motor which is almost 13 % of the developed

torque. This magnitude is very high than the actual
requirement which warrants minimum cogging torque,
l. Introduction ideally zero for critical space applications. A tkes
BLDC motor design however eliminates the tooth lepp
The BLDC motors have been proven to be th@mponent of cogging as well as has little slotaric
best all-around type of motors for aerospace applins effects thereby facilitating the need of smoothqter
because of their long life, high torque, high eéficcy, and output required for the application.
low heat dissipation [1]. The torque produced iilatted A sjotless machine, however suffers from a gengrall
PMBLDC motor can be classified as alignment torquswer magnetic flux crossing the motor air-gap hic
(i.e., useful torque) and cogging torque. The alignt regyits in a lower power output in the slotlessiges
tOI‘que IS produced due to the Interaction Of the \WM Compared to an equiva'ent Slotted design [10_111|5T
the stator conductors and the cogging torque isexhlby reduction in the magnetic flux crossing the air-gap
the variation of the magnetic energy stored inaiiegap, compensated by the use of Halbach magnetized array,
due to the PM ﬂUX W|th the angular pOSition Of "mor. having Strong and uniform magnetic field.

Thus cogging torque is produced due to the intemact  As per the requirements of the spacecraft apptinati
between the rotor magnetic flux and the variatibstator the outer diameter and axial length of the mactime



selected as 104 mm and 40 mm respectively. Hence asurfaceR;, the radius of the PMs surfade;, the

design has been developed in accordance with thgjys of the rotor yoke surfacR-, the mechanical angle
specifications for spacecraft applications. Forigtathe of PMs-O.. the mechanical angle of a stator slot-
paper is further divided in to three sub-sectiamsvhich ) m’ ) g i
section Il deals with the analytical modeling an& FOPening-®, , the mechanical angle of a stator tooth-pitch-
optimization of a slotted PMBLDC motor. Section &ihd o, , and the mechanical angle of a pole-piteh-

IV elaborates the analytical modeling, FE optimimat
and comparison with a slotless PMBLDC mot%e
configuration.

The following assumptions are made for developing
analytical model of a surface mounted slottgak t
PMBLDC motor similar to that followed in many model
of the literature [12-14]:
. Analysis of a Slotted PMBLDC Motor 1) End-effects are neglected
ii) The stator and rotor back-iron is infinitelgmneable
(i.e., the magnetic saturation is neglected)
I.1.  Analytical Modeling iii) The electrical conductivity of the PMs is assed to
be null to calculate the no-load magneticaec
potential (i.e., non-resolution of Diffusisréquations)
d'v) The PMs are assumed to be nonoriented, isatr@pid
having a linear demagnetization character{sére
earth magnets)
V) The stator slot faces are radial as showngn Ei
The exact analytical model is based on 2-D analysis
polar coordinates. It involves the solution lodiplace’s
equationsin the air-gap (i.e., concentric region: Regi)n
and in the slots on the stator (i.e., non-concem&gions:
Regionl: PMs Regions) and the solution oPoisson’s equationi the
Region2: Air-gap A PMs (i.e., concentric region: Regidh [Fig. 1] with
Reglons.Slotsonthestatorwnh:s,...,(Qp+2) constant ma X biliti h Joad i
Qp: Number of stator slots per pole gne_tlc per_mea llities. The no Ofa magne
vector potential in the air-gap, PMs and slotsgiven by,

An exact analytical solution (i.e., the Maxwel'guation
applied in sub-domain) is developed for calculatimg no
load magnetic flux density of a slotted PMBLDC nrot
with the effect of slotting considered. Fig. 1 slsothe
cross section of a slotted PMBLDC motor under ooke p
pitch.

The main parameters of this geometry are: the sadfu
the stator yoke surfac&,, the radius of the stator

Slotted stator | r oM
AA, =-22 1M, ——" | in Region,
Stot A== EE © aesj ’ -
irgep | AA,, =0 in Region2, (1b)
AA,; =0 in Regions (for | = 0 A), (1c)

PMs
where A,; ~ A, are the no-load magnetic vector potential
in different regions, sy, is the vacuum permeabilityv

and M, are respectively the radial and tangential

Rotor yoke Lo

components of the magnetizatioh , r and O, are

respectively the radial position and the mecharacejular
position of the stator (the positia®; =0 is the center of a

slot).

PMs/Air-gap/ Slots on the stator By combining (1) with the boundary conditions a¢ th
interface between the various regions [Fig. 1] bydising
the method of separating variables, the no-loadneihg

Boundary conditions between

*r=R : Hg =0 06,

*T=Rm i Bra=By } oo, vector potential solutions with the slotting effeszin be
Hoz=Her determined in Fourier's series. The magnetic vector

« r=R;: B, =B, ) ) potential as well as the radial and tangential comepts
H9i=H92} T, tos6s7+8 for the magnetic flux density developed by one fué t

authors [12] at no-load are expressed in variog®ns by

otherwise Hg, =0 - .
the following equations:

*r=Ry: Hg =0 -%+6,5655%+9,

. 95=i%+9,  By=0 RsrsR, In the PMs (i.e., Regioh) by

Fig. 1. Cross section under one pole pitch of tieslo Az1= Bm [RmeZ{ re g bnp, (2a)
PMBLDC Motor [12] By = By Ofq (1,05) Cnp, (2b)



Bo1 = Bim Ofp1(r.0s) Onp, (2c)

0 0 0
= 0 0 0 )
In the air-gap (i.e., in Regid?) by Qe Q Q . Q (6b)
I 5nv3 5nv4 5nv(Qp+ )_
Ay =B RyOf,{ r@J Onp, (3a) [ . 0 o
B2 = Bm Ofi2(r.0s) Onp, 3b) o.=| o 0 0 : (6C)
Bo2 = Bim Lfo2(r.0s) Cnp, (3¢) Qenva Qenva QGn\/(Qp+ )
In the slots on the stator (i.e., Regidnby [0 Quns Qsgvn3
_ 0 Qrvna Qsvna
A = B (ROfi(r@y) Ov, (4a) o =|: : 5 ’ (6d)
Bi =By Ofi (r.@) Ov, (4b) O Qg Qevggr )
Boi = Bm Ulai (r.05) Ov, (4c) [0 Quuns Qiovna
0
where By, is the remanent flux density of PMg; is the q_ =| Qg?’”“ Ql?"”“ , (66e)
number of pole pairs) andv are the spatial and the slotting i ' '
harmonic orders respectively; f,; ~ fo; are the _Ou Q9vr(Qp+2) QlOv(} Q+ 2
dimensionless functions in Fourier's series whiepeshd Q 0 0
respectively on the integration constarts, & Gy, in 1(1)\/\'3 Q 0
Regionl, E,, ~ H,in Region2, and F, in Regions, Q¢ =| . wa ) : (6f)
12l : : . :
The above coefficients,,,,Gy,, Ep, ~ Hopand F, 0 0 QllV\(Q#%

are determined by numerically solving the lineauagpns
given above (i.e., the Cramer's system) for e@gh (with with Nn and Nv are the number terms in the Fourier's

OTS

and the stator). The matrix representing the itign

constants,IC] is given by:

[1ic]=[Q]™ gK].

_ £, _
E2n
F2n
G1n
Gon
iel=| y | K=
F3V
F4v
_F(QP+Z)V_ L
[Qa 0 Qs
[Ql=]| 0 Q@ Q|
1 & &
where
_ann QOnn QOnn
Qa=| Q@nn ~Qonn Qonn|-
L 0 Qnn - Qann

(5a)

’ (5b)

(5¢)

(6a)

the mechanical angular position between the rofries for the computation of no-load local quaetitthe

unit matrix Qy,, has Nnx Nn coefficients, the diagonal
matrices Q,, ~ Q4n, have Nnx Nn coefficients, the

matrices  Qspyi ~ Qenvi @Nd  Qryni ~ Qiovni  have
Nnx Nv and Nvx Nn coefficients respectively, the
diagonal matrixQ,4,,; has Nvx Nv coefficients, and the

matrices K;, ~ K4, have Nnx1 coefficients which
depend ono@,. The corresponding elements in the
matrices are derived in line with the work donedme of

the author$12].
It can be noted that (5) for each,; consists of

6 INn+ Q, NV equations and that many unknown

variables. Based on this 2-D exact analytical mathel no
load magnetic flux density of a slotted PMBLDC muoito
all regions is done in MATHCAD environment.

I1.2. Analytical Results

The closed form solution derived in the previoudtisa is
used for designing an experimental radial magnétize
Slotted PMBLDC Motor within the dimensional
requirements of (104x40) mm for spacecraft appbeet
The basic design details obtained for the initiaigsigned
slotted PMBLDC motor developed with radial magnediz
PMs is shown in Table I.



TABLE | torque in these motors. The most significant metshod
DESIGNDETAILS OF THEEXPERIMENTAL SLOTTED PMBLDC MOTOR among them are: i) skewing of the stator slots btsP

Parameter Value i) change in magnet pole-arc to pole-pitch ratio,
i) providing notches in stator teeth, iv) shifinof PM
Dimension @(104x 40) mm pole pairs and v)adopting fractional slot pitch
zgpg:}'p‘;]ﬂ;aéfn) 328\/ combination. The previous research done by theoasith
No. of poles (B) 12 [17], clearly reveal the advantages of adoptingtiomal
No. of slots Q.) 36 slot pitch configuration for reducing cogging toeqin
Resistance/Phase 3.87 slotted PMBLDC motors. The amplitude of the cogging
Qg;?n?ntehr:fm:;‘j‘et 0;55@”&"_ torque comes down when the frequency of the cogging
Magnet thickness amm. cycles increases. The number of cogging cyclesnia o
Axial length of PMs 30 mm complete mechanical rotation is calculated by tgkime
Radius of the stator yoke surfa¢g) 50.5 mm least common multiple of the number of stator s(ots,
Radius of the stator surfadgX 44.5 mm Q) and the number of poles (i.e.p)2 Based on this
Radius of the PM’s surfac®() 44 mm

strategy, the 12 poles, 36 slot motor designedytinally,

is analyzed using FE with stator of different siaombers.
The Fig. 2 shows the radial component for the raml loFrom the FE analysis, it is found that the coggirque

magnetic flux density of the designed radial maigeet reduces drastically, if 37 slot configuration ides¢ed in

slotted PMBLDC motor under one pole pitch from the the stator instead of 36.

D exact analytical model. The designed slotted mbes The flux distribution of the optimized 37 slot, pales

36 slot and teeth combination and the number dabistaslotted PMBLDC Motor is shown in Fig. 3. Fig. 4 si®a

slots per pole is 3 as shown in Table I. comparison of the developed torque pattern under on

pole pitch for a 36 slots and 37 slots radial méigad

PMBLDC motor. The torque pulsation in the developed

Radius of the rotor yoke surfadgd) 40 mm

15 torque is very high for a 36 slots combination whis
detrimental for the positional stability for prezispace
10 applications.

) \ j
0,0

10 \ 20 30 40/ 50 60 ¥,
-0,5 ‘ ' \yill/

Angular Displacement (Deg-mech)

Fig. 2.Waveform of the radial component for thd@ead magnetic flux
density in the air-gap under one pole p{#shalytical Result)

From Fig.2, it is clear that significant amount of
harmonics is present in the magnetic flux density
waveform due to the effect of slotting. The basésign
parameters obtained from the analytical model edus
model the machine in FE. The optimization of the
machine has been carried out in FE so as to rethece
cogging component of torque to suit space appdoati
and the results are explained in the following isect

I1.3. FE Optimization and Results

The presence of cogging torque in slotted motor
configurations is significant due to the interantletween
the rotor magnetic flux and the variation of stator 1’;
reluctance caused by slotting. There are diffemeathods
available in literature [15-16] for the reductiohamgging

Fig. 3.Flux Distribution of the optimized 37 sloi® poles
PMBLDC motor (FE Results)



8 halbach air core PMBLDC machine is considered for
A further analysis.
6

lll.  Analysis of a Slotless PMBLDC Motor

l1I.1. Analytical Modeling

For deriving the analytical model of a slotless béah
magnetized PMBLDC motor, scalar magnetic potentials
vV derived from the solutions of Laplace’s and Poi&son
equations is used. In order to obtain analytichitgm for
the field distribution produced in a multi-pole Hath
-6 : machine, the following assumptions are made:
Angular Displacement (Deg-mech) i) The PM is oriented according to Halbach magagitmn

Developed Torque (Nm)

IS N
——
i

(\

e 36 slot T 37 slot and is fully magnetized in the direction of
Fig. 4. Comparison of the developed torque pattefrzs12 poles, magnetization.
36 slots and 37 slots PMBLDC motor (FE Results) i) The effect of finite axial length is neglected
5 iii) The back iron is infinitely permeable.
Fig. 6 shows a zero cogging PMBLDC motor with
6 Halbach array. Unlike that of conventional slottiggpe

ﬂ r‘ PMBLDC motor, the zero cogging PMBLDC motor
\

I 2 3| 40 50 b 60]

§SUARN

Cogging Torque (Nm)
N o

e

Angular Displacement (Deg-mech)
=36 slot: e 37 s|Ot!

Fig. 5. Comparison of the cogging torque patteifres 12 poles,
36 slots and 37 slots PMBLDC motor (FE Results)

But the developed torque pattern has the leasuéorq
pulsations when a 37 slots combination is adopfegl.5
shows the cogging torque pattern of 36 slot andl@7 Fig. 6. Zero Cogging PMBLDC Motor with Halbach Ayra
combinations. The magnitude of the cogging torgsie i
very much reduced in a 37 slot combination wheimploys slotless stator winding. Concentrated tybe
Compared to a 36 slot PMBLDC motor as is evideotfr Wmdmg is emp]oyed in the design, as it gives legsl
Fig.5. The machine is found to develop a peak @@esl \inding and avoids overlapping of phase windingemh
torque of 1.3 Nm and an average torque of 0.723Bi. compared to distributed windings. The inherent self
the magnitude of cogging torque even in the opBiZghie|ging property of Halbach machines over radiadi
model (37 slots, 12 p_oles_), IS found to be 20 %tr_“j parallel magnetized machines makes it an idealcehfair
developed torque Wh'Ch. IS h_|gher than that of arllu’ybemploying coreless configuration. From the schetnati
stepper motor of compatible size. diagram of the machine shown in Fig.6, the regimide

Hence another class of PMBLDC motors, i.e., &l&is the Halbach arrav is considered as air due to essel
PMBLDC configuration is investigated to satisfy tleast . . v : ur gue 10 ess
configuration. Hence the complete solution forititernal

cogging torque requirements of the spacecraft egtpdin. . .
The use of ferromagnetic material on the rotor ban rotor Halbach array zero cogging motor under stigly

avoided in halbach magnetization [18], thus redydime OPtained by the solution of Laplace’s and quass&mi’s
core losses and permitting high torque to inertiioras €duation in the air-gap and in the PMs respectiaely by
required for space applications. This is not theecaith the application of boundary conditions. _

radial and parallel magnetization. Hence a SlotleEBe final mathematical model for calculating theomir-




gap flux density in a internal rotor zero cogginglibhch 0.
array motor has been developed in [19-20]. They 8 ~ 08
formulated in polar coordinates and account foatred < 07
recoil permeability of the PMs. The radial compdneh | ¢ ¢
the magnetic flux density in the air-gap is defitgel A 05
x ’
>
L 04
p+1 x
____4pBn 1 [ R § 03
By = D( 1-| —— &
Mo {1+ tm) (1+ p) Rm 0,2
p-1 prl p+1 (7a) 0,1
- Rmn +(&) E:os( p@s) 0,0
Rs Rs r 0 2 4 6 8 10 12 14
Pole Pair Number
—&— |m=4mm =—t—|m=5mm =i |M=6mm
2p —=—|m=8mm —e&—|m=7mm
—l_ Hrm i -1
1+ pu Rm Fig. 7. Variation of peak Bwith change in length of PM and pole
0= rm pairs (Analytical Results)
2p 2p
_ 1-[&} é(l__'ufmg Rm (7b) €
Rm 1+ Rs
0,4 \ ‘/
S N\ /
where g, is the relative recoil permeability of the PMs| 202 \
R is the internal radius of the magng, is the magnet § \
outer radius,Rs is the stator outer bore radius. Th x 0
analytical model developed for Halbach array skstle| T 1 \8 3 36 45 54
PMBLDC motor was utilized for further analysis in 0.2
MATLAB environment.
0,4 \ /
[1.2. Analytical Results and Discussion -0,6 ,
Angular Displacement (deg-mech)

The analytical expressions given in (7) is used for
computing the radial component of the mean magnetic Fig. 8. Variation of mean air gap flux density undae pole
flux density in the air-gap for a Halbach slotléstrnal , pitch (Analytical Results) o
rotor PMBLDC motor with the required specificatioos MOtor is free of any harmonic content .This is duehe
(104x40) mm. Fig. 7 gives the variation of peak gaip adopuon_of slotless topology. Also this _deS|gr_frese of
flux density at mean air gap radius with pole paimber the cogging torque cgmponent as stator is havingpeth.
of the Halbach slotless air core PMBLDC machindéo Hence a zero cogging Halbach array PMBLDC motor
designed. The length of the magnetic flux path inCnfirming to the ideal torque requirements of the
Halbach magnetized rotor is dependent on the paie pPacecraft application is designed. A brief desigta of
number and hence there exist an optimum numbeolegp '€ developed zero cogging Halbach array PMBLDC
at which the flux density is maximum. The same ¢ nMOtor is given in Table II.
applicable for radial and parallel magnetized maesi TABLE Il

since the le_ngth_Of the magnetic .ﬂUX is COﬂSth@' to DESIGNDETAILS OF THEHALBACH ARRAY SLOTLESSPMBLDC MOTOR
the magnetic thickness) [21]. It is seen from Figthat

the optimum flux density is obtained when the tothframeter Value
number of rotor pole pairs is selected as 6.With tbimension ®(104x 40)mm
increase in length of the PM, even though the nedan Supply voltage 28V

flux density increases, the space available Eg(}mphasegm 3
gap nsity » e sp . of poles (p) 12
accommodating the stator windings decreases. HeReeof stator coils 9
based on the tradeoff between electrical and magnéi?S'Staft]ﬁ?/kPhase 0%97

. L Ir-ga| ICKNess o mm
loading optimized values of length of PM and tot@er?nfnem magnet e
number of poles pole are chosen as 6mm and Ngof PMs 12+12
respectively. The Fig. 8 shows variation of the meir Axia{_length of PMs 3|_C|> rlel .

H H osition sensor all elemen

gap flux <_jen3|ty under one po_Ie pitch of_ the Hal‘oa@lagnetthickness 6 mm
slotless air core PMBLDC designed. Unlike that of @hdius of the stator surfade. 50 mm
slotted PMBLDC motor configuration, the flux dempsitRadius of the PM's surfac&{) 44 mm

Radius of the rotor yoke surfad) 38 mm

waveform at the mean air gap of a Halbach arrajesi®



I11.3. FE Results and Discussion

The basic design parameters obtained from th
analytical results of a slotless PMBLDC motor with
Halbach array, such as the length of the PM and tf
number of pole pairs is used to model the machinel
for further optimization. Equal proportion of theam and
flux focusing magnet (50+50) is used for modelihg t
Halbach array in FE.

The 2-D FE analysis is carried out as the mactsne
axisymmetric. The commercial FE Software package, i
Maxwell 2-D, is used for the analysis. Fig. 9 shahe
flux density plot and the magnetic vector plot et
designed zero cogging Halbach motor. From the flu
pattern, it is clear that flux focusing PM actsaagath for

L
m

=
o

o
3]

o

Developed Torque (Nm)
o

S
o

e
<}

Angular Displacement (Deg-mech)
FE - = = = Analytical

flux between adjacent poles and hence reducediuténf
the back iron. Fig. 10 gives a comparison of theue
developed by the machine at 1 A excitation obtaiinech
analytical and FE results. FE results are foundlose
agreement to that of obtained from the analytieallts.

Fig. 10. Comparison of the developed torque pagtebtained from
analytical and FE Results

The developed torque pattern becomes more sindsoida

Therefore, the slight discrepancy between the dinaly and suits only sine-cosine drives when higher nunafe
and FE results can be attributed to the realizatibthe segments per pole is used for the formation of atib
Halbach array using discrete magnet segments wiash array [19], [22], [23]. Hence, considering the fiahtion

no significant effect on practical applications. eThfeasibility and the requirement of a PMBLDC Motor
magnets are assumed to be ideally Halbach magddtize drive, a two segment/pole configuration is used for
the analytical modeling whereas in the FE modelimgalizing the Halbach array.

Halbach array is realized using discrete magnensets.

From the FE results shown in Fig.10, the zero aoggi

Halbach array PMBLDC motor designed is found to

Fig. 9. Flux Distribution of the machine (FE Reshlt

develop a peak torque of 0.84 Nm at 1 A excitatind an
average torque of 0.55 Nm under one pole pitch.

IV. FE Optimization of Slotless PMBLDC

Motor

IV.1. Comparison of radial and halbach array
configurations

In order to highlight the advantages of hatbac

magnetization over conventional radial magnetizatibe
performance of the zero cogging Halbach array PM8LD
motor designed in the previous section is compavitd
that of a conventional slotless PMBLDC motor empigy
radial magnetization. The motor design envelopes ar
taken same for both the cases.
comparison of flux density pattern of radial andldah
magnetized slotless PMBLDC motors obtained from FE
results. The inherent self shielding capacity oflbdah
array permits the use of coreless configuratiorkerthat

of radial magnetization as is evident from Fig. The
Halbach array concentrates the magnetic flux mareree
side of magnets, (i.e. in the air-gap region) wasrthere
has to be a return path for flux in radial magragion.
This property of the slotless Halbach array motakes it
superior over its radial counterpart in terms odueed
core losses, high torque density, high torque éctia ratio
and zero magnetic stiction
application requirements.

Fig. 11 shows the

required for spacecraft



Fig. 11.Comparison of the flux density pattern of radiad &albact
magnetized slotless PMBLDC Motc

Fig.12 shows a comparison of the developed to
patterns of radial and Halbacimagnetized slotles
PMBLDC motorsobtained from FE Results. From F 12
it is seenthat the developed torque pattern is
sinusoidal (i.e. more torque ripple) with Halbaclbtms
suiting sine-cosine driveshereas in the radial motor it
more trapezoidalideally suited for PMBLDC motot
thereby reducing torque ripple.

1,0

Developed Torque (Nm)

Angular Displacement (d-mech)

halbach = = = = radial

Fig. 12.Comparison of the flux density pattern of radiad &albact

magnetized slotless PMBLDC Motc

TABLE llI
COMPARISON BETWEENRADIAL AND HALBACH SLOTLESSPMBLDC

MOTOR CONFIGURATIONS
) . Average Peak Torque  Torque
Configuration Torque (Nm (Nm) Ripple (%)
Slotless Radial
magnetized PMBLDC 0.55 0.77 12.44
Motor
Slotless Halbach array 054 0.84 23.19

PMBLDC Motor

Table Il shows a comparison of performance indice
the two configurations of slotless PMBLDC mot: It is
evident that even though the peak torque develapéte
Halbach motor designed with equal proportion betw
flux focusing and main magnet (50+50) isperior than
the radial one, the amount of torque ripple presaould
be reduced further for ideal torque requirementshel
space application. The next section deals with
optimization of the slotless Halbach array PMBL
motor designed.

IV.2. Optimizationof Slotless Halbach Array PMBLD
Motor

Equal proportion between the flux focusing :
main magnet is adopted (50+50) is adopted for Hmic
design of the albach array of slotless PMBLDC mot
The presence of high torque ripple persists with basic
design,in spite of its high torque density and zero cog
torque. Hencefor the ideal torque requirements of 1
spacecraft applicationsthis basic design is furth
optimized in FE by varying the proportion betweeaim
and flux focusing magneiThe variation of the develop
torque pattern with the change in proportion of nmand
flux focusing magnet is shown in F13. Here, it is
observed that with the increase in proportion afx
focusing magnet to the main magnet, the patterorbes
more sinusoidal with increase in peak torc

1,0
0,8
0,6
0,4
0,2
0,0

-0,2

-0,4

-0,6

08

-1,0

Developed Torque (Nm)

Angular Displacement (D+mech)

e 50+50 40+60 30+7(C 20+80 s 10+9(

Fig. 13.Developed torque pattern with change in proportibfiux
focusing and main magnet (FE Resu



TABLE IV 1,C
VARIATION OF PERFORMANCEPARAMETERS WITH THECHANGE IN
MAGNET PROPORTIONS 08
06
Main Flux focusing ~ \verage Peak Torque £ o4
magnet (%) magnet (%) Torque Torque Ripple < '
(Nm) (Nm) (%) 2 02
50 50 0.54 0.84 23.19 = 0,0
o
60 40 0.56 0.84 18.39 §.-0,2
70 30 0.58 0.83 14.45 % -0,4
a
80 20 0.59 0.82 12.11 -0,6
90 10 0.58 0.80 10.24 -0,8 .
. . . . . . -1,0
The ripple increases (i.e. more sinusoidal) witle th Angular Displacement (Deg-mech)
increase in proportion of flux focusing magnethe tmain e radial = = halbach(20+80)

magnet, which will be more suitable for sine-cosine
drives. The variation of peak torque, average tergnd Fig. 14. Comparison of the developed torque patiéradial and
ripple with this change is tabulated in Table IVs per optimized Halbach array slotless PMBLDC Motors ®&sults)
Table 1V, 10+90 configuration develops the leastjte
ripple of 10.24 %. However for the spacecraft aggilon Hence, a slotless Halbach array PMBLDC motor togwlo
requirements of a torquer motor, 20+80 Configumm with 20+80 proportion between flux fOCUSing and mai
the magnets which provides higher values of peajuto Magnet is found to be the best topology among thkace
and average torque were chosen without compromisiigunted PMBLDC motor configurations to cater the
much on the torque ripple. Based on these restiles, Needs for precise spacecraft applications [Fig. 14]
proportion between the flux focusing and main magse
chosen as 20+80 for the optimum design of the Halba ;
array of Slotless PMBLDC motor. Table V gives a V. Conclusion
comparison of the performance parameters of théaSar The optimal design of a surface mounted PRBL
Mounted PMBLDC motors analysed and it is seen fromeant for spacecraft applications is carried outo Types
the table that optimized Slotless Halbach Array RIE  of machine configurations such as slotted PMBLD@ an
motor topology eliminates the cogging componenthef slotless PMBLDC with and without Halbach array are
torque completely without much reduction in theompared with the help of analytical and FE methitds
developed torque component. Moreover, it yieldsalidgound that unlike that of slotted PMBLDC motor, a
trapezoidal torque characteristics similar to rhdiglotless PMBLDC motor with Halbach array develops
magnetization with significant increase in peaknadl as zero cogging torque. The designed Halbach arrapmist
average torque. further optimized in FE to get ideal trapezoidatqtee
TABLE V characteristics similar to radial motors with irese in

COMPARISON OFSURFACE MOUNTED PMBLDC MOTOR both average and_ peak _torque' The _maChIne_ belmr
CONEIGURATIONS has zero magnetic stiction. The optimal designlatfess

— Halbach Array PMBLDC machine is found to develop a
Average  Peak  Torque  COgging peak torque of 0.82 Nm at 1 A excitation and isnfibto

Configuration T(?\Irg:)’e T(m;)’e R('%Ie T(%z;’e meet the required design requirements for spadecraf
applications.
Slotless Halbach Array
PMBLDC Motor 0.59 0.82 12.11 0
(Optimized design, Acknowledgements
Slotless?jzigzich array The authors would like to thank Indian Space
PMBLDC Motor 0.54 0.84 23.19 o Research Organisation Inertial Systems Unit, Depamt
(Basic Design, 50+50) of Space, Government of India, Cochin University of
Slotless Radial magnetized 077 124 o Science & Technology, Kerala, India and College of
PMBLDC Motor : : : Engineering, Trivandrum, Kerala, India and Universif
Franche-Comte (UFC), Belfort, France for their heith
Slotted PMBLDC Motor 072 13 33.26 20 this project.

(Optimized design)
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