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Abstract—In contrast to widely applied cogging torque
(CT) or detent torque optimization methods, where well-
known concepts for achieving a low-ripple torque as stator
and/or rotor skewing are applied, this paper proposes an
approach for shaping the stator geometry of a permanent-
magnet (PM) synchronous machine, such that an arbitrary
CT pattern can be obtained. This is achieved by an itera-
tive algorithm, which adds sinusoidal air gap modulation
components on an initial machine geometry. The CT profile
is calculated using 2-D FEM simulations and iterations are
repeated until the desired CT pattern is achieved.

The proposed approach is applied to an application ex-
ample, where an outrunner PM generator is integrated in an
electromechanical energy harvester (EEH). For this applica-
tion, the generator’s CT is beneficially shaped towards a 4-
pole sinusoidal pattern with an amplitude of 100 Nmm. The
optimized CT of the PM generator is used to counteract the
holding torque of the EEH, where a reduction in the start-
up speed of the EEH by a factor of 4 is observed. Moreover,
the presented CT shaping approach is extended beyond the
EEH example to illustrate that the described method is also
suitable for axially short machines, where skewing is not
feasible.

Index Terms—cogging torque, detent torque, torque rip-
ple, energy harvesting, non-contact generator, optimiza-
tion.

|. INTRODUCTION

NE can grasp the importance of cogging torque (CT),

detent torque and torque ripple optimization by explor-
ing the vast amount of literature published on this topic. Most
publications discussing this issue are on permanent-magnet
synchronous machines (PMSMs) and brushless DC (BLDC)
machines. Permanent-magnet (PM) width [1] and shape [2]-
[5] are commonly used parameters for CT optimization. Elec-
tric machine designs that adapt the teeth/slot shape and width
[6], [7], inserting dummy slots [8] as well as introducing
compensation windings [9] are also discussed in literature.
An additional degree of freedom is the skewing of the stator
[10] and/or the rotor [11]-[15]. The motivation behind CT
optimization is usually the goal of reducing noise and vibration
[16], [17] due to minimizing the CT to a value close to zero
for the whole rotational period.
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Fig. 1. lllustration of the electromechanical energy harvester (EEH)
system. The generator, which exhibits an optimized CT pattern, is
integrated in a pot shaped rotor.

On the other hand, methods for optimizing the CT towards
a non-vanishing shape as shown for stepping motors [18] and
DC machines in certain position-holding applications [19] are
not as well established in literature. Both of above applications
rely on the existence of a detent/holding torque, for achieving
the angular positioning of the rotor without dissipating any
losses in the machine windings.

Moreover, application-specific electric machines may also
profit from a non-vanishing CT. For instance, generators that
are directly coupled to a prime mover or machines directly
coupled to a piston compressor may compensate the pulsating
torque of the power source/load with a specially shaped CT.
Accordingly, in such specific applications, the overall system
performance could be improved with a specially shaped CT
compared to targeting the pure minimization of CT in the
individual electric machine.

A particular example of such a system, where an
application-specific electric machine is directly coupled to
a torque/mechanical power source, is the electromechanical
energy harvester (EEH) shown in Fig. 1. In this arrangement,
a set of axially magnetized PMs facing a rotating wheel made
of an electrically conductive material forms a non-coaxial
eddy-current coupling. Kinetic energy in the 10-watt range
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Fig. 2. Performance of the EEH, harvesting power from a steel wheel
(moving energy source: MES) with 225 mm radius and a tip speed of
uvMEs = 22.2m/s. As the magnetic coupling decreases with larger air
gaps geen, a reduction in output power can be observed.

is harvested from the wheel [20] in a contactless manner and
is converted into electrical energy by a generator integrated in
the EEH.

The EEH can harvest energy from a wheel/surface made
of a non-ferromagentic material such as aluminum, or a
ferromagnetic material such as steel. However, due to the
non-coaxial arrangement, the latter case results in a large
CT Ttog,harv, Which limits the EEH’s usability as detailed in
Sec. II. For this, application specific highly relevant case, a
compensation can be achieved when the generator features a
CT Teog,gen With same amplitude but opposite sign for all
angular rotor positions 6 [21]

|
Tcog,gen(g) + Tcog,harv(e) =0
:TCOgagen(g) = _Tcog,harv (9) .

In this paper, an algorithm that is capable of shaping an
electric machine’s CT towards a desired pattern is presented
and the hardware implementation of such an optimized ma-
chine is detailed. Furthermore, measurement results verify the
capability of the presented approach.

A detailed description of the application example at hand,
the EEH, is given in Sec. II. The concept of air gap mod-
ulation for modifying the CT is analyzed in Sec. III-A.
Then, Sec. III-B details the numeric optimization algorithm.
Additionally, in Sec. IV, the proposed method is applied not
only for achieving a desired CT profile, but also extended
towards the design of a cogging-free machine design. Simu-
lation results as well as experimental results from a hardware
prototype are given in Sec. IV, and the clear benefit of the
presented method in terms of lowering the start-up speed of
the energy harvester is shown. Finally, Sec. V summarizes the
main results of this paper.

&)

II. APPLICATION EXAMPLE: ELECTROMECHANICAL
ENERGY HARVESTER

The EEH that was initially introduced in [20] comprises
axially magnetized arc-segment-shaped PMs and a steel yoke.
This assembly is free to rotate around its axis of rotation.
When placed in the proximity of a rotating conductive body,

http://dx.doi.org/10.1109/TIE.2017.2733441
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Fig. 3. In this setup, the CT of the EEH, which is facing the MES and the
power output is measured. As it is shown in the photograph, the PMs of
the EEH rotate to a position, such that the magnetic energy in the air
gap between EEH and MES is minimized.

which is henceforth denoted as moving energy source (MES),
the eddy-current coupling results in a torque on the EEH. In
[20], a MES made of aluminum is considered, and a BLDC
machine is utilized as generator.

The axial-flux arrangement of the PMs increases the mag-
netic coupling between the EEH and the MES, compared to
the radial-flux setup shown in [22]. On the other hand, this
increased coupling also results in an increased CT applying on
the EEH, when a MES made of ferromagnetic material, e.g.
steel, is considered. This means that the eddy-current coupling
needs to build up a high torque in order to initiate the EEH
motion, and the harvesting of electrical energy. In other words,
the start-up of the system is only possible at impractically high
MES speeds, when the eddy-current coupling torque is larger
than the peak value of the CT.

Fig. 2 shows measurement values for the harvested me-
chanical power at different rotational speeds of the EEH and
different air gaps. The MES made of C45E steel (material
No. 1.1191 [23]) is rotating with a constant tip speed of
uMEs = 22.2m/s in the provided measurement.

Finally, the harvested kinetic energy by said eddy-current
coupling has to be converted in a generator into electric energy.
In order to achieve a compact EEH unit, the EEH’s generator
is integrated as an outrunner in the pot-shaped EEH rotor (cf.
Fig. 1).

A. System Start-up

It has to be noted that the CT and start-up issues are
non-existing in an application with a non-ferromagnetic MES
(e.g. made of aluminum) or a coaxial arrangement of EEH
and MES. On the other hand, considering a ferromagnetic
(e.g. steel) MES and a non-coaxial harvester arrangement will
clearly broaden the possible application area of the EEH under
consideration. Therefore, the resulting challenge of the start-up
in the latter case is addressed in detail in this work.

Fig. 3 depicts the setup for measuring the EEH CT, and
Fig. 4 shows the measurement results for different air gaps. A
high precision rotational torque sensor with a measurement
range of £200Nmm and an accuracy of £0.2Nmm was
utilized.
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Fig. 4. CT measurements of the EEH shows an approximately sinu-
soidal pattern. The curve is repeated for every PM facing the MES and
a strong dependency between amplitude and air gap can be observed.

In addition to the passive torque ripple minimization meth-
ods based on geometric modifications, current profiling has
also been proposed in literature as an active method for
the same effect [24]-[32]. This would, in principle, also
be applicable to the energy harvester discussed here. The
generator could operate in motor mode at the system start-up
in order to overcome the EEH CT and to provide the initial
motion. However, this would mean that the energy harvester
is powered up from an energy storage. Therefore, this idea is
not considered further.

B. Electromechanical Energy Harvester with Integrated
Outrunner Generator

Since the EEH, which harvests kinetic power from the MES,
has a disk-shaped geometry, a favorable mechanical design is
accomplished if the generator is implemented as an outrunner
in a pot-shaped extension of the EEH (cf. Fig. 1 and Fig. 5).

The axially magnetized EEH PMs and the radially magne-
tized generator PMs are mounted on a pot-shaped steel rotor.
Different sets of PMs are used for the EEH and the generator,
as this conveniently allows the decoupling of both magnetic
designs. The rotor forms a magnetic yoke for all placed PMs
and is machined out of a solid steel (S235) block. The stator,
on the other hand, is made of laminated electrical steel M235-
35A. As expressed in (1), the generator will be optimized such
that its CT compensates the CT of the EEH (cf. Fig. 4).

The coils for a three phase winding with concentrated
windings are wound on 3-D printed coil formers and placed
on the stator’s teeth.

I1l. COGGING TORQUE OPTIMIZATION

In order to facilitate the understanding of the CT optimiza-
tion algorithm shown in Sec. III-B, initially, the flux modulator
depicted in Fig. 6 is considered. In order to compensate the CT
of the EEH, a flux modulator with a CT of same mechanical
period (90°) could be utilized. Originating from a symmetry
analysis, the flux modulator must show the same number of
magnets (npy = 4) as the EEH.

http://dx.doi.org/10.1109/TIE.2017.2733441
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Fig. 5. Cross-section of the EEH, showing the compact arrangement of
the EEH with integrated generator and the actual geometric dimensions
of the hardware prototype (all dimensions in mm).

A. Cogging Torque of a Flux Modulator

Henceforth, for the flux modulator an air gap g(«) and a
PM remanent flux density Byem r(c,6) in the form of

(2a)
(2b)

g(a) = go - (1 +me,1 cos(4a))
Brem,r (@0, 0) = Byem cos(2 (o — 0))

are assumed, where « is the geometric angle in the stator
coordinate system.
By applying Ampere’s law as described in [33]

%Ed} = /j'dh , 3)
7
S A

on an arbitrary integration path including the stator, air gap,
PMs and the rotor (one such path is indicated in Fig. 6), and
by assuming ppe — 00, upMm = fo, the radial component of
the air gap flux density can be calculated as

Brem,r(aa 0)

Beled) = S 1

“)
The total magnetic energy, which is only stored in the air gap
and PMs, can then be calculated as

27

B (a.0)

Wal6) =1y [ 2522 (o g) - (82~ o) da

r(a)
&)
where [ is the axial length and h,, is the radial magnet height.
Finally, the CT acting on the rotor can be obtained as the
derivative of the stored magnetic energy Wy, (6) with respect
to the angular position of the rotor 6,
OWn(0)

——————= =ky1 sin(490) , (6)

TCOg (9) = 80
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Fig. 6. lllustration of a flux modulator. Sinusoidal modulation of the air
gap g(a) and magnetization Brem,r(«) are employed for shaping the
CT towards the desired pattern.

where kg ;1 can be expressed as
ks1 =y 7rB]r2 hlzjrl (d1 + hm)-
go(y+me1—1)—hy (1 —7) @)
Mo e, 1 gO(gO (1 - mc,l) + hm) ’

=\

Naturally, the air gap modulation can be extended by
including additional terms

with

ch’l
1+ M1 + hm/go .

n
gla)=go-(1+ chﬂ- cos(4ia) +ms; sin(4ia)), (8)
i=1
which will be the basis for geometry optimization in the
following section. Accordingly, the CT is represented in the
following as

n
Teog(0) =Y ke sin(4i0) + ke cos(4i) . (9)
i=1
Furthermore, the modulation parameters m. ;, ms; and the
resulting harmonic components ks ;, kc; in the CT, which
are obtained by a Fourier decomposition, are conveniently
expressed as

m:[mc,l M1 ... Men msvn}T (10)

5

and

Y

As shown by the above analytical derivation, the air gap
modulation is an adequate tool for shaping the CT towards
a desired shape [34]. Since stators of electric machines are
typically made of laminated electrical steel and the individual

k=[ kai hoi oo ke hom ]
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Fig. 7. Optimization algorithm flowchart. Starting from an initial geom-
etry, the design is iterated by means of adapting the air gap modulation
parameter vector m, such that the optimization goal of kres < € =
5 Nmm is achieved.

steel sheets are either laser cut (in a prototyping stage) or
punched (in mass production), the optimized stator shape does
not create a significant additional production effort.

B. Optimization Algorithm

The optimization is initialized with a design based on the
findings obtained in the analysis of the generic flux modulator,
which is depicted in Fig. 8a and parameterized in Table I.
Following design choices were made prior to the presented
optimization:

o For the practical realization, the stator teeth should be
shaped straight, such that coil formers can be used to
pre-confection the windings.

e The analysis of Sec. III-A requires sinusoidal PM rema-
nent flux density, however, this was approximated with a
gap between two PMs Bpyigap = 50° and constant rema-
nent flux density therein. Consequently, higher utilization
of magnet material is achieved.

The flowchart describing the CT shaping optimization al-
gorithm is given in Fig. 7. After the initialization with a start
geometry (cf. Fig. 8a), CT Tt gen is computed with 2-D FEM
simulations as function of the angle of rotational position 6.

Similarly, the CT target TC*Og, which is =Tty harv in the pre-
sented application (cf. (1)) can be decomposed and expressed
in terms of a vector k*. Conveniently, the difference (residual)
between the CT at the current iteration step and the CT target
can be written as

Kres = k* — k; . (12)

The utilized algorithm iterates the geometry and is terminated
when the residual is sufficiently small norm(k,es) < €, as
a complete vanishing of it cannot be reached due to the
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Fig. 8. Outrunner generator geometries. (a) Initial geometry fed into the optimization, (b) resulting optimized stator geometry with sinusoidal CT ,
(c) a photograph of the prototype stator. (d) The stator with winding system. (e) The resulting stator geometry optimized for minimal CT.

TABLE |
PARAMETERS USED FOR THE 2-D FEM SIMULATIONS OF THE
GENERATOR.
Parameter Variable Value
Generator bore diameter dy 70 mm
PM height hpm 3.5 mm
2-D rotor diameter® drot,Aeq 120 mm
Actual rotor diameter drot 77 mm
Stator material M235-35A
Stator rel. permeability Msat,rel 1000
Rotor rel. permeability Hrot,rel 700
Stator width ly 12mm
Number of pole pairs p 2
Number of phases m 3
Nominal air gap g0 2.5mm
PM grade N48M
PM remanent flux density  Brem 14T
PM rel. permeability HPM, rel 1.05
Stator tooth width WFE 22 mm
Coil cross section Acoil 76 mm?

@ Used to represent the actually pot-shaped rotor flux path in 2-D simulation.

numerical nature of simulations. In the following optimization
procedure, € = 5 Nmm (< 5% of the CT target) is selected as
it leads to a sufficient reduction of the total CT.

The update of geometry parameters is a multi-dimensional
Secant Method, which is related to the multi-dimensional
Newton-Raphson Method [35], but utilizes the secant as an
approximation for the Jacobian matrix,

Ak 1 L. Aksa
Amc,l Ams,n
ok -
m . .
Akewm . kem
Amc,l Ms,n

for finding the root (zero) of the error function (k.5 here) [36].
For obtaining e.g. the first column in J, the parameter 1M 1
is perturbed and a simulation is conducted. The difference in
terms of CT decomposition k yields the values for the first
column. This procedure is conducted for all elements of the
geometry parameter vector, such that J can be filled.

Then, the geometry parameter m is updated such that the
torque residual k¢, is reduced,

m;y = 1m; — ddamping j+ kres . (14)

The pseudoinverse of the approximated Jacobian matrix,
- N I
Jt = (JTJ) iT,

is used for the update step since the existence of J~! cannot be
guaranteed. Due to the strong nonlinearity of the optimization
problem, a damping factor dqamping is applied in the update
step; ddamping = 0.2 showed good convergence.

IV. RESULTS
A. Simulation Results

CT optimization is conducted for the presented three-phase
outrunner generator with the initial geometry of Fig. 8a. For
the application example, the goal of shaping the CT is to
reduce the start-up speed of the presented EEH. As Fig. 4
shows, the EEH CT cannot be compensated for all operating
points (OPs), since it varies over air gap. Therefore, the
optimization goal is to achieve a sinusoidal generator CT with
amplitude of 100 Nmm.

After a first, coarse optimization, the geometry obtained by
2-D simulation was analyzed in a 3-D simulation as it was
expected that 2-D FEM overestimates the CT amplitude (cf.
CT results in Fig. 9). This is due to the aspect ratio of the
generator as the rather short axial length (12 mm) compared to
the diameter (70 mm) can lead to axial fringing field. Namely,
the magnetic flux density in the air gap is smaller towards the
axial ends of the machine, compared to symmetry plane in
the axial middle. Accordingly, simulations showed that the
CT amplitude obtained by 3-D FEM is only 70% of the value
predicted by 2-D FEM. However, the shape of the CT curve
remains almost identical. Therefore, and due to the fact that 3-
D simulations turned out to be computationally too expensive
for CT optimizations, the target amplitude for the 2-D opti-
mization was increased to 7% = 100 Nmm/0.7 = 143 Nmm.

Moreover, an optimization for vanishing CT was conducted,
whose sole purpose is to demonstrate the capability of the
presented algorithm further. The initial geometry (cf. Fig. 8a)
remains the same, but the CT target is set to zero T* =
0 Nmm.

Fig. 8b shows the obtained geometry with T* = 143 Nmm,
together with a photograph of the hardware realization in
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Fig. 9. Generator CT measurement and FEM simulation results. 3-D
FEM simulations are agreeing well with measurements, while 2-D FEM
simulations overestimate the torque due to the fringing field of this axially
short (12 mm) machine compared to the diameter (70 mm). The torque
shape remains identical, which still justifies utilizing 2-D FEM for CT
shape optimization.

Fig. 8c. Fig. 8d shows the stator mounted on a base plate with
windings. Fig. 8¢ shows the optimized geometry for minimal
CT. Furthermore, the geometry parameter vector m for the
optimized geometries is given in Table II.

TABLE Il
AIR GAP MODULATION PARAMETERS.
Variable || Init. Val.  Sin. CT Pattern  Min. CT
me,1 0 0.1884 0.0063
ms,1 0 0.0456 0.0003
Me,2 0 0.0100 0.0162
ms,2 0 0.0028 0.0055
Me,3 0 —0.2305 -0.2272
ms,3 0 0.0032 0.0021
Me,4 0 0.0011 -0.0110
Ms, 4 0 0.0033 0.0031
Mes 0 —0.0072  0.1169
ms,5 0 0.0129 0.0491
Me,6 0 —0.0640 -0.0599
M6 0 0.0042  0.0036
Misg 0 0 0

CT simulation results for the initial geometry and the two

http://dx.doi.org/10.1109/TIE.2017.2733441
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Fig. 10. CT waveforms prior and after the conducted optimization
obtained by 2-D FEM simulation. The curve entitled "initialization design”
is the CT of Fig. 8a and shows the CT prior to optimization, curve "min.
cogging design” shows the CT of Fig. 8d. The curve "sin. CT design”
shows the optimization result for the application with the EEH and as
targeted a sinusoidal CT shape; the geometry is depicted in Fig. 8b.

simulations. A map of peak flux density for the optimized
generator with sinusoidally shaped CT is shown in Fig. 11 and
one can see that partial saturation occurs only on the edges
of the stator. Finally, for the nominal OP, listed in Table III,
total stator iron losses of Pitator,rr = 0.1 W were calculated,
showing that the presented approach is not particularly prone
to unjustifiably high stator iron losses.

B. Cogging Torque Measurement & EEH Start-up Speed

The optimized, laminated stator according to Fig. 8c and
Fig. 8d was built and assembled with the phase windings,
which were pre-manufactured on a 3-D printed coil formers
with 0.8 mm wall thickness. CT measurements and FEM sim-
ulation results are shown in Fig. 9. As previously discussed,
the 2-D simulation overestimates the CT by 30% (which was
already included in the optimization target). On the other hand,
the 3-D FEM simulation predicts the measurements with high
accuracy. Therefore, it can be concluded that the presented

optimized geometries are depicted in Fig. 10. It clearly shows
that the conducted approach is capable of optimizing the CT
towards a special shape as desired for the application example
of the EEH. Moreover, the applied technique can be utilized
for eliminating the CT of axially short electric machines (e.g.
in direct drive systems), where skewing is not feasible.

Furthermore, simulation results concerning the stator iron
losses shall be briefly discussed as a non-uniform air gap
might lead to partially increased flux density. Iron losses Pre
in laminated iron are due to hysteresis losses and eddy-current
losses as discussed (and separated) in [37]. However, for this
analysis the iron losses are calculated based on the Steinmetz
equation for the material M235-35A (cf. EN 10106; with
0.35 mm lamination thickness), as

B ly W fel 1.3 Bpk(A) 1.9
—m/%ms(mz) i) 4 a9
A

stat.

PFe

where the peak flux density By of every point in the stator
during one electrical period is extracted from 2-D FEM

15 By ()
£ 1.6
-‘-"‘-.’_ﬂ__-', 1.4

1
0 \ 1.2
: W
\ = - 1
2 - r

20 *\ b S ) 0.8

_lo- . ‘ % { Bos
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Fig. 11. Map of peak flux density in the stator obtained by 2-D FEM
simulation and utilized to compute the stator iron losses.
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Fig. 12. Measurement results of system start-up speed without com-
pensation (EEH only) and with the proposed CT compensation due to
the specially shaped stator of the generator.

concept is not particularly prone to manufacturing tolerances
on the stator as well as on the magnets.

The EEH and the optimized generator were assembled and
aligned in an angle such that CT curves of Fig. 4 and Fig. 9
compensate each other, which results in a highly reduced
overall CT of the system: EEH and generator. The main benefit
of the conducted approach for the application example with
the EEH can be found in Fig. 12. Clearly, the goal of reducing
the harvester’s start-up speed is achieved. For smaller air gaps
(8mm), the EEH CT is under-compensated, while for larger
air gaps (12mm) an overcompensation occurs. In addition,
for an air gap of 13mm and larger, the CT imposed by the
generator has a negative effect on the start-up speed. However,
this is not of practical relevance for the presented harvester
as also the output power vanishes (cf. Fig. 2). As previously
discussed, it is not possible to compensate the EEH CT for
the whole air gap range of 8...12mm, where the harvester
is intended to be used, however, for the specified range a
significant reduction of the start-up speed is achieved. It should
be remarked that no direct measurement of the remaining CT
is possible as harvester and generator form a compact unit
without an accessible shaft.

Overall, measurements in Fig. 12 show that the introduced
principle of CT compensation (cf. (1)) and the applied stator
geometry optimization algorithm (cf. Sec. III-B) for a desired
CT shape lead to successful results in the described appli-
cation. In contrast to the CT shaping methods presented in
literature, the described approach allows to optimize the CT of
an electric machine towards any shape in an iterative manner.

C. Generator Performance

The electrical performance of the generator, whose CT is
optimized in Sec. IV, concludes the analysis conducted in this
work and will be discussed briefly in the following.

The electrical characteristics of the generator and its perfor-
mance figures for the EEH maximum power point (MPP) at
geen = Smm are shown. Electrical output power measure-
ments are plotted in Fig. 13 and are proving the harvesting
capabilities, P,y > 12W of the harvester unit. For the
presented measurement, the generator was loaded with a
three-phase resistor, whose resistance was decreased until the
MPP was found. The output power measurement indicates an
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Fig. 13. Output power measurement at gppg = 8 mm and vyes =
22.2m/s. The generator was loaded with a three-phase resistor and
measurements are for the maximum power point of the system.
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Fig. 14. Back EMF measurement of the generator for the rotational
frequency wggn = 250rad/s.

acceptably small power ripple of < 8% (peak-peak). The back
EMF measurement in Fig. 14 show that the air gap modulation
causes certain -but acceptable- asymmetry, given the well
increased utility in the described application. Moreover, copper
losses were calculated as P, = 1.8 W for this OP.

In a further investigation, losses in the bearings were an-
alyzed. Measurements of the bearing friction torque, which
were conducted with a high precision torque sensor, are
depicted in Fig. 15. Indeed, it was concluded that the bearing
losses in the MPP, Pyearing = 2.8 W, are a significant loss
component. The bearing losses could potentially be decreased
with smaller bearings in the considered system. This was not
implemented for the built prototype as it causes a lower limit
on air gap gggn for measurements due to axial pull. On the
other hand, the goal of the prototype system was to conduct
measurements across a wide parameter range. Furthermore,
rotor eddy current losses were estimated as Pt > 1 W with
the rotor, currently made of solid S235 construction steel.
Laminating the pot-shaped rotor can clearly reduce this loss
component, but was not implemented in the built prototype
system as it would have complicated the mechanical design
and would have rendered it prone to unbalance.
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or a mechanical load system: generators, which are directly
coupled to a prime mover or machines directly coupled to a
piston compressor) by specially shaping the CT as conducted
in the considered application example, or be utilized for
eliminating the CT of axially short electric machines (e.g. in
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Fig. 15. Losses in bearings, obtained by measurements with the

precision torque sensor. Additionally, the torque supplied by the EEH
and the maximum power point therefore are shown.

TABLE Il
GENERATOR CHARACTERISTICS.
Parameter Variable Value
Nominal torque Th 100 Nmm
Nominal speed Nn 1764 rpm
Nominal mechanical power Priech 18 W
No. of pole pairs p 2
Coil cross section Acoil 76 mm?
Number of turns N 87
Achieved copper filling factor kcu 0.48
Stator iron losses Pre 0.1W
Copper losses Pcy 1.8W

V. CONCLUSION

This paper describes a method for optimizing the cogging
torque (CT) of a permanent magnet (PM) machine towards a
desired shape. In a given application example, the described
algorithm is applied to a PM outrunner generator, which is
integrated with an electromechanical energy harvester (EEH,
[20]) in a compact unit. The generator’s CT is shaped such
that the naturally present CT of the EEH is highly reduced in
the desired operating range (gggu = 8...12mm). This leads to
the, otherwise not achievable, starting capability of the energy
harvester unit at low speeds as verified with measurements.

The CT simulations for the optimization are conducted
with 2-D FEM and a harmonic decomposition, similar to a
Fourier decomposition, is computed. A presented algorithm,
whose influence on the machine geometry is a vector of air
gap modulation parameters, optimizes the machine’s geometry
until the desired CT shape is achieved. In contrast to the CT
minimization methods presented in literature, the described
approach allows to optimize the CT of an electric machine
towards any shape in an iterative manner.

Besides the presented design for the application exam-
ple, which shows sinusoidal CT of rather large magnitude
(100 Nmm), a further design example is presented, where the
algorithm is utilized for an optimization aiming for vanishing
CT. This clearly shows that the conducted approach is valuable
for CT optimizations for a variety of applications. It could
be utilized to compensate an externally triggered undesired
torque or power ripple (e.g. originating from a prime mover

direct drive systems), where skewing is not feasible.
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