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DECREASING TORQUE RIPPLE OF A SLOTLESS PERMANENT MAGNET TORQUE
MOTOR USING A DOUBLE-LAYER WINDING
LS. Petukhov*, V.G. Kireyev** K.P. Akinin***  V.A. Lavrinenko
Institute of Electrodynamics National Academy of Sciences of Ukraine,
Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine. E-mail: igor petu@ukr.net

The torque of a magnetoelectric torque motor with surface-mounted permanent magnets on the rotor was studied. The
sinusoidal current supply mode is considered. The torque was calculated according to the static model of the magnetic
field. It was determined that the sixth harmonic makes a significant contribution to the torque ripple. To reduce the
sixth harmonic it is proposed to use a winding with a shortened pitch, for which it is necessary to make this winding in
two layers. The optimal values of the number of pole pairs, the angular width of the magnets of the magnetic field exci-
tation system, and the shortening of the winding pitch were determined. It was found that shortening of the winding
pitch decreases the torque ripple by 2 ... 2.5 times. References 7, figures 6, tables 3.

Keywords: torque motor, permanent magnets, torque ripple, shortened pitch.

Introduction. Some applications need a specific rotational movement for executive tools. These
movements are low rotation speed or rotation from time to time at an arbitrary angle and then fix this posi-
tion, provided definite torque. The electric machines that are used to realize such a case of movement, in
fact, angular position control, are called torque motors (TM) [1,2]. Thus, the main feature of a TM is angle
position control. The area of TM’s application spreads from submarines to space apparatus. Mainly, TM’s
are used in the control, observation, and tracking systems. In the areas under consideration, using permanent
magnet (PM) motors has virtually no alternative due to their high specific performance.

In many cases, high positioning precision is demanded from TMs. This precision in a great part is
defined by the constancy of motor torque characteristics. Therefore, the ripples of the torque in the process of
controlling the rotational angle are very harmful. The torque ripple of a slotted electrical machine is due to
the structure of the magnetic core. In slotless machines, this phenomenon is absent, but the problems of
torque ripple from the nonuniform winding layer remain.

The methods of decreasing torque ripples include applying special winding [3,4] and a special con-
figuration of a magnetic system [5] or/and a special waveform of power supply [2]. But in a problem to ob-
tain the constant rotational torque versus the rotation angle, the motor itself remains a crucial component.
The most simple type of winding is the full pitch type. However, it is well known that such a type of winding
has quite a notable MMF spectrum, and the magnitude of the high harmonics is significant. It is quite natural,
that the MMF spectrum mentioned above causes the torque ripple. To eliminate this deficiency a short-
pitched winding, which has a more suitable spectrum, may be proposed. Using short-pitched winding re-
duces the amplitude of an MMF wave, resulting in lower maximum torque.

Thus, the paper's purpose is to study the influence of a two-layer short-pitch span winding
structure on the torque ripple and the torque amplitude of the slotless PM motor.

Structure of the machine’s active volume. Due to the low rotation speed, it is reasonable to use the sur-
face-mounted PM structure of the machine rotor. Fig. 1 shows the cross-section of the machine normal to the
rotation axis (/ is the stator yoke, 2 is the rotor yoke, 3 is the winding layer, 4 is the magnet).

The magnets have an angular size (width) of a,, and neighboring magnets are magnetized radially in
opposite directions. The main dimensions of the machine are shown in Table. 1. The value of the angular width
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of magnets a,, (see Fig. 1) is the subject of optimization and below will be expressed in electrical degrees be-

cause their geometrical dimension depends on the num-

Table 1 ber of pole pairs p.

) Value The yoke of the stator is assumed laminated or

Parameter Variable . .
(mm) made from a non-conducting ferromagnetic structure,

Outer stator diameter D, 88 for example, a powder material. In addition, the rota-
The axial length of the tion frequency is low (up to 10 ... 20 rpm), and there-

L, 45 . .
motor fore the frequency of the magnetic field is low. Thus,
Height of stator yoke hys 2,5 the influence of eddy currents and losses caused by
Height of winding layer hy, 2.5 them in rotor yoke and permanent magnets can be ne-
Technological air gap 5 0,5 glected. All mentioned above permit one to consider
Height of magnet Ponag 5,0 the magnetic field to be stationary.
Height of rotor yoke h,, 6.0 The simple lap winding was considered. The

Fig. 1

TM manufactured with 3-phase full-pitch winding was
studied in [2]. To make a short-pitched winding and save a filled
winding space of height 4, (see Table 1) two layers are required to
accommodate the winding coils. The schema of the cross-section of
two pole pitches of the ten-pole machine is shown in Fig. 2. Bar
shape magnets were used. The overhang part and active parts lying in
different layers of one of two short-pitched coils of phase A are
shown schematically. The coils sections are colored with correspon-
dent colors: phase A — green, dark green; phase B — yellow, dark yel-
low; phase C — red, dark red. The angular width of coil 0.y is 60
electrical degrees. One should know, that here and below only elec-
trical degrees will be used. It is worth noting that the total air gap
through which the main magnetic flux passes is the sum of the tech-
nological gap 6 and the layer of winding 4, (see Table 1). When
modeling, the current density in the conductors was assumed to be 5
A/mm* with a fill factor of 0,6; the laminated stator yoke was as-
sumed to be made of NOG 2211 steel; the rotor yoke was made of

structural steel 20; the permanent magnet neodymium-ferrum-boron BMN-42EN with the remanent mag-

netic flux density of 1,33 T.

The pitch factor is not a suitable variable for the visual presentation of coil shortening (but it is an important

variable to determine machine parame-
ters). We will specify the coil shortening
as the ratio of its angular dimension ¢ to
the angle dimension of a coil side o
(see Fig. 2), namely
Ao, =Ao/ . (1)
Let us in the further presentation
call this relative shortening Ad,o; simply
by the term "shortening" (see Fig. 2).

Then the expression for the pitch factor
will be [1]

coil

k,= cos(Aa -60° /2). )

coil

Consequently, when the coil side
shifted by half the section width, a pitch
factor of 0,87 is obtained. To make a two-
layer winding, one layer corresponding to
the machine's dimensions (see Table 1)
should have a thickness of about 1,25
mm. One should note, that such thin coils
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Fig. 2. Two pole pitch of TM (p =5)
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may be manufactured only in a soft version.

To achieve the maximum torque, the MMF vector of the stator winding must lead to the rotor field
vector by 90 degrees, provided by a control system. As the coil parts are shortened by Aa, the angular shift of
the phase A axis will be Aa/2 (as is shown in Fig. 2). Thus, the system of stator current is to have a phase

W, =A0/2+A¢@, +90°. 3)

The rotor angle position (direction of the magnetization axis, see Fig. 2) is defined by the Hall-sensor system.

Mathematical model and software. First of all, there is an important limitation to mention. This
study considers the power supply by a sinusoidal current.

The 2-D modeling of the static magnetic field was done by using “COMSOL Multiphysics” soft-
ware. The influence of the machine end parts effect can be taken into account by empirical expression, ob-
tained in [2] after comparative three- and two-dimensional solutions. The fulfilled study took into account
the nonlinearity of the magnetization characteristics of the magnetic cores. The magnetic characteristic of the
permanent magnet was assumed to be linear with the remanent magnetic flux density and magnetic perme-
ability specified.

As stated above, a static magnetic field model can be used. In two-dimensional formulation, the
magnetic field problem is governed by equations in terms of magnetic vector potential A, which plays the
role of the dependent variable [6]. The expression for the magnetic flux density vector B derived from mag-
netic vector potential is

B=VxA 4)

For torque calculation, the Arkkio method was used which is implemented in the interface “Rotating
Machinery” of “COMSOL Multiphysics” software [6]. One can note, that in slotless machines one can calcu-
late electromagnetic torque by integration of the expression for Lorentz force vector F;,. over the cross-
section of winding [6]

F,. =JxB, 5)
where the J = (0, 0, J,.,) is the current density vector having the only z-component. Both methods were
tested and they gave identical results. The external current density is the homogenized variable in the cross-

section of the winding layers. The determination of it
is described in [7].

Results and discussion. The geometric pa- 1.8} ! a
rameters, excluding those pointed out in Table 1, —

L : 16} - O U 0O s
which influence torque magnitude are the number of 00 n
poles, the angular width of the magnet o, and the 1.4 E B m| Ol O
parameter Ao which determines the coil span factor. _ 12k B O O
The influence of the two first parameters on the aver- E 1
age magnitude of torque was studied for full-pitch 3; 1':, 7
winding. The corresponding dependencies are shown E 0.8 O «,=90" |-
in Fig. 3, where angular width is expressed in electri- s
cal degrees. The presented data show that there is a 0-61- O an=1057 | 5
maximum of torque magnitude. The maximum corre- 0.4+ O a«,=120° | -
sponds to six pole pairs under the condition of a 02l o, =140° | _
magnet angular width of about 120 electrical degrees
and more. On the contrary, smaller width values shift 0 ; !
the maximum to the region of five pole pairs. The 2 4 p 6 8

value of torque maximum monotonously increases
with the increase of the magnet width a,,. The value Fig. 3. Torque versus the number of pole
of a,, about 140 electrical degrees can not be ex-
ceeded technologically due to the chosen magnet shape. Also, the cases of two and three number of pole
pairs have no significant value as they can’t be optimally constructed without geometry modification of the
magnet shape.

In slotless electrical machines, the torque ripples can only be caused by the high harmonics of the
winding’s MMF. An application in such a machine's single-layer full-pitch windings is justified by their
simplicity and technological accessibility [2]. However, full-pitch coils have a significant contribution of
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higher harmonics to the MMF. To eliminate it, higher harmonic coils are manufactured with a reduced pitch.
But this leads to a decrease in the fundamental harmonic of the MMF, magnetic induction, and, finally, the
torque. Since a significant loss of productivity is undesirable, it is necessary to try not to allow a significant

shortening of the winding.

Full pitch coils ( A:x 0 ), a,,=120°

£ L35F | = p=4 | 4
= b

= 1.3f ' p=5 | |
5 -

= 125} — P .
e p=7

1.2+ IR

115} .

11k g

0 200
¢plelectric degree)

Fig. 4. Torque for different numbers of
pole pairs

The second parameter to be optimized is the angular
width of the magnet a,,. The angular width of the magnet leads
to the fact that the magnetic flux is greater, the greater this
width. In this case, it is also necessary to obtain a minimum of
higher harmonics in the spectrum of the radial component of
the magnetic induction in the air gap. A magnet with an angu-
lar width of 120 degrees creates a "pulse" of coercive force
that does not contain the third harmonic. Due to the leakage of
the flux, the magnetic induction wave is not a rectangular
pulse. However, it can be assumed that such a "pulse" of coer-
cive force creates an acceptable spectrum of magnetic induc-
tion in the air gap. Therefore, this pulse width was taken as the
starting point in the study. Thus, the problem is to reduce
torque ripples by optimizing the winding pitch, and magnet
width.

Fig. 4 shows the angle dependence of the torque for a
machine with full-pitch windings, with different pole numbers,
under the condition of magnet width «,=120°. In all curves,
the sixth harmonic is presented. The maximum of the average
torque corresponds to the minimum ripple and this feature is
detected at five and six pole pairs. Consequently, the choice of
such a quantity of poles is no alternative.

The influence of short-pitched winding under conditions
of pole pairs of six and angular magnet width of 120 electrical
degrees is illustrated in Fig. 5, where the value of the span factor

k, (see (2)) is also indicated. The sixth harmonic is still presented in all curves but at some values of the "shorten-
ing" Ao in the range of 0,5 ... 0,7 the torque ripples are decreased. And this decline is about 3 times. When the
span factor value reaches 0,6 and more, the amplitude of the ripples increases again.

The numerical summary of torque ripple parameters

(the mid value of torque and ripple swing AT) correspond-
ing to Fig. 5 (p = 6, a,, = 90°, 120°) is presented in Table 2.
From this table, it can be seen that the ripple with a magnet
width of 90 degrees is less than that with a width of 120

degrees. However, the average amplitude of the torque in R L V0 U U N VNl

the first case is less.

The last column of Table 2 shows the relative ripple 1.5 —f\/\\/.\./.\/.\/l\-
values AT normalized to the average torque of value. For ex- /\/\/\W

ample, in the first line, the relative decrease in ripple is £ /a\a’ A A A A A i
AT(]ng% dngZO) 3,03-1,40/1,62 = 2,62 (6) E% 1.4 —¥— k=1 (Ad;=0.0 ); ™
The expression (6) means that even if one reduces the aver- & e k,=0.991 (Aoy=0.25);
age torqug in'the case of a rnagget width oy, of'1200, the 135 o k,=0.966 (Adgq=0.5); il
glé)é)rl:;wﬂl still be greater than with a magnet width of 90 13l  k—0.951 (Aduy—0.8) |
In general, one can say that a short-pitched winding 125} T pm0.938 (Adi=0.7 ] |
makes it possible to reduce ripples by 2 ... 3 times. The table = Kp=0.918 (Adeoi=0.8);
also shows that the relative values of the average torque L2r —5— Kp=0.879 (Ade;=0.95) | 1

Tavoo and Tyy120 correspond to the value of the coil span fac- ! ! ! !

tor k,, which agrees with the theory of electric machines.
The presented results also indicate that the torque

ripple for two angular sizes of magnets varies within the

60

p=6; ,,=120°

145
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¢lelectric degree)

Fig. 5. Torque for different values of
pitch factor
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Table 2
a,,=90°, (p =6) o, = 120°, (p = 6)
Aa k, T
Tivgo0 TaYg AT | Tagino TaYg AT AT 2890
(N'm) | (ratio) | (%) | (N'm) | (ratio) | (%) T, ve120
0.0 1.00 1.40 1.000 | 2.37 | 1.62 1.000 | 3.03 2.62
0.25 | 0.991 1.39 0.992 | 197 | 1.60 0.989 | 2.50 2.17
0.50 | 0.966 1.35 0.967 | 1.23 | 1.56 0.964 | 1.28 1.11
0.60 | 0.951 1.33 0.952 | 0.86 | 1.54 0.950 | 1.17 1.02
0.70 | 0.934 1.31 0.934 | 0.62 | L.51 0.932 | 1.66 1.44
0.80 | 0.914 | 1.28 0914 | 097 | 1.48 0912 | 2.03 1.76
0.95 | 0.879 1.23 0.879 | 2.01 | 1.42 0.875 | 3.53 3.07

possible limits of
winding span shortening
by more than three times.
In addition, as mentioned
earlier, in such small ma-
chines (see Table 1), the
winding is made of soft
coils, making it difficult to
accurately ensure a coil
span value. Hence, we need
to evaluate the effects of
the magnet's width and the
coil's shortening over a
wide range. In studying the
influence of these parame-
ters, one can limit to a de-

sign with six pairs of poles, since even in the case of the angular width of the magnet 90...105 degrees, the

value of the average torque is close to its maximum and
the torque ripple in both case are equal (see Fig. 2).

The deviation of torque values over period 2r for mag-
net angular widths of 80, 90, 105, 120, and 140 electri-
cal degrees are shown in Fig. 6. Their common feature
is the presence of a clearly defined sixth harmonic in
the torque curve. Based on the data in the graphs, it is
evident that a magnet width of 120 degrees is far from
the best option. Additionally, this particular one results
in the highest torque ripple among all the calculated
parameter combinations. The only positive property of
this variant is the high torque value.

However, with a magnet angular width of 140
electrical degrees, the ripple is less and the average
torque is greater. Thus, it should be noted that cases with
an angular width of the magnet of less than 120 degrees
are considered here only for completeness. Such options
can be of practical importance only when, for techno-
logical or other reasons, the width of the magnet cannot
be made larger. It also follows from the graphs that in the
studied range of winding pitch span, the increase in rip-

ple differs
slightly from

Table 3. its minimum
Achoil =05 .. Achoil =0 Value. As
0.7 (ky=1) mentioned,
(two-layer
winding) soft coils.
(O Tavg( AT T. avg( AT %
N-m) % N-m)
140° 1.62 0.62 1.71 1.17
120° 1.53 1.22 1.62 3.60
105° 1.42 1.23 1.5 3.34
90° 1.27 0.98 1.34 1.49 ing
80° 1.16 0.86 1.23 0.82

Tayial (N-m}

p=6
165 e e e W e A
—O oo °
L6l o, e —¥— Al =0.5; 0, =140° [ |
—&— Ad,;=0.6;
155 —— Aot =0.7; co ] A

1.45| — Ao, =0.7: -t
At g;=0.5; &,,=105"
Lar Adi=0.6; ]
135 Al ,i=0.7; |
—&— Ao, =0.5; a,,=90"
138 RP~g 1 o Aa,=0.6; -

1.95 LS8 —g_ -1 I

1.2+

—— Aot,=0.5: o, =120°
—— ﬂﬁcoi|=0.6:

—a— Ao, =0.7:
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— At =0.6; - - 4
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Fig. 6. Torque for different values of
pitch factor and angular magnet width

this is a favorable circumstance when manufacturing winding from

The generalized results of modeling the instantaneous torque
for the numbers of pole pairs 5, 6, including those shown in Fig. 6,
summarized in Table 3, where the average values of the ripple swing
for short-pitched windings and full-pitch one are given for structures
with six pole pairs. It follows from the table that shortening the wind-

pitch makes it possible to reduce the amplitude of the torque ripple
by about 2,5 ... 3,5 times.

Subject to the optimal pole pair number, angular magnet
width ranging between 80 ... 120 electrical degrees, full-pitch winding, and a sinusoidal supply current, the
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range of torque ripple is 1.2 ... 3.6%. The maximum torque ripple occurs when the magnet width is between
110 and 120 electrical degrees. Both when the magnet width increases above 120 degrees and when it de-
creases below 110 degrees, the relative amplitude of the ripple decreases. Moreover, when this width in-
creases above 120 degrees, the amplitude of the ripple decreases abruptly.

As a result, about the effect of pitch shortening, one can say that using a short pitch for values with
magnet angular widths of 90, 120, and 140 eclectrical degrees reduces torque ripple by an average of 2.5, 3,
and 2 times respectively. It should be taken into account too that reducing the magnet width by 10 degrees
decreases average torque by 3 ... 5%.

Conclusions. In slotless magnetoelectric TMs, torque ripple can be reduced by manufacturing the
short-pitch winding. The result of this reduction is influenced by two main geometric factors, namely the
angular width of the magnet and the shortened coil pitch.

Provided that the number of pole pairs is optimal according to the criterion of the maximum torque,
which can be 5 or 6 depending on the angular width of the magnets in the range of 80 ... 140 electrical degrees,
the full pitch of the winding and the sinusoidal power supply current, the range of torque ripplesis 1 ... 3 .6%.

When using a two-layer three-phase short-pitch winding, it is possible to reduce torque ripples by 2,5
... 3 times. For larger magnets angular widths (120...140 electrical degrees), the optimal value of the pitch
shortening is from 0.5 to 0.6 of the phase zone, while for smaller magnet angular widths, it is from 0,6 to 0.7
of the phase zone. When the pole pitch of the winding is reduced, the decrease of the average TM torque ex-
actly corresponds to the value of the coil span factor.

The smallest relative amplitude of torque ripples is 0,6% and it is observed in the design with an an-
gular width of the magnet of about 140 electrical degrees with optimal coil shortening.

The work was supported by the state project "To develop scientific principles and principles of construction of
magnetoelectric mechatronic modules for specialized automatic control systems " ("Mechatron"), KPKVK 6541030.
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3HUKEHHS YJbCALIA OBEPTOBOI'O MOMEHTY BE3IIA30BOI'O
MOMEHTHOI'O JIBUT'YHA 3 IOCTIAHAMHU MATHITAMM IILJIAXOM BUKOPUCTAHHS
JBOIIIAPOBOi OBMOTKHN
I.C. Ileryxos, B.I'. Kipees, K.I1. Akunin, B.A. JlaBpunenko
Incruryt enexrponunamikn HAH Ykpainn,
np. bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: igor petu@ukr.net.
Hocnidsiceno obepmanvruti MoMenm MazHimoeneKmpuiHo20 MOMEHMHON20 08USYHA 3 NOCMIHUMU MASHIMAMU, PO3MAULO8AHUMU HA
nogepxui pomopa. Pozenanymo pexcum scuenenns cunycoioansuum cmpymom. Obepmanvruti MomeHm 06YUCTI08ABCA 3d CMAMUY-
HOW0 MOOeNNo MacHimHo20 noas. Busnaueno, wjo 6 nynbcayisax 3naunuli 6Hecox pobums wiocma 2apmonixa. [ns sHudcenHs wocmoi
2apMOHIKU 3aNPONOHOBAHO 3ACMOCYS8AMU 0OMOMKY 31 CKOPOUEHUM WA20M, OJi 4020 HeOOXIOHO GUKOHAMU Yio 0OMOMKY 080ULAPO-
6o10. ObuuUCcIeHo ONMUMAnbHI 3HAYeHH s KIIbKOCMI nap noiocis, Kymosoi wupunu MacHimie cucmemu 30y0i4ceHHs MAeHImMHO20 NOJi,
ma ckopouenHs KpoKy oomomxu. Bunaiioeno, wo ckopouents KpoKy 00MOMKY 0a€ MOICIUGICIb 3HUSUMU NYIbCAYiI0 00epMaTbHO20
momenmy y 2 ... 2.5 pasu. Bion. 7, puc. 6., Tabin. 3.
Kniouogi cnosa: MoMeHTHUI IBUTYH, MOCTIHHI MarHiTH, MyJbcallii 00epTaJIbHOr0 MOMEHTY, CKOPOUCHHUI KPOK.
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