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Cogging torque in slotless permanent magnet machines

Mario Vukotié¢!*, Danijel Rodié¢?, Boris Benedici¢?, Damijan Miljavec!

Slotless permanent magnet machines theoretically do not produce any cogging torque, provided the stator inner surface
reluctance remains unchanged. However, a cogging torque may occur due to a change in the electromagnetic design following
material cost reduction in the manufacturing process. When the electromagnetic design is changed to reduce the waste in the
manufacturing process (stamping of the laminations) by dividing the stator toroidal ferromagnetic core into two equal parts,
gluing them together introduces a very small non magnetic gap between them, which affects the stored magnetic energy
along the circumference and consequently gives rise to occurrence of a cogging torque. Using the finite element method its
value is analyzed analytically and verified by a laboratory measurement. Results of our work, presented in this paper, will
help scientists and engineers to understand and avoid the causes for the occurrence of the cogging torque in designing slotless
permanent magnet machines, where the design itself is subjected to the manufacturing process.
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1 Introduction

The European legislation imposed on the manufactur-
ers of household electric devices requires the minimiza-
tion of electric energy consumption. This means that the
energy efficiency of a device must be increased as much
as possible. Thus, all of its components (eg electric mo-
tor, as one of them) have to be as efficient as possible.
At the same time, their cost has to be minimized due to
the price pressure from the market. Efficiency improve-
ment and cost minimization motivate the manufacturers
to increase the motor rotational speed, minimize its total
weight and optimize the cost of its manufacturing pro-
cess. When the rotational speed of a motor enters the area
of ultra high speeds (above 60000/min), various electro-
magnetic designs need to be considered, one such being
the slotless permanent magnet (PM) machine [1 4]. Gen-
erally, the slotless PM machine is used in applications
with a very small or zero torque pulsation [5 11], such
as hard disk drives, servo drives, sensitive medical equip-
ment, spacecraft applications, etc. As in these applica-
tions there is no interaction between PM and the stator
teeth (there are none), and the torque ripple is almost
zero due to the absence of higher harmonic components
in the air gap PM magnetic flux density, thus there is no
cogging torque either [12 17].

The focus of our paper is on the differences between
the theoretical and practical approaches to solving the
issue of the cogging torque occurrence in slotless PM ma-
chines. A cogging/detent force in a slotless linear motor is
reported in [18,19]. Here, it is a consequence of the finite
length of the mover and cannot happen in a rotary ma-
chine. Although, theoretically, the cogging torque cannot
exist in a rotating slotless machine, it is detected on the

real machine prototype. In this paper, we explain why
this happens and how to avoid it.

The structure of the studied slotless PM machine is
simple, Fig. 1. The rotor consists of a ferromagnetic shaft
and cylindrical

@ ferromagnetic stator core
Q) air gap region with winding
@ permanent magnet

@ ferromagnetic shaft

Fig. 1. Machine structure with the main dimensions

PM (bonded NdFeB), surrounded with a sleeve made
of a glass fiber (electrically and magnetically non con-
ductive material) to protect the rotor against mechani-
cal damages that may occur because of the centrifugal
force. To reduce the waste of the lamination material in
the manufacturing process (stamping of the laminations)
and consequently the price of the motor, the stator core
is built from two equal ferromagnetic C shaped halves,
glued together into a toroid (Fig. 5). For a household
application glue will ensure enough strength to keep the
halves together. Between the rotor and stator, a three
phase winding is placed. It is not drawn in the figures in
the paper, apart from Fig. 1, for playing no role resulting
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in a cogging torque. Other non magnetic parts (ceramic
bearings, plastic housing etc.) with no impact on the cog-
ging torque are not drawn either.

Two possible causes for the cogging torque in the slot-
less PM machine, identified by the authors, are the rotor
eccentricity and the air gap between the stator halves.
They are both associated with and affected by the man-
ufacturing process. In this paper, they will be referred to
as manufacturing irregularities:

e rotor eccentricity: a rotor is eccentric, when it is closer
to one side of the stator than to the side that is dia-
metrically opposite to it [20];

air gap between the stator halves: such air gap is in-
evitable. It is caused by gluing the stator halves to-
gether.

The manufacturing irregularities that are likely to af-
fect the stored magnetic energy in the overall machine
structure during the rotor rotation and which manifest
themselves in a cogging torque are analyzed and (FEA) of
the cogging torque supported by a measurement is given.

2 Theoretical analysis

First, it must be determined which of the two manufac-
turing irregularities gives rise to a cogging torque and to
what extent. The general equations to calculate the flux
density are given in Section 2.1. They are used to cal-
culate the magnetic energy stored in the system. There
are two different areas for which the magnetic energy is
calculated. When calculating the cogging torque caused
by the eccentricity, the magnetic energy stored in the air
gap and PM is considered. When calculating the cogging
torque caused by the air gap between the stator halves,
the magnetic energy stored in the air gap and to a lesser
extent also outside the stator core (Fig.6) is considered.
The magnetic energy stored in the air gap between the
stator and rotor is not considered when calculating the
cogging torque because it is constant during rotor rota-
tion. Its (negative) derivative is zero (10).

In each calculation, only one manufacturing irregular-
ity is considered at a time in order to exclude the impact
of the other. Table 1 shows the main machine data of the
prototype used in the analysis.

2.1 Calculation of the flux density

Our 2D analytical analysis of the cogging torque is
made on basis of the following assumptions:

e Permeability of the ferromagnetic parts, ie the stator
core and shaft, can be treated as infinite due to the
low flux density (less than 0.4 T in the toroidal stator
core and shaft), Fig. 2;

e Calculation of the magnetic energy in the air gap be-
tween the stator halves, Fig. 5:

(i) Uniform magnetic flux distribution in the air gap and
a negligible fringing effect between the C shaped stator
halves;
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(ii) Magnetic energy stored in the air gap is constant. The
variable part of the stored energy comes from the air
gap between the stator halves and leakage magnetic
flux outside the stator core;

(iii) Negligible end-effect on the axial sides of the machine.
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Fig. 2. Flux density distribution of a machine with full toroidal
stator and centered rotor

The procedures to calculate the flux density in the air
gap and PM are described in [21-23] for different magne-
tization patterns. However, in our case, the most appro-
priate equations for the radial and tangential component
of the flux density B, and By, respectively) valid for
the ring magnet with a parallel magnetization pattern in
the air gap (area I) and PM (area II) is given in [24],see
(1)-(4). In the equations, the variables r and 6 are the
coordinates of an arbitrary point in the air gap and PM,
and 6y is the rotor position. The total flux density in
the air gap and permanent magnet area is calculated as

Ry

follows, denoting
2 2
)\sm = )
) xes (5)

o= (2) e = (%)

and
DO = (1 - )‘rm)(l + )‘Sm)a
D= DO - ,u'r‘(l - Asrn)(1 + )\rm)a
Bo(r.0.00) = L= A”“)[()l ) 5 coso— 00). (1)
Byi(r,0,00) = — (1- A”“)Dl — ) B, sin(6 — 6y), (2)
BT]](’I“, 9, 90) = K,;T) BT COS(G — 90), (3)
KT(’I“) = Do — ﬂr(l - )\sm)a [)‘rm - )‘r(r)] )
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Ko(r) = —Do + ptx(1 — Asm), [Arm + Ae(7)] -
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Fig. 3. Distances between the rotation center and the stator core
of an eccentric rotor

Table 1. Machine data

Quantity Symbol Value
Nominal torque T—n 30 mNm
Number of pole pairs P 1
Shaft diameter dy 8 mm
Rotor/magnet outer diameter dm 18 mm
Stator inner diameter ds 34 mm
Stator outer diameter do 50 mm
Axial length of the active part la 25 mm
Remanent flux densityq B: 0.60 T
PM relative permeability Ly 1.1
PM magnetization pattern / parallel
Number of stator segments Nseg 2
Stator core material / M270 35A

B} = B}, + Bip, (5)

(6)

These equations are used: (a) to calculate the cogging
torque caused by the eccentricity; they are used directly
to calculate the stored magnetic energy, and (b) to cal-
culate the cogging torque caused by air gap between the
stator halves; they are used to calculate the magnetic flux
entering the stator core. Later, this magnetic flux will be
used to calculate the stored magnetic energy in the air
gap between the stator halves.

Bi; = Bl + Bjpp.

2.2 Calculation of the cogging torque caused by eccen-
tricity

To calculate the cogging torque caused by the eccen-
tricity, the stator is modelled as a toroid with no air gap
(whole toroid) and the eccentricity is extremely exagger-
ated. The rotation center is moved 5 mm (&) upward from
the center of the stator coordinate system (Fig. 3).
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Fig. 4. Non-zero cogging torque because of a numerical error
(2DFEA)

In such system, the stored magnetic energy is obtained
as an average value of N calculations of the magnetic en-
ergy for the stator inner radius (R,) which is different for
each calculation [25], Fig. 3. Due to the PM linear perme-
ability (area I) and air gap (area II), the magnetic energy
in each area at a certain rotor position 6y is expressed as

Rs 27
B 2
Wi, (60) = Lo / / Br(r.0,00) 40, (7)
2
R,, O

Ry, 2w
Bri(r,0,00)2
W 1(60) = Lo / / P00 00 (s
2p
R,- O

The total stored magnetic energy is the sum of both
energies, W,,, and W,,,,

Wm(HO) = Wml (90) + Wmn (90) (9)

The cogging torque is calculated as a negative derivative
of the total stored energy at the rotor position 6y [26, 27]

To(00) = WWm(B0)

T (10)

The cogging torque in the analytically obtained result
is zero (no energy variation during the rotor rotation) de-
spite a considerable eccentricity. However, the 2D FEA
numerical result given in Fig. 4 shows a low amplitude
of the sinusoidal torque shape. A further analysis reveals
the difference between the analytical and the 2D FEA re-
sult. The sinusoidal torque shape is a consequence of the
finite number of the mesh elements (discretization of the
space). If their number increases, the amplitude of the
calculated sinusoidal torque decreases. The lowest ampli-
tude obtained by increasing their number is 65 x 1076
mNm. It is about 10° times smaller than the nominal
torque, thus proving the analytical result is correct.
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Fig. 5. Integration path for the flux calculation

leakage PM flux outside the stator core

Fig. 6. Magnetic flux lines with an air gap between stator halves

2.3 Calculation of the cogging torque caused by an air
gap between stator halves

To calculate the cogging torque caused by an air gap
between stator halves, the rotor is positioned in the cen-
ter of the coordinate system (Fig. 5). To calculate the
magnetic flux analytically, the stator inner radius (Rs)
is virtually increased for the weighted width of the air
gap between the stator halves (§), ie the ratio between
the arc length of one stator half and the air gap width,
and the stator is assumed to be a full toroid. The width
(0) changes while the rotor rotates because the magnetic
flux crossing the air gap changes continuously as a func-
tion of the rotor magnetic flux. The two possible extreme
situations are: (a) when the PM magnetic polarization
is aligned with the air gap, the magnetic flux does not
cross it, and (b) when the PM magnetic polarization is
perpendicular to the air gap, the magnetic flux crosses it.
Equations (11) and (12) describe the continuous changing
of the width (9)

500) = 21+ s Nt) O )

seg(Ro/Rs - 1) ’
weighted widt

o2y (12)

S

changing part

ag = arcsin(
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where g is the actual (physical) air-gap width and «y is
a half of the opening angle between the air gaps between
the stator halves.

To calculate the magnetic energy stored in the air
gap, the flux density at the inner stator radius, virtually
increased by ¢', is calculated using (1), where

r=R =R +0. (13)

Considering the boundary conditions for the normal
component of the magnetic flux density (B,) and tan-
gential component of the magnetic intensity (H;) be-
tween the air gap and stator core (indices 1 and 2, re-
spectively), By1 = Bn2 and Hy; = Hiz, and assuming
the infinite permeability of the stator core (i, pe — 00),
it can be concluded that at the inner stator radius, there
is only the normal component of the magnetic flux density
(By # 0 and B; = 0), thus only (1) is used. The total
flux (®) passing the air gap between the stator halves is
obtained with integration through one segment at radius
Ry

D(0y) = ol s / By(R.,0,00)d6.  (14)

Coeflicient o is the magnetic coupling, ie the ratio
between the magnetic flux, passing the air gap between
the stator halves, and the magnetic flux, entering the
stator core at the stator inner radius (Rg). The magnetic
flux, passing the air gap between the stator halves, is
smaller than the magnetic flux entering the stator core
because some of the magnetic flux passes the air outside
the stator core when the air gap between the stator halves
is accounted for (Fig. 6).

To calculate coefficient o, an appropriate length of
the magnetic path is used. In Fig. 7, the parameter s
represents the arc which is half of the total magnetic path.
The center of the arc is in point S whose coordinates are
obtained from known point T. This is due to the fact that
the magnetic flux leaves the stator core perpendicularly
to the surface because of the same boundary conditions
and very high permeability, as above.

The value of the xzgr coordinate of point T is in inter-

val [0, Ro] and yr = \/R% — z4. The linear and constant
coefficient of the line connecting points T and S are

R2
k=-2L p=20 (15)
yr yr
giving the coordinates of the point S
R2
Xs=—2, ys=0. (16)

T
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Fig. 7. Calculation of the path s
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Fig. 9. Cogging torque caused by an air gap between the stator

halves (analytical and 2D FEA calculation)

Fig. 11. 3D FEA model for the cogging torque calculation with
increased air gap between stator halves to 5 mm for a better visu-
alization

The arc length (s(r)) representing the leakage flux line
is obtained from Fig. 7

r=1/(es —21)? + (ys — 21)% = Roz—i, (17)
R
a=m+ arctan(—x—T)z 7 — arctan — (18)
yr r
R
s(ry=ra=r(r— arctan—o). (19)

r
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Fig. 8. Magnetic flux dividing for calculation of o

Torque (mNm)
>
5
analytical calc.
4
2D FEA
3
2
1
0 0.1 0.2

Gap between halves (mm) 0.5

Fig. 10. Comparison between the analytical and 2D FEA calcula-
tion of the cogging torque
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Fig. 12. Cogging torque amplitude vs the air gap between the
stator halves (2D and 3D FEA)

The magnetic coupling coefficient is calculated as

1
o= 20
1+ Rgap/Rout (20)
where
7 dr
R = nola ) 21
out :LI’O / 2S(T) ( )

50/2
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Fig. 13. Parallel path for the main magnetic flux in the axial cross section
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Fig. 14. Calculation of axial magnetic flux density: (a) — paths 1, 2

and 3 on the side surface of the stator core and (b)— z-component

of magnetic-flux density on these paths (a) — flux lines and (b)—

axial cross section of the 3D model with flux differences between
2D and 3D model

The values of the magnetic coupling coefficient o for
small values of §p are high (0.98 or more for an air gap
width below 0.3 mm).

The air gap width varies between 0.1mm and 0.3mm.
The results are presented in Fig. 9 and Fig. 10. The ana-
lytical result matches with 2D FEA calculation quite well
due to high permeability of the ferromagnetic parts (as-
sumed infinite in analytical calculations). The maximum
difference between them is less than 2%. The amplitudes
of the cogging torque vary from 1.25 mNm to 3.47 mNm
for a 0.1 mm and 0.3 mm air gap width, respectively. This
represents a relatively large torque pulsation compared to
the nominal torque (from 4.2% to 11.6%) and confirms
that the air gap between the stator halves is the reason
for the cogging torque occurrence. The magnetic energy
in the air gap between the stator halves as a function of
the rotor position is

(¢(90))2
1 B?
Win(0o) = GBHY = =V = %(ma%). (22)

3 Calculation and measurement

To obtain a more accurate value of the cogging torque
for a given machine, the 3DFEA model (Fig. 11) is built
that considers both the fringing effect and PM axial leak-
age flux. Neither of them can be neglected because of the

B=046T
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Fig. 15. Magnetic flux density in the machine: (a) — the rotor

magnetization aligned with the air gap between stator halves (zero

cogging torque), and (b) — is perpendicular to it (peak value of the
cogging torque)

considerable air gap width compared to the machine axial
length [12], [28]. To allow for a better visualization, in the
model in Fig. 11, the air gap between the stator halves is
increased to 5 mm.

Generally, calculating the cogging torque using the
FEA may cause an error originating from the calculation
method itself, ie remeshing the model with a changing ro-
tor position [26], [29]. By keeping the rotor mechanically
locked and the PM magnetization direction rotated [30],
the calculation accuracy is significantly improved. The 3D
FEA amplitudes of the cogging torque though expected
to be lower compared to the 2D FEA amplitudes due to
the fringing effect and axial leakage, are in fact slightly
higher (Fig. 12). The difference decreases with an increase
in the width of the air gap between the stator halves. The
reason for the higher values is the additional parallel path
for the main magnetic flux (Fig. 13) which enters the sta-
tor core axially (green colored area in Fig. 14(a). Our
analysis shows that this rather small additional magnetic
flux, Fig. 14(b), cannot be neglected when calculating the
total magnetic flux and stored magnetic energy.

At a high rotational speed, the magnetic flux may give
rise to additional losses at high rotational speeds since
it enters the laminations perpendicularly to the surface.
However, this exceeds the scope of this paper. These re-
sults altogether confirm the necessity of using 3D FEA to
calculate the properties of the slotless PM machines.
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Fig. 17. Measurement results

To verify the 3D FEA calculation, a measurement
setup is built (Fig. 16) and used to measure the cog-
ging torque. It is a vertical setup with a static torque
sensor fixed on its top and a machine placed on its bot-
tom, so that the sensor does not carry any of the machine
weight. The sensor and machine are connected via a cou-
pling element enabling its movement in the vertical direc-
tion but the torque transfer in the tangential direction.
The machine holder allows the angle positioning with a
10 (mechanical) step. The machine is equipped with high
performance Zr ceramic bearings with negligible friction
torque, thus cogging torque can be accurately measured.

The measurement results shown in Fig. 17 match with
those obtained with the 3D FEA calculation. The shape
of the measured cogging torque vs. the rotor angle is
sinusoidal with some error present. By fitting the sinu-
soidal function f(#) = Asin(20+ ¢) to the measurement
results, the following coefficients are obtained: A=1.71
mNm; ¢ = 175.46°

The width of the air gap between the stator halves can
be estimated from the amplitude of the fitted curve (A)
using the 3D FEA results (Fig. 12). The 3D FEA results
are fitted with the lineaar function, valid for the air gap
width between 0.05 mm and 0.3 mm, A(g) = (10g+0.70)
mNm where g is the air gap width in mm. The calculated
average width of the air gap between the stator halves is
0.101 mm which is the expected glue thickness.
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4 Conclusion

When subjected to a manufacturing process, an elec-
tromagnetic design of a machine may suffer from unex-
pected anomalies, such as experienced with the slotless
PM machine, giving rise to a cogging torque occurrence,
though theoretically non-existent.

The two main causes for the cogging torque occurrence
are discussed, ie the rotor eccentricity and the air gap
between the stator halves caused by the used glue. It is
shown that the eccentricity does not affect the cogging
torque in the slotless PM machines. The cause for the
cogging torque is the stator toroid core divided into two
C shaped halves with an inevitable air gap between them
which affects the reluctance and, consequently, the stored
magnetic energy and gives rise to the occurrence of the
cogging torque.

The problem is analyzed using FEA (2D and 3D) and
confirmed with a measurement on a real machine pro-
totype. The presented methodology for calculating the
cogging torque in slotless PM machines with segmented
stator core allow its prediction and possibility to avoid it
already in the design phase of the machine.
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