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Abstract. The results of the investigation of the cogging torque in permanent magnet
synchronous machines, which is caused by the stator slotting and the rotor eccentricity, are
presented in the paper. A new design of the machine has been developed in the course of the
investigation, and the value of the cogging torque in this construction is less considerably
compared to other constructions. In contrast to the available methods of the cogging torque
reduction, the solution suggested not only decreases the level of the cogging torque but also
has negligibly small influence on characteristics of the machine with the rotor eccentricity
which is typical of the mass production and long-term usage.

1. Introduction

Permanent magnet synchronous machines (PMSM) with fractional slot concentrated windings are
used widely in the ever growing number of fields because of their high level of technological

effectiveness, power density, low value of inertia and copper consumption and capability to provide
high torque. Electrical machines for precision systems and other fields requiring low noises and
vibrations must have minimum of the cogging torque. This problem can be solved both by

construction improvement [1] and by the use of special control algorithms.

The cogging torque is caused by variation of the magnetic field energy during the rotor rotation
according to the interaction of the magnetic field with the varying permeance of the air-gap. The
variation of the air-gap permeance can be produced not only by stator slotting but by some
manufacturing faults as well. The cogging torque leads to additional noises and vibrations in working
modes, moreover it induces magnetic sticking in the no-current state.

Moreover the cogging torque is a strongly parasitic and undesirable effect in such fields like
electric power steering [2]. Such drive rotor of the machine is coupled with steering column
permanently in every mode. So irrespective of the stator, winding supplying the cogging torque is
available and it can be felt on the steering wheel. So a driver takes the sticking and the road sense
degrades. Because of that, the cogging torqgue must be taken into account during the design stage and
limited according to an application field. For example, the cogging torque value for electric power
steering motor is restricted to 1% and less of maximal electromagnetic torque by most of automotive
manufacturers.

The physical origin of the cogging torque in permanent magnet machines should be described before
the review of several reduction methods.
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2. Cogging torque problem
The physical origin of the cogging torque in perew@nmagnet machines with fractional slot
concentrated windings should be described bef@eahiew of several reduction methods.

2.1. Cogging torgue origins

The investigations [3] show that there are two cammeasons of cogging torque in permanent
magnet machines in the no-current state. Thedinstis the interaction between excitation field and
harmonics of the air-gap permeance caused by sthitimg. The second reason is the interactive
process between excitation field and harmonichefdir-gap permeance due to the rotor eccentricity
and other manufacturing faults. In the work [4] thay of the cogging torque investigation based on
the Ampere’s law is presented. According to the Arefs law, a torque can be presented as a result of
the interaction between the air-gap flux density aurface current density:

T(6) :|5R§2jn35(a,e) j(0,0)da, 1)

herely is the active machine lengtiR; is middle air-gap radiusB; is air-gap flux density,j is
surface current densityy is angle coordinate is rotor angle position.

If there is no current in a stator winding, the-gap flux density is the product of the air-gap
magneto-motive force (MMF)5 and air-gap permeanc®s. In general an air-gap MMF and air-gap

permeance can be presented as infinite harmoriesdeecause of various reasons such as an air-gap
teeth-slots structure, magnetic saturation of careas, magnetic flux asymmetry etc.:

Ns(a)= /\0+Z/\ cosvza , )
vl
F5(0(,9):2kasinkp(e—a), (3)
k=1

here A, is the permeance constant componeft, is an amplitude of a permeances
harmonic, z, is slots numberF,, is an amplitude of a MMKk's harmonic, p is pole pairs number.

A surface current density should be interpretediexdvative of an air-gap MMF with respect to
angle coordinate:

i dF (O(,G) P <
a,0)=———~-=—> kF . cO -a). 4
(0.0)= =" Go ~ R, 2 coskp 0-a) (4)
According to the (2) and (3) an air-gap flux depsian be expressed as:
Bs(a,6) = Zka sinkp @ — 0‘)(/\0 +Z/\ cos;zlaj (5)
k=1 v=1

After the equations (4) and (5) are inserted ingd)) mathematical manipulations are done, the
torque has following expression:

o o0 o

M (8) = 5R5p ZZkak/\ sinvz0+ 2> > > KRy FriApy SiVZ0 (6)

v=1k=1 v=1k=1i=1
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The first component is not equal to zero underctiraition of:
k_1z

v 2p
The second component does not equal to zero uhedeondition of:
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So it is seen that cogging torque is a result efititeractions between a specific air-gap MMF and
air-gap permeance harmonics. In the work [4] thamfdas permitting one to calculate these
harmonics numbers are developed. It is also shbainthe number of the cogging torque pulsations is
determined by the product of the slots number hadble pair number:

Ny =&,

here j =1, 2, .. is positive integer.

The rotor eccentricity results in additional harriegrof the cogging torque and their order is due to
the kind of the eccentricity. In the case of dynamicentricity, the harmonics order is multiplette
stator teeth numben,, = j [, and the static eccentricity leads to the poldetdgrmonics order

Nyp = J P

Therefore, the results obtained in the work [4]vgltloat the cogging torque arises because of main
and specific high air-gap MMF and air-gap permeahmaenonic components. In order to reduce the
cogging torque, these components amplitudes muslileated. From this point of view, all cogging
torque minimization ways are the attempts of thiesmenonics reduction. So there are three groups of
these ways. The first group is the methods elintigabhigh air-gap MMF harmonics. The second
group methods are based on the air-gap permeaduetien. The third group is the combination of
the first two. Most of the cogging torque reduciagproaches lead to the decreasing of the main
electromagnetic torque of a machine. Moreover sofrthem are followed by the complication of a
machine construction and appreciation. So during tlogging torque optimization, the main
electromagnetic torque value and a machine contglard cost must be taken into account.

atq

2.2. Cogging torgue minimization ways

The cogging torque can be reduced both by the rartgin improvement of a motor and by using of
special control algorithms. There are several cotiral constructional optimization methods for the
cogging torque reducing. In [5] recommendationsmdmimization of the cogging torque by the way
of slots and poles number optimization, slot opgnividth, pole arc width and slot skewing are
presented. The recommendations are given basedvestigation of machines with the number of
slots per pole per phase equal to 1/2 and 1/3.

The slot skewing is ineffective way for machinesthwiractional slot concentrated windings
because of the slot pitch, which is particularlyua&qto the pole pitch, consequently the skewing
decreases the torque generated significantly.

As it is shown in Reference [6, 7] the rotor paskewing has the similar impact on the cogging
torque. This skewing is implemented by circulaptiisement of the rotor packs or by the use of one-
piece resin-bonded magnet which is magnetized ispecial way. However, these ways mean
additional manufacturing procedures resulting ist@ocreasing, or low flux density in the air-gap.

In [8] optimization of the pole shape for reducthg excitation field high harmonics is suggested.
In the case of the ideal machine manufactured tiigh accuracy, such way decreases the cogging
torque considerably.

One of the most utilizable ways is the reductiorthaf cogging torque cycle through the seeming
increasing of a slot number. Small slots are imgleted on the teeth crowns in this solution [9].

Another approach is the creation of the asymmaelistribution of excitation field. This elegant
method is actualized by variation of the pole aidtlwon the rotor [10].

If the motor has conventional three-phase distidoutwinding and surface mounted magnets,
acceptable results can be achieved by the magegmentation. Using such method, the optimal
segmentation step must be obtained previously [11].
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The investigation carried out shows that mentiomedhods may reduce the cogging torque but
have following disadvantages: complicating of maetdring process and the cost increase.
Moreover, the rotor eccentricity caused either @nhafacturing faults or by bearing degradation leads
to heavy growing of the cogging torque.

3. The subject and methods of study

The influence of the rotor eccentricity on the doggtorque in the permanent magnet machine with
fractional slot concentrated winding for the elecpower steering is investigated. The machineshas
number of slots per pole per phase equal to 2/%¢éth, 5 pole pairs and the spoke magnets steictur
on the rotor. The technical information of the maehs presented in Tab. 1.

Table 1. Technical information of the machine

Parameter Value
torque (N-m) 3
rotational speed (rpm) 1080
number of phases 3
voltage (V) 10
current (A) 50
external diameter (mm) 76
frame lengthimm) 74

The complex air-gap configuration and high satoratf some core regions necessitates using the
Finite Elements Analysis (FEA). The cogging torgaecalculated basing on the results of two-
dimensional magnetic field distribution in the mimehunder the various rotor rotation angle and no-
current state by using the stress tensor. Thresstgpthe machine structure are studied (Fig. 1).

4. Results

As it was expected, there are only main cogginguerharmonics having multiple to the product of
teeth number and pole pairs number orders in tse wathout the rotor eccentricity. If the static
eccentricity is available, the additional harmoriesing multiple to the pole humber orders appears.
For example, Fig. 2 shows the cogging torque specfor the machine with the lobe rotor structure
(Fig. 1b).

N N NG

a b c
Figure 1. Cross sections of motor configurations: a — wibhstant air-gap; b — with lobe rotor
structure; ¢ — with aligned stator teeth.
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As it is evident,the static rotor eccentricity leads to appearanicaddlitional cogging torqu
harmonics having the amplitudes larger than maimbaic amplitude. Maximum values of t
cogging torque calculated by FEA are summarize@iaib. 2 Data preseed in the Tab. 2 shc that
the machine with aligned stator teeth (F1c) has the minimal value of the cogging torque
insignificant influence of eccentricity on the caggtorque
Basing on the results, thebtained structure with aligned stator h is accepted to producan
experimental model.
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Figure 2. Cogging torque spectrum — without eccentricity;: —eccentricity availabli

Table 2. Cogging torqgue maximum value as a percentage ed tarqu:

Cogging torque maximum value

Structure without eccentricity
eccentricity available
Fig. 1la 2.37 2.77
Fig. 1b 0.19 0.7
Fig. 1c 0.14 0.19

Optimization of the stator slot opening anadditional way for the cogging torque minimizatior
the machines with fractional slot concentrated wigd The impact of slot opening on the-gap
permeance spectrum is similar to influence the imigpcpitch reduction on the electromotive fo
spectum. Therefore optimization of slot opening suppessai-gap permeance harmonics respons
for the cogging torque appearanThe elative value of the cogging torque as a functibnetative
slot opening of machines with constan-gap (curve 1) ashwith aligned stator teeth structi(curve
2) is presented in Fig. 3.

It is seen that there are very pure res of theoptimal slot opening value in the machine vthe
constant aigap width. The range of optimal slot opening valpesviding minimun of the cogging
torque is wider in the machine with aligned stat®th. Therefore machine structure with alig
stator teeth allows a designer to choose slot ogeralue from the wide range and provides minin
of the main cogging torque harmonics harmonics caused by the rotor eccentri

5. Conclusion

The cogging torque in three structure types ofphemanent magnet synchronous machines the
fractional slot concentrated winding for the elecpower steering having 2/5 slots per pole peise
and 5 pole pairs are investigated using FEA. Thdysshows that the machine wthe constant air-
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gap width has thenaximum value of the cogging torque. The lobe rstoucture reduces the coggi
torque significantly. However the maximum valuetlie cogging torque increases drastically in
case of the rotor eccentricity available. Minimufittee cogging torque and insignificant influence
eccentricity on the cogging torgiare provided by thaligned stator teeth structure. Moreover
type d construction has a wide range of the optimalostatot opening value. It is recommendec
choose slot opening between 0 to 0.23 of the tpibth.
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Figure 3. Cogging torque as a function of relative statot sfiening:eses 1= 2.
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