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1. INTRODUCTION

Stepper motors are used in a variety of applicatiamcluding high and low propulsion technology,
solar array tracking system in satellites, compptipherals, machine tools, robotics, etc. Stefpetors
are divided into two major groups, one without panent magnet and the other with permanent maghet. T
term hybrid is derived from the fact that the matpperated under the combined principles of peena
magnet and variable reluctance motors. The moteinbathe permanent magnet rotor and multiple teeth
both on the stator and rotor poles, with excitatioetator poles is called the hybrid stepper motor

Hybrid stepper motors (pmh) are highly preferredsjrace applications as they can provide accurate
positioning in open loop system [1]. The positioaaturacy of the stepper motors will be high onhew its
step angle is very small. Hence for space apptinathybrid stepper motor is the best choice aantaffer
small step angles in the range of°0® 1.8.The other classes of stepper motors such as \arielictance
stepper motor and permanent magnet stepper molldsensuitable only for applications which requiaege
step angles.

The design of a hybrid stepper unlike that of camiemal ac motors such as induction motor and
synchronous motor using equivalent magnetic cirandlysis is not easy because of the complex @ir-ga
geometry, which results in complex air-gap permeamariation [2]. Because of this, analysis using
electromagnetic computation is a complex task dwedd results in the dependency of FEM technique for
design and analysis.

Since hybrid stepper motor has a large numbereathten the stator and rotor surface and a verylsmal
air gap, the magnetic saturation in the teeth besosevere while increasing the flux density inahiegap.
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In addition both radial and axial flux is producbdcause of axially magnetized permanent magnet and
geometric characteristics

This makes the analysis of hybrid stepper motor emdifficult using 2D FE modeling. Three
dimensional FE analyses is one of the solutionsnfamlinear analysis of axially unsymmetrical hybrid
stepper motor under this situation. But in orderegduce the computational time involved in the gsiala
2D equivalent of the 3D model of the motor was dieyed and used.

2. FEM OF HYBRID STEPPER MOTOR

Tooth layer unit (TLU) [3] is a rectangle area that a tooth pitch width and two parallel linesibdh
the teeth of stator and rotor. The area is showRignl.The factors of the nonlinear material anel tion-
uniform distribution of magnetic field in the teett stator and rotor are taken full consideratianthis
computation model. There are two basic assumeditimms in the computation model of TLU.1.The lines
AB and CD of the TLU in Fig.1 are considered aspstential lines.2. The magnetic edge effect ofosta
pole is ignored, which is assumed that the distidiouof the magnetic field for every tooth pitchdah is the
same.

In Fig.1, 4 and y are the scalar quantities of the iso-potentia¢diPAB and CD. The magnetic
potential difference F is given in (1).

F=us—u (1)
If @ (o) is assumed as the flux in a tooth pitch width g@eal unit length of iron core andis the

relative position angle between stator and rotoentthe specific magnetic conductance G of TLUivemy
in (2).
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Fig.1.Tooth layer unit

Apparently, G is related to the saturation exteritan core and is changed with F and the relative
position anglex and it can be obtained by the numerical computatio the magnetic field of TLU shown in
Fig.1 [3]. The lines AC and BD are the periodic bdary lines because the distribution of the magrfetid
is considered as the same for every tooth pitchthwilhe magnetic field in TLU is irrational fielchd the
magnetic equations for the field are given in thetangular coordinates in (3).
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ARG
¢cp =0 | (3)
@ag =0
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whereg is the scalar quantity, | is the magnetic perniigyalaind A is the tooth pitch. For a certain
position anglen and a magnetic potential difference F, the distidn of the magnetic field of TLU can be
calculated by the 2D finite element analysis. Tihg per axial length of TLU is given in (4).

(p(a:F) = ZBe (m)e (4)
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Here the nodes j and m are on the border AB as shiowigl. (jm) is the length of unit e from
node j to m and Bis the flux density. The specific magnetic condnce G will be used in the calculation of
the whole nonlinear network equations of the motor.

3. RESULTSAND ANALYSIS
a. Design of Hybrid Stepper Motor

A practical 1.8 (mechanical) PMH stepper motor is chosen for dedighas 4 poles in the stator
and 2 sections in the rotor with AINigonagnet axially magnetized. The main structure rpatars of the
motor are shown in Tablel

Table 1: Data of PMH Stepper Motor

Stator poles Tooth per stator pole Outside diamsdter Inside diameter of Outside diameter of stator
stator stator shell

04 8 10.108 cm 5.936 cm 10.652 cm

Tooth number of rotor Number of turns per Section length of rotor Outside diameter of  Inside diameter of rotor
phase rotor

50 46 10.26 cm 4.2cm 1.74 cm
No of turns per stator Rated voltage Rated current SWG of conductor Torque

pole

92 12V 1A 36 1.5Nm

PDE toolbox of Matlab for FEM analysis is used nedstigate mmf due to permanent magnet for
different topologies which is difficult to investite by mathematical model [4]. Different topologies
considered are 1) Uniform air-gap (0.137 mm) witltira teeth on stator 2) Uniform air-gap (0.137 mm)
without extra teeth on stator 3) Non-uniform aipg@.137 mm) with extra teeth on stator 4) Non-omif
air-gap (0.137 mm) without extra teeth on statotJBjform air-gap (0.93 mm) with extra teeth on staf)
Uniform air-gap (0.93 mm) without extra teeth oatst 7) Non-uniform air-gap (0.93 mm) with extesth
on stator 8) Non-uniform air-gap (0.93 mm) withaxtra teeth on stator. The details of all the kigh
topologies are shown in Table 3.

All topologies are investigated with Iron (99.8%f)dalron (99.95%), for rare earth permanent
magnets NdFeB, Si80,; at current capacities of 0.5 A and 1 A. Theteglanagnetic potential diagrams
are shown from Fig. 2 to Fig. 5 for one / two iroore materials (99.8% and 99.95%) with NdFeB as
permanent magnet. Fig. 2 shows for Uniform air-d8d37 mm) with extra teeth on stator without
excitation. Fig. 3 shows for uniform air-gap (0.18r) with extra teeth on stator with excitationGob A.
Fig. 4 shows for uniform air-gap (0.137 mm) withaxtra teeth on stator without excitation and FEg.
shows for uniform air-gap (0.137 mm) without exieath on stator with excitation of 0.5 A. Similaftyr all
remaining topologies, for different core materialsd different permanent magnets at different ctirren
densities, magnetic potential is investigated it without excitation. This magnetic potentiaisltiplied
with axial length (10.26 cm) and air-gap length4 837 mm, 0.93 mm) to get total mmf.
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Fig. L Magnetic potential as contour and flux densitpasws of PMH motor for topology 1 without
excitation for two core materials, iron (99.8%prir(99.9) for NdFeB permanent
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Fig.3. Magnetic potential as contour and flux dgnas arrows of PMH motor for topology 1 with e&tibn
of 0.5A for core material, iron (99.8%) for NdFeBrmanent magnet
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Fig.4. Magnetic potential as contour and flux dignas arrows of PMH motor for topology 2
without excitation for two core materials, iron (8%), Iron (99.9%) for NdFeB permanent magnet
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Fig. 5. Magnetic potential as contour and flux dgmes arrows of PMH motor for topology 1 with
excitation of 0.5A for core material, iron (99.8%) NdFeB permanent magnet
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3.2.  Permeance Model of Hybrid Stepper M otor
The gap permeances{Ps) [5] are calculated using (5) for the tooth layeit shown in

Fig.6 [6]
= T4 Ta-' % d
P P 9
Vo
P, d

_—E'—_
t 3

Fig.6: Linearized tooth layer unit arrangement fing tubes
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Here, x =equivalent length of step angle mm, towitith, t = 1.32 mm, tooth pitch, s = 1.42 mm,
tooth depth, d = 1.32 mm, air-gap length, g = 0.0®% and 0.93 mm are considered for the analysis.
Suppose that the number of teeth per stator polg,ithe total permeance per polg, if given in (6),
considering Pto R are in parallel

= Z [P+ 2(R + P; + P) + B] Wh/A (6)
The Permeance per pole per phase is given by (7)
Px =P +X5=1 P, cos (1) @)

Since the displacement is frodre 0 to 2w radians corresponds to one-pitch of a tooth, thetet
angled is related to the mechanical step artgleas in (8), where 4s the number of teeth of the rotor

0p = Z0y, ®)

The gap permeance Fourier coefficients (?) fotagblogies are evaluated using (5), (6), (7) and (8
and tabulated in Table 2
Steady state torque and cogging torques are obtasiag (9) and (10) respectively [5].

Zr .
To = — = (NI)(By Am)%sm 8, Nm )

where Z is rotor teeth, N is turns per coil per phase, pér phase current in Ay flux density of
permanent magnet in Wb, is area of permanent magnet i, m, andp, are Fourier coefficients and

0. is electrical angle in degrees.
Toog =52 Fm) pysin 40 Nm (10)
0
Where, R, is permanent magnet permeance in Wh/AjF=mmf of permanent magnet in AT apg
is Fourier gap coefficient. Steady state torque emgging torque are obtained using mmf of permanent
magnet and mmf due to excitation from Table 3 fbtapologies for two iron cores (99.8%, 99.95%}Iwi
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rare earth permanent magnets NdFeB andC®m at current capacities of 0.5 A and 1A. These tssare
tabulated in Table 3.

Table 2. Fourier coefficients of gap permeancalffierent topologies
Fourier coefficients of gap permeance

Topology Pox 104 p = p 2 P P Psx
10° 10° 10° 10° 10°

1 4.320 3.222 2.809 4.276 3.280 1.915

2 5.375 3.043 2.464 5.321 3.681 1.679

3 1.184 7.665 5.904 1.172 8.294 4.024

4 7.093 3.832 2.952 7.022 4.636 2.012

5 1.656 8.950 6.893 1.640 1.082 4.699

6 1.506 8.136 6.526 1.552 1.025 4.448

7 4.328 2.338 1.801 4.070 2.829 1.227

8 2.164 1.169 9.005 2.142 1.414 6.138

Fig.7 and Fig. 8 show the responses of permeancéggdology 1 and 2 respectively. Fig. 9 and Fig.
10 are responses of steady state torque and cotyinge of iron core (99.8%) for topology 1 anddimgy
2 respectively at 0.5 A.

Permeangg, WHAC
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Fig.7. Permeances for topology 1

Pemrearce, WA

Angle, Electrical Degrees

Fig.8. Permeances for topology 2
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3.3. Instantaneous Torque of Hybrid Stepper Motor
Instantaneous torques of even harmonic and odddmenm Nm can be evaluated using (11), (12)
[7] respectively

T, = 2N2 12{(P, — 4P, + 3P, )sin48
+(3P; — 8P +5P;) sin 86
+®o-12P;,)sin120 + ...} (11)

T, = 2N IF,,{P; + (—3P; + 5P;) cos46
+(—7P;+ 9P,) cos 86
+ (-1B;4 + 13P;3) cos 126} (12)
Total torque in Nm is investigated using (13)

tFTe+ T, (13)

Fig.11 and Fig.12 are the responses of Jand T;for topology 1 at 0.5A and for topology 2 at 0.5A
respectively for iron core (99.8%).

Instantaneous torques are investigated using mrpeohanent magnet and mmf due to excitation
from Table 3 for all topologies for iron (99.8%)0mn(99.95%) for rare earth permanent magnets NdFeB,
SmCoy; for current capacities of 0.5A, 1A to calculateDldnd tabulated in Table 3

MMF is found uniformly distributed in uniform smadlir-gap distribution. MaximumMMF is
interacted between stator and rotor for uniforngagir topology. Steady state torque is varying withrent
density linearly for uniform air-gap topology faoh (99.8) type with SpCo;; permanent magnet. When air-
gap is increased steady state toque is lost an@ imammonic in nature. Cogging torque is low for non
uniform low air-gap without extra teeth on statmpalogy with iron (99.8) stator and rotor core ety low
steady state torque. Cogging torque is more theadygtstate torque for large non uniform air-gaptogy.

Cogging Torque
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Fig.9. Steady state torque and cogging torqueocfoolbgy 1 at 0.5A
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Fig.10. Steady state torque and cogging torquéofmslogy 2 at 0.5A
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Fig 11.Instantaneous torques for topology 1 foAGdr iron (99.8%)
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Fig.12. Instantaneous torques for topology 2 f&AXor iron (99.8%)

Table 3. MMF and Torque and THD of instantaneougue for different topologies

Stator, Permanent Current MMF MMF due Instantanious To Teog
Topolog rotor core magnet  density  dueto to torque THD (Nm) (Nm)
y Iron (%) (A/m?) PM, excitation, %
ATx10* AT
NdFeB 170648 4578 23.6352 12.46 0.1596 0.0171
Iron 341296 4.578 30.7940 15.57 0.1995 0.0171
(99.8) SmCoy; 170648 4578 23.6352 12.46 0.1596 0.0171
1 341296 4578  30.7940 15.57 0.1995 0.0171
NdFeB 170648 4578  107.779 18.67 0.6982 0.0712
Iron 341296 4578 230.955 17.36 14960 0.0712
(99.95) SmCo; 170648 4578 107.779 18.67 0.6982 0.0712
341296 4.578 230.955 17.36 1.4960 0.0712
NdFeB 170648 4578  30.7940 10.78 0.2628  0.0982
Iron 341296 4578  38.4925 16.97 0.3285 0.0982
(99.8) SmCoyr 170648 4.578 30.7940 10.78 0.2628 0.0982
2 341296 4578  38.4925 16.97 0.3285 0.0982
NdFeB 170648 6.159 92.3820 17.72 0.8051 0.1289
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Iron 341296 6.159 184.764 18.82 1.6100 0.1289
(99.95) SmCoy; 170648 6.159 92.3820 18.01 0.8051 0.1289
341296 6.159 184.764 17.16 1.6100 0.1289
NdFeB 170648 1232 15.3972 3.04 0.0320 0.0580
Iron 341296 1.232 30.7940 6.08 0.0604 0.0580
(99.8) SmCo; 170648 1.231 15.3972 3.04 0.0320  0.0580
3 341296 1.231 30.7940 6.08 0.0604 0.0580
NdFeB 170648 4578  46.4910 3.67 0.2417 0.3631
Iron 341296 4.578 92.3820 7.3 0.4803 0.3642
(99.95) SmCoy; 170648 3.079 46.4910 3.67 0.2417 0.3631
341296 3.079 92.3820 7.3 0.4803 0.3642
NdFeB 170648 1.539 18.3120 6.82 0.0365 0.0239
Iron 341296 1.539 38.4925 14.33 0.7672  0.0239
(99.8) SmCoy; 170648 1.539 18.3120 6.82 0.0365 0.0239
4 341296 1.539 38.4925 14.33 0.7672  0.0239
NdFeB 170648 3.849 61.5880 6.17 0.4562  0.3306
Iron 341296 3.849 107.779 10.79 0.7983  0.3306
(99.95) SmCo; 170648 3.849 61.5880 9.17 0.3069  0.1496
341296 3.849 107.779 16.05 0.5370  0.1496
NdFeB 170648 0.811  3.24600 2.45 0.0035 0.0080
Iron 341296 0.811 8,12250 6.11 0.0088  0.0080
(99.8) SmCoy; 170648 0.811 3.24600 2.45 0.0035 0.0080
5 341296 0.811 8,12250 6.11 0.0088  0.0080
NdFeB 170648 0.970  8.11500 5.12 0.0106 0.0114
Iron 341296 0.970 14.6070 9.21 0.0191 0.0114
(99.95) SmCoy; 170648 0.970 8.1150 5.12 0.0106  0.0114
341296 0.970 14.607 9.21 0.0191 0.0114
NdFeB 170648 0.811 4.6890 4.04 0.0053 0.0073
Iron 341296 0.811 9.7380 8.07 0.0106  0.0073
(99.8) SmCoy; 170648 0.811 4.6890 4.04 0.0053 0.0073
6 341296 0.811 9.7380 8.07 0.0106  0.0073
NdFeB 170648 0.970 9.7380 6.75 0.0127  0.0104
Iron 341296 0.970 16.230 11.25 0.0212  0.0104
(99.95) SmCoy; 170648 0.970 9.7380 6.75 0.0127  0.0104
341296 0.970 16.230 11.25 0.0212  0.0104
NdFeB 170648 0.649 2.4340 0.38 0.0018 0.0278
Iron 341296 0.649 6.4920 1.01 0.0049 0.0278
(99.8) SmCoy; 170648 0.649 2.4340 0.38 0.0018 0.0278
7 341296 0.649 6.4920 1.01 0.0049 0.0278
Iron NdFeB 170648 0.811 6.4920 0.71 0.0071  0.0568
(99.95) 341296 0.811 12.984 141 0.0142 0.0368
Iron NdFeB 170648 0.568 3.2460 0.71 0.0071  0.0568
8 (99.95) 341296 0.568 8.1150 141 0.0142  0.0368
SmCoyy 170648 0.568 3.2460 0.88 0.0035  0.0080

4 CONCLUSION

Fem analysis is done for magnetic circuit analg$i®MH stepper motor using PDE toolbox
of Matlab whose responces are shown in Fig.2, FidgR®.4 and Fig.5 for first two
topologies.Equinalent circuit model analysis isduder gap permeance, steady state, cogging
torques and instantaneous torque analysis whogerress are shown in Fig.7, Fig.8, Fig.9 and
Fig.10, Fig.11, Fig.12 respectively. Similarly irstgation carried for 8 topologies. Finally for
getting rated steady state torque (1.5 Nm) with Td4D , low uniform air-gap (0.137 mm) with
extra stator teeth on stator (topology 1) witmif89.95%) for stator and rotor cores with current
density of 341296 A/f(1 A for 36 SWG) is investigated. Cogging torqueSteady state torque
ratio (4.77%) is not effected by variation of penmaat magnet material for the above topology.
Cogging torque can be minimized by providing exéeth on stator.
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