FACTA UNIVERSITATIS (Nlé)
SER.: ELEC. ENERG. vol. 19, no. 2, August 2006, 173-180

Use of Non-Linear Programmingin Designing the
Self-Starting Per manent Magnet Synchronous
Micromotors

Iliya Stanev

Abstract: In this paper the possibility of a flexible use of non-lineathematical pro-
gramming is shown both for the optimal design of a self-Btgrpermanent magnet
synchronous micromotor and for resolving the problem ofiffieation of its param-
eters without any essential changes of the program.
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1 Introduction

The successful solution of the optimal design problem is the main aim of @alys
of the electromagnetic processes in self-starting permanent magnet@yogh
micromotors [1]. Formally, formulating this problem from mathematical point of
view is not complicated because it comes to the general problem of nom-linea
programming [2]

min{ f (x)|x € R"} (1)

wherex = [xlxz...xn]T is a vector of the variable quantities in Euclidean space
E"(x € E") andR is the region of space, where the constraints of the problem are
satisfied:

R= {x/hj(x) =0, gj(x) > 0Vj}. (2)

In (2) hj(x), (j = 1,m) are equality-constraints, arg(x) > 0,(j = m+1,p)
are inequality-constraints.
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The use of non-linear programming for finding out an extreme of a funetion
the presence of constraints brings often to some difficulties as an arithmetic inte
ruptions of the program owing to the discrepancy of the co-ordinate®afitirent
point in investigation space, and the parameters of the micromotor. Bedahg&e o
the problem of optimal design of a self-starting permanent magnet symminsoni-
cromotor is carried out using the approximating functions method.

The objective function and the constraints are replaced by second fatde
polynomials of the kind [3]

n n-1 n n
Y=hb bi X bi i % Xi bi: .27 3
0—|-iZl IX|+iZij:|Z+1 |JX|X]+iZl i X 3)

which are obtained on the base of a rotatable or orthogonal compositesighdn
accordance with the theory of experimental design. The code values tH#dtors
presenting independent variables in the problem are expressed as
X — Xio

i

X = (4)
whereXg is the value of the i-th variabl¥; in the center of the design, amdis
one-sided interval of variation of this variable. Consequently, the appeding
expressions obtained by (3) are validxat < 1,i = 1,n.

2 Optimal Designing of the Micromotor

2.1 Mathematical Modelling of the Problem

The object of investigation in this paper is a self-starting permanent magmet s
chronous micromotor with one group of unshaded poles and one grahmadéd
poles of the stator. At the boundary of both groups the adjacent polesdentical
polarity. A micromotor of this type is offered in [4].

A scheme of an unfolded air of the disposition of stator poles is shown in Fig. 1
A characteristic feature of this design is that the last two unshaded pdmsifmy
the sense of rotation are displaced from its symmetric position backwards by a
angle of 2pg and¢o , respectively. The anglg; = 2¢o is determined in accordance
with the condition that the displaced stator pole interacting with the permanent pole
of the same polarity creates the maximum force in desired sense of rotatien. Th
value of this angle can be determined by the formula [5]

¢j:%<¢i+g”%ﬁ5)’ (5)
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where:
¢ is the angle of displacement of shaded poles from its symmetric position;
d is the air gap value;
R=Ru + 0 (Rw is the outer radius of the permanent magnet).

160°%

=
| 540%p 2x180°

Fig. 1. Arrangement of the stator poles.

When starting designing, the internal impedance of the shade is determined
approximately by the subroutine ECR9, when the influence of the fregueamihe
current distribution through the section of the shade is not taken into accaAt
the final stage of optimal design, a more precise value of the internal impedan
the shade [6] can be obtained by the finite element method [7].

In order to estimate more precisely the starting regime of the micromotor, the
influence of the scalar magnetic potential, created by the permanent matiet w
the stator poles, is taken into account.

Since some of the variable quantities in the problem have discrete values (for
instance, the wire diameter of the exciting winding), when resolving the prolle
variables as continuous values are considered, and finally their vatussuaded-
off.

At given outer diameter and axial length of the self-starting permanentahagn
synchronous micromotor, its optimal design comes to solving the following prob-
lem of the non-linear mathematical programming:

Find the minimum of the function

2 (% Vi), xc E* (6)

f(x):—7T

at the constraints:
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91(X) =1—|xa| = 0;
%2(X) =1—[x[ > O;
93(X) = 1—[xa| = 0;
9a(X) = 1—|xa| > 0;

Os5(X) =1— g > 0; )

_T+€-&8—0,5@:1+ax)

%(X) 12x10°3 120
T—0.5e] —ac
—— 7 1>
97X ="53%10% 120

where:
T is the pole pitch;
ac1, ac2 is the width of the unshaded and shaded stator pole, respectively;

gj is the displacement of the axis of the last unshaded pole backwards -of rota
tion direction from its symmetric position;

g is the displacement of the axis of each shaded pole from its symmetric posi-
tion;

Y1,Y> is the approximating function for the electromagnetic torque of the for-
ward and inverse rotating magnetic field, respectively;

Y, is the approximating function for the overheat of the exciting winding;

© is the admissible overheat.

For a vector of variables is assumed
T

X = [Vam B1 B2 9 (8)

where:

Vi is the amplitude of the scalar magnetic potential of unshaded poles;

B, B2 is the unshaded and shaded pole width in parts of the pole pitch, respec-
tively;

¢ is the phase angle between the scalar magnetic potentials of unshaded and
shaded poles.

2.2 Numerical results

For a micromotor with outer diamet& = 42 mm, axial lengthp = 18 mm, and
outer diameter of the permanent magbBgt = 20 mm at voltagé) = 220V, fre-
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quencyf =50 Hz, and admissible overheat= 50 K, the following optimal solu-
tion is obtained:

Value of the objective functiorfi(x*) = —19.60964x 10~* and optimal vector

X3 0.14431221x 101 Viiim 70.7
< — X5 | 0.9545939 or X' B | 05940
- X3 ~ | —0.9799074x 101 - B5 ~ 1 08483 |’
X, 0.9961612 o 51.92
where:

« VMim— 706 « B1—0.5669 B2 —0.8525 ¢i —49.46
1 T . P p—

353 27 002834 T 004262 4T 2473

For obtained optimal solution the wire diameterds = 0.05192 mm and the
turns number of the winding i&* = 132147. The wire diameter is rounded off to
the nearest standard valde= 0.05 mm, and the turns number -wwo= 13000.

Using a more precise value for the internal impedance of the shade, at un-
favourable conditions of switching on the supply voltage, and with load &rqu
M. = 5 x 1074 Nm, the value of the starting acceleration titge= 0,0524 s is
obtained. If the influence of the permanent component of the scalar tagoe
tential in the stator poles, due to the permanent magnet, is taken into account, this
time istc = 0.0156 s.

Neglecting the insignificant coefficients of the global approximations in the
area of the obtained optimal solution, for the criterion of optimalty= f(x),
the overheatd, and the dephasing angle between scalar magnetic potentials of
unshaded and shaded poles, the following expressions are obtained:

M =21412x 10 %+ 0.135841x 10 3x; — 0.117859x 10 3x3
+0.506381x 10 x4 — 0.214423x 10 *x2 — 0.442241x 10 *x;x3

—0.93782610%x3 4+ 0.208855x 10 “xax4; (9)
© =50.4911+0.21919%; — 0.28232%, — 1.0310%3 + 0.1313842
+0.13793%;x3 + 0.02593083 + 0.047674%x3; (10)
¢ =35.6185— 0.54682%; + 4.42347%3 — 0.15785&2 — 0.35277%; X3
—0.05471192 + 0.6263882, (11)
where:
‘o — Vuin—696, B —05876 ~ B,—0.857, ¢i — 52

348 ' 277002038 ' ®T 004285’ T 26 °
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When the insignificant coefficients are taken into account, the relatiee err
of approximating expressions (9), (10), and (11) is 1.77 %, 0.13 % Qatl %,
respectively.

Often for self-starting permanent magnet synchronous micromotorsdin ad
tional requirement for working both at frequency of 50 Hz and frexyef 60 Hz
is presented. In Fig. 2 the dependence of the angular vel6rityersus the time,

t, is shown. The permanent component of the scalar magnetic potential atie s
poles, due to the permanent magnet, is taken into account. The solution idbtain
using the program rkfixed [8].
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Fig. 2. Start regime of the micromotor at frequency of 60 Hz.

Consequently, the designed micromotor correspond to this additional @equir
ment, too.

3 ldentifying the Micromotor Parameters

The use of non-linear programming involves a great flexibility in the prootsp-
timal design because this process can be continued at fixed values ofaoaindes
without any essential changes of the program. Practically, this presprmblam

for identifying the micromotor parameters. For this purpose assuming smadisvalu
of variation intervald; for this variables is quite sufficient.

The problem for identification of micromotor parameters at known dimensions
differs from the problem of its optimal design by the form of constraintd, @an
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be written as follows

fx)=—-=(Y2-Y1), xcE* (12)
at the constraints
hi(x) = E —-1=0;
Y6
O2 X) =1- |X1‘ >0;
03(X) =1— |x2| > O;
) =1—|xs| > 0; (13)
)

_ T+€—-&a—05(@1+ax)

%(X) 12x10°3 120;
T—0.5¢j — a1
= - — >
¥%="53x103 =0

In (12),Y; andY, are approximating functions for the electromagnetic torque
of forward and inverse rotating magnetic field, respectively. In (¥3)and Ys
are approximating functions for magneto-motive force, calculated by nodahe
magnetic circuit and the current, accordingbg(x) and g7(x)are technological
constraints.

The comparative data from computations and experimental investigatiores of th
micromotor are presented in Table 1. In this case the interval of variation fer
0.1, and for other variables an interval o1& 10 ° is assumed. Thus the magnetic
flux density varies only.

Table 1. Comparative data of some characteristics for designed nutwomith width of
unshaded polea;; = 2.4 mm, width of shaded poleg, = 3.1 mm at voltagd) = 220 V
and frequencyf =50 Hz

Quantity Computation Experiment Relative error
Rated current [A] 11.36<10°3 11.75<10°3 -3.32
Power consumption [W 2.18 2.35 —7.23
Starting torque [Nm] 12.04<10~%  10.4x10°* 15.77
Pull-out torque [Nm] 27.7x107%  27.5x10°* 0.73

Taking into consideration the small values of measured quantities, it can be
accepted that the computed and measured characteristics are in a retively
agreement from engineering point of view.
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4 Conclusion

Using the non-linear mathematical programming as a base of the generahelppr
to resolve the problem of optimal design of a self-starting permanent magmet
chronous micromotor, a possibility exists to identify its parameters, too. Sa) a re
assessment of the used mathematical model can be carried out.
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