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USE OF ENERGETIC METHODS FOR THE OPTIMISED DESIGN OF HYBRID STEPPING MOTORS

w
Antonino Di Gerlando ,
* Dipartimento di Elettrotecnica,

Piazza Leonardo da Vinci, 32
® MAE, Via Circonvallazione sud, 5

Abstract. The modelling used in the study of stepping
motors is largely concentrated on the analysis of the
motor operation. Effectively, the complex electromag-
netic structure of these machines, particularly of
hybrid motors, has hitherto limited the development
of modelling methodologies with direct design orien-
tation.

The present paper shows
energy-based method to the synthetic evaluation of
the components of the holding torque. The use of this
in the design

the application of an

method is found to a be a real help
stage.

Some examples of the application of this method
are shown, demonstrating its suitability for employ-

ment in the optimised design.

1. Introduction.

In the design of stepping motors use is made,
above all, of past construction data, in terms of
results on both prototypes and production units. The
desired operating characteristics are thus the result
of general dimensioning critieria, coupled with expe-
rimental data and taking into account technical and
manufacturing constraints.

The determination of performance is usually en-
trusted to checking calculations. The simulation of
operation in time domain makes possible, with a fair
approximation, the evaluation of the main characte-
risticg, such as the holding torque,
Pull-out curves and machine dynamics.

The complex electromagnetic structure of these
has

pull-in and

machines, and particularly of hybrid motors,
effectively discouraged up till now the development
of design methods and/or dimensioning formulas which
indicate suitably and directly the influence of

design parameters.

A previous paper [1] has presented the basic ele-
ments of a new method of calculation, called the
“energy variation" method. This is based on the law

of energy balance, applied to a finite rotation under
constant-current conditions and taking magnetic satu-
ration into account. The present work shows the
application of this method to machine design.

directly

Using
this approach, it is possible to calculate,
and synthetically, the holding torque harmonic compo-
nents, once the motor structure and the value of the
Ssupply current are defined.

As the holding torque is a good
performance, the method
employment in design optimisation.

index of motor

appears suitable for
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2. Fundamentals of the energy variation method.
The energy variation method is of general applica~
be described with
provided

bility. In what follows, it will
reference to a hybrid type two-phase motor,
with a permanent magnet (axially magnetized and con—
tained in the toothed rotor) and a stator with eight
wound poles (whose shoes are also toothed towards the

gap). For a motor of this type, the classical energy
balance equation can be written thus:

T:d6 = il-d\l‘1 + iz'sz - awmag R (1)
where T, electromagnetic torque, is a function of the

current and of the rotor angular position e; Wh (h =
1,2) is the flux linkage of the h-th phase winding
(consisting of 4 coils, each of N turns); wmag is the
total magnetic energy stored.

The method is based on the integration of eq. (1)
between two suitably chosen initial and final posi~
tions Gi and Bf; given that the currents are constant
as far as holding torgue is concerned, we have:

B 6g) 8
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where ick is the current in the k-th coil: jck' il
for odd coils (K = 1,3,5,7); ick - iz for even coils
(K= 2,4,6,8).

Eq.(2) applies in the real conditions of machine
saturation, on which depend both the fluxes in the
magnetic circuit branches and the values of maghetic

Wr

i

energy wmag' It is useful to express this energy in
the following explicit form:

W

mag + ¥ .

ofm (3)

B wmv + "mf[ + “hfs

where:

- 'mv is the energy in the reluctances at the gap
Rék(e), which are linear and of variable geometry:

1 2
1
- wmf‘ is the energy in the linear reluctances of
fixed geometry (leakage and lamination):
1. .82 .
Ynee ZJ. 7 Ry 8y (5
- "mfs 19 the energy in the fixed geometry branches

made of saturable magnetic material:
wmfs = J- J'H~dB dv
Yol
-9

nfm is the energy associated with the magnet ;
indicating with Fm and Rm the equivalent MMF and

(6)

reluctance of the magnet recoil line, we have:

w ul-

mfm 2 7
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m ™ m m



504

Thus, the work WT, performed by the holding torque
T(@) during the finite rotation A8 = ef - ei, can be
expressed by:

o, 8, e . , 8,
J-T(e)-d8= F [ak(e)]e +F - [im(e)]e '[E'Rm"m]e"
8, 1 i i i
(8)
i 1 2 1 2 f
12, 3 Ry (0) -85, "Z. TR +IIH~dB ar
1 J Yol 8,

Using eq.(8), the calculation of work WT reduces to
establishing the magnetic circuit fluxes and the
energy in the saturated parts, at positions cor-
responding to the extremes of rotation only.
To obtain the most general case, it has been assumed
in eq.(8) that both phase windings carry current: the
can be denoted by

TII(G). However, eq.(8) applies also in the case with

corresponding holding torgque

one phase on (this torque can be denoted TI(G)) and
in the case when no power is fed to the machine (this
torque, called detent torque, is due to the magnet
only and can be denoted Th(e)).

3. Synthetic calculation of holding torque harmonics.

Let us for the moment consider one phase only
being fed; the torque Tx(e) is a periodic function of
period 4~95 (6a = step angle), just as the reluctance
at the gap corresponding to each stator pole.

stable
equilibrium position, it can be seen that the reluc-
tance at the gap is the same at both positive and

negative values of the same angle 8 (+6); the fluxes

Measuring the angle @ starting from any

and magnetic energies stored are also equal. It can
be concluded that the holding torque is an odd perio-
dic function, expressed thus:

TX(G) = - TI(49) . (9)
Because of this, the torque can be expressed as a

Fourier series containing sine functions only:

w
T, (@) = - Y T, -sinfn- T2 | . [10)
I T1kn 78,

1

Substituting eq.(10) into the integral
the work done by the torque, we obtain:

2]
f -]
WI'ITI e dB-EnT
8, 1

defining

o
2:6 f o
8 nn-6
Mh R [""’[ 76 ” =) ¥ (11)
8 8. ln
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In eq.(11), it is assumed that the work WI is known
from eq.(8), after the resolution of the magnetic
Eq.(11) thus
factors

circuit at the positions ei and Gf.
contains an infinite number (ml) of unknown
Tmn . that are the torque harmonic amplitudes.

At any given value of the current, the calculatjon
of the harmonics of the torque is theoretically pos-
sible by solving a system of infinite linear alge~
braic equations of type (11), associated with diffe-
rent pairs of positions Gj and Gf. In practice, it is

permissible to stop the series at a comparatively low

harmonic number, for the following reasons:
- generally speaking, the amplitude of the
harmonics decreases with increasing harmeonic num~

torque

ber; this can also be checked experimentally;

- in eq.(11) each harmonic of the torque is divided
by the corresponding harmonic number n.

Accordingly, the contribution to the overall work WI

made by harmonic work components wln decreases rapi-

dly with increasing n.

The choice of the number of harmonics and position
pairs is a problem, where arbitrary decisions must be
taken. In the present analysis, it has been judged
convenient to proceed ags follows:

- calculations have been limited to the 4th harmonic
of the holding torque;

- the extreme positions of each finite rotation have
been chosen so as to diminish (or reduce to zero)
the work done by some of the torque harmonics, thus
simplifying the calculation.

Denoting the 4 position pairs (equal to the number of

harmonics considered) with a, b, c, d, the set of 4

type (11) equations can be written:

A8, 88,; 48,5 88, T ¥ia

A0y 88y, 48,5 46, Tiz| _ Y1 (12)
As(:l Aacz A9::3 Aec4 TIH3 wIc ’
A84; 284, 8845 48, Tima Y14

where

Z'Ba n'n-efv n-n-e.v
Asvn * o jcos - cos L - (13)
2-9s 2-9B

In order to calculate the coefficients Aevn (where v
=8, b, c,dandn =1, 2, 3, 4), the positions shown

below were chosen.
eia = (1/3)-9B : efa = (7/3)-6B .
The insertion of these values into eq.(13) shows that

- Rotation a:

harmonics N° 2, 3 and 4 give a zero contribution to
the work wIa' Thus, the fundamental of the torque can
be found directly from the first of eq.s (12):
n
T - —— . (14)
M 2y, 10

- Rotation b: elh = (1/6)-8B ; efb = (7/6)-9s
These values reduce to zero the works done by the 3rd
and 4th harmonics. Substituting expression (14) in
the second of equations (12), we obtain:

n n
T = ‘W, - W (15)
M2 q—-_es la 5 .es Ib
- Rotation c: eic =0 ; ch = 2-95 .

These values reduce to zero the work done by the 2nd
and 4th harmonics. Thus, by substituting expression
(14) into the third of eq.s (12), we obtain the am-
plitude of the third harmonic thus:

~n7 3 . _ 3n
Tz ®* 78—V, "3 i - (16)
-] 8
- Rotation d: eid =0 ; afd = (4/3)-9s .

This choice reduces to zero the work done by the 3rd
harmonic. From the fourth of eqg.s (12) we obtain:



2'n-W 4-n-W

Tng® %5 [{T = 1]"'1:;* -t
s Y6 es-f'i“ 8
Knowing the values of the rotation work wIa. wlb, wIc
and wld' eq.s (14)+(17) make it possible to calculate
the first 4 harmonics of the holding torgque.
In practice, the fact that harmonics higher than the
fourth one have been ignored produces an error in the
calculation of those considered above: those particu-
larly affected are the 3rd and 4th harmonic. On the
other hand, the extension of the system (12) to an
order higher than 4 requires a very accurate magnetic
model, particularly in terms of the reluctance at the
gap which is difficult to determine accurately.
Considering now the case where both windings are
fed with current, it is possible to repeat an analy-
9is similar to the one above, as the holding torque
is still a periodic function with a period 4-93. The

new angular origin 911 is placed in the old angular
position 8 = (1/2)95' so that:
BII =6 - (1/2)'9s H (18)

with both windings fed with power, this position is
one of the stable equilibrium.

The properties of construction symmetry,
position of stator and rotor

deriving
from the reciprocal
teeth, apply also to this position.
relations (9) to (17) above are valid
too, once BII is substituted for 6.

Hence all the
in this case

4. Example of application.

Using the energy variation method, the holding
torque of a hybrid 2-phase stepping motor has been
calculated. The principal data of the motor are shown

in Table 1. The calculation has been carried out for

the cases of one and both phases being fed, over a
range of currents 0 £ | < In
Table 1 - Test motor principal data.

Motor designation .......... MAE HY 200 2220 100 N8
steps per revolution ....................... ... 200
rated current ......... ... ... ... . ... ... ... .. 12
number of turns of a coil ................ ... .. 67
material of the magnet ................ ..... ALNICO
residual flux density (Br) ................. 1.28 T
coercitive force (Hc) ................... 57300 A/m
recoil line intercepts: Bda 0.98 T; Hdz 612500 A/m
magnet dimensions ........ lms 10 mm; Dext- 23.6 mm
stator length / int. diam. [s= 26.4 mm; Disn 30 mm
lamination type ................. ...... . TERNI 1550
number of teeth: stator shoe / rotor ....... 5/50
stator tooth width at the air gap ........ 0.898 mm
rotor tooth width at the air gap ......... 0.763 mm
BIF Q8P ... . 0.065 mm

Figures 1 and 2 show the calculated and measgured
values of the holding torque, for one and both phases
fed respectively. As can be seen, good agreement
exists between the calculated and measured values, as
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long as the values of the MMF are not too high.

2 -

E 1:lph. B

N1 [pu)

0 12 3

Fig. 1. Holding torque amplitude of the motor of
Tab.1: 1 phase on; A = calculated;

B = experimental;

1ph. (calc.) = 390 mim .

{T. Bl—"]
2ph. = df“’*—

torque reference: rated T

| N4 oy

o ™ z 3

Fig. 2. Holding torque amplitude of the motor of
Tab.1: 2 phases on; A = calculated; B = experimental;

1ph. (calc.) = 390 mMm .

torque reference: rated T

At high MMF values (over 1.5+2 times the rated value)

it can be seen that the calculated values tend to be

underest imated. This is caused by the following:

- the contribution due to higher harmonics of the
torque is ignored;

- as the MMF
makes difficult the correct evaluation of the satu-

increases, the increased saturation
rated reluctances, particularly at the teeth;

- the calculation of the reluctances at the gap (car-
ried out here using the approximate analytical
method of representing the field by str&ight and
circular segments (1, 2]) becomes increasingly

imprecise as the tooth saturation

validity of the basic as-

increases. In
this case, in fact,
sumption that the toothed surfaces are equipoten-
tial is weakened.

One can, however, maintain that the results pre-
sented should encourage the use of the energy varia-
tion method at the design stage, because:

- the method permits a rapid and reliable determina-
tion of the torque, up and beyond the nominal cur-
rent;

- it permits the calculation of torque components by

means of the study of the magnetic circuit, at a
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limited number of angular positions. This property
makes it particularly suitable as an interface with
more sophisticated algorithms for the study of the
element

magnetic structure, such as the finite

method.

5. Parametric sensitivity during the design.

Some results obtained by varying the main design
parameters with respect to the reference data of
Table 1 are shown below. Bearing in mind that parame-
ter variation represents the basic criterion for any
design optimisation algorithm, the energy variation
method lends itself to form its central core.

5.1. Variation of the air gap.

Fig.3 shows the effect of varying the air gap
while all the other parameters are kept at their
nominal values. The variation considered is limited,

in the lower zone because of construction considera-

tions, and in the upper zone by the need to avoid
irreversible demagnetisation of the magnet.
1.6 -
- T~l2ph.
T =R
14 e
] \‘\
1.2
-
[ — 1ph
1.0 .
AIRGAP |0
.8 .9 1.0 11

Fig. 3. Sensitivity of the holding torque to the
variation of the air gap.

in the air gap
produces a reduction in the holding torque, in both
cases of single-phase and two-phase feed: the two

It can be seen that an increase

resulting curves are substantially parallel. This is
due mainly to the reduction of the variation in the

air gap reluctance during the rotation.

5.2. Variation of the magnet length.

Table 2 shows the influence of the axial length of
the magnet. The use of ALNICO limits the downward
variation in this case too, with demagnetisation as
the danger. Clearly, this problem does not arise when
using materials such as Sm-Co or Nd-Fe-Bo.

It can be seen that there is no appreciable varia-
tion in the torque as the length of the magnet is
changed. This behaviour can be explained by noting
that when this length increases, both the reluctance
and the equivalent MMF of the magnet increase. and
that the overall value of the magnet flux depends, as
a first approximation, on those two quantities only.

Table 2 - Sensitivity of the holding torque to the
variation of the magnet lenght.

im {pu] | 0.93 1.00 1.20 1.40
Typp (Pul | 0.997 | 1.000 | 1.008 | 1.013
Tgpn [Pul | 1.366 | 1.371 | 1.381 | 1.388

On the other hand, the variation in the magnet
length affects considerably its operating conditions.
Referring to the extreme cases in Table 2 (with 2
phases fed) the following heavier operating condi~

tions for the magnet occur:

Z . =0093: B =0.898T ; H =51.04 kA/m
.m min m m
zp max = 140 : B =0924T ; H =34.84 ki/m ;

because of this, the lengthening of the magnet produ-
ces more favourable working conditions, with a higher
margin against the danger of irreversible demagneti-

sation.

5.3. Varjation of the magnet external diameter.

The influence on the holding torque of varying the
external diameter of the magnet is illustrated by
fig.4. In this case too, dimensional variations are
limited by construction and operational problems.

1.4

7 2ph,

1.0 T

L~ D

TITITTIIT ll!'l'"l'l'+r'l'!l'i! TYTTTrTY

.96 1 1.04

92

Fig. 4. Sensitivity of the holding torque to the
variation of the magnet external diameter.

The figure shows a high degree of sensitivity to

changes in external diameter. Effectively, - an in-
crease in the magnet cross-section produces a reduc-
tion in its equivalent reluctance, with the equiva-
lent MMF remaining constant. This results in an in-

crease of the magnet flux and, hence, of the torgue.

3.4. Variation of the tooth width at the air-gap.

Figures 5 and 6 show the influence of the stator
and rotor tooth widths (bts and btr respectively).
The two varjations are independent of each other.

In both cases, the holding torque can be
decreage as the tooth width at the gap
This can be explained by the observation that with
the increase in tooth width (at tooth pitch)
the air-gap configuration tends to the situation of

seen to

increases.

equal
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two smoothed structures, which would correspond to a
constant value of air-gap reluctance during rotation,

hence to a zero torque.

1.8

7

—

ALL

™~

“Nz2ph.

1.4

~NJph.
N

1.0

AliipasssRassasasnaBesanisnsaloasnsansalasasun

bis TN

LRl LR R RS AR A ey LR RS RS BE RS

08 1.0 1.2

Fig. 5. Sensitivity of the holding torque to the
variation of the stator tooth width at the air-gap.

1.6

14 S5H
\P"\
N

1.2

1.0

AasssaaasfBaseasensalonananiin

btr

AR LR RAY LA ARl R AR RS AR RS AR A SRR AR RARESES

08 10 1.2

Fig. 6. Sensitivity of the holding torque to the
variation of the rotor tooth width at the air-gap.

3.5. Choice of magnetic materials.

An analysis has been carried out of the influence
which the type of lamination used has on the holding
when
this
table, H and L denote respectively a lamination with
high permeability (TERNI 1550) and a lamination with
low permeability (ordinary steel); S and R refer to
their use in the stator and rotor respectively.

The results in Table 3 show that, always referring
to laminated materials, the holding torque is signi-
ficantly affected by the use of high-permeability
material in the magnetic circuit of the stator, while

torque. The results, pertaining to the torque

only one phase is fed, are shown in Table 3. In

the choice of the rotor material is relatively unim-

portant. This can be explained as follows:

- the reluctance caused by the magnetic material used
for the rotor is negligible when compared with the

which, in

flux

equivalent reluctance of the magnet,
practice, dominates the overall value of the

produced by the magnet;

- conversely, the reluctances due to the magnetic

material used for the stator (toothed =zone, pole
pieces, stator yoke) play an important part, inso-
far as they enter into the division of the fluxes

between the various stator poles. Because of this,
they influence the value of the torque.

Table 3 - Sensitivity of the holding torque (1 phase
on) to the permeability characteristics (H=high,
L=low) of the lamination for stator (S) and rotor (R)

MU teul) Tiusam) | Tous-rry | T ees—mmy | T Lsiry
0.6 0.631 | 0.627 | 0.571 | 0.567
1.0 1.000 | 0.990 | 0.900 | 0.894
1.8 1.307 | 1.305 | 1.266 | 1.262

It should finally be noted that the data in Table
3 demonstrate a positive aspect of the energy varia-
tion method, namely that it correctly for
saturation effects in the
This characteristic is very relevant from the design

accounts
ferromagnetic material.

point of view.

6. Conclusions.

The present work has demonstrated the application
of the energy variation method to the design of a
hybrid 2-phase stepping motor.

Using this method, it is possible to determine the
this
knowledge permits a good estimate of the performance

harmonic contributions to the holding torgue:

at the design stage. In addition, the method is sui-
table for the evaluation of sensitivity to parameter
variatijon and lends itself well to being employed in
design optimisation algorithms.

Further studies will be carried out in this area,
Particularly regarding the number and location of
extreme positions in finite rotations and the refine—

ment of the machine model.
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