Scientia Iranica B (2018) 25(2), 772-789

VZINN
N\

Sharif University of Technology

Scientia Iranica
Transactions B: Mechanical Engineering

http://scientiairanica.sharif.edu

A design approach to coaxial magnetic gear and

determination of torque capability

M.A. Rahimi, M. Durali*, and M. Asghari

Department of Mechanical Engineering, Sharif University of Technology, Tehran, Iran.

Received 24 September 2016; received in revised form 6 December 2016; accepted 19 June 2017

KEYWORDS
Magnetic gear;
Mechanical gear;
Design parameter;
Torque capacity;
Gear module.

Abstract. This paper presents a time-saving methodology for the design and sizing of the
magnetic gear sets. Some new design parameters similar to mechanical gears were defined
to calculate the torque capacity. Finite-element analysis was extensively used to calculate
the variation of torque capacity of gear set due to changes in different geometric parameters
of a set. Different design curves were obtained by which the design and sizing of the gears
can routinely be accomplished. Optimal performance of magnetic gear was not the main

target of this research, and utilization of this method helps gear designers to decide on
parameters, such as scale of gears, magnet thickness, stack length, and pole pair numbers,
and come up with a near-optimum geometry design.

(© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Magnetic Gear (MG) is more likely to have a bright
future in many industries. Having no physical contact
between gears, lower noise and vibration, lower mainte-
nance cost, high reliability due to no mechanical failure,
and mechanical isolation of input and output are just
a few advantages of magnetic gears.

In recent years, magnetic gears have gained more
attention due to higher performance and torque in-
tensity in newer topologies. Atallah and Howe [1]
presented a novel magnetic gear design with improved
torque capability. Based on this methodology, different
types of magnetic gears have been presented in recent
years, such as linear MG [2], cycloid MG [3], axial
field MG [4], harmonic MG [5], and high-speed
ratio MG [6]. In addition, much attention has been
paid to the application of magnetic gears in different
industries. Jian et al. [7] introduced a combination
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of magnetic gear with permanent magnet machines
for wind power generation. Magnetic geared in-wheel
motor is designed in [8] which leads to improvement
of torque and power densities of motors for electric
vehicles. In addition, a new powertrain for hybrid
vehicles is introduced in [9] which has an integrated
permanent magnet electric motor and a generator with
a coaxial magnetic gear.

Different design parameters influence the torque
capability of magnetic gears. Design optimization
becomes more complicated as some of these parameters
are in conflict. Knowing the influence of different
parameters on torque capability can help the designer
make better decisions. Effects of dimensional pa-
rameters have been investigated in some researches.
For example, in [10], influence of radial thickness of
stationary pole pieces on torque capability for different
pole pair numbers was studied. FEffect of magnet
thickness on a motor integrated magnetic gear was
investigated in [11]. Moreover, in [12], effects of many
design parameters on torque capability, such as gear
ratio, ferromagnetic pieces geometry, and permanent
magnet thickness and volume were studied separately.

In designing mechanical gears, parameters, such
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as gear module, teeth number, and gear width, deter-
mine the overall geometry of a gear. These parameters,
along with material specifications, determine torque ca-
pability of mechanical gears. For designing MGs, there
is no specific formulation to designate a gear based on
desired torque capacity and gear ratio. As a result,
dealing with a large number of influencing parameters
makes the design approach more complicated.

In this paper, a number of main parameters are in-
troduced to which the geometry, gear ratio, and torque
capacity of magnetic gear are related. To find the
influence of the main parameters on torque capability,
maximum static torque of gears is obtained by 3D FEM
analysis for different geometry configurations. Gerber
and Wang [13] shows that end effects are not considered
in 2D analysis, and calculated stall torque has about
10-15% more errors than 3D FEM analysis does. We,
therefore, prefer to perform 3D FEM analysis despite
its computation costs. Nearly 2400 cases with a wide
range of varieties are solved, and influence of these
design parameters on design approach is presented.

2. Magnetic gear geometry

Figure 1 shows the geometry of an MG set and its main
geometrical dimensions. There are three rotors, named
inner, outer, and steel slot pieces. The input and
output shafts of magnetic gearbox can be connected
to either two of these rotors, or the third rotor can be
grounded or kept stationary. Different configurations of
these connections lead to different gear ratios between
input and output shafts. Generally, in the steady-state
condition, the equation between rotational speeds of
these rotors will be as follows:

Phwin + -leout - Nsws = 07 (]‘)

where wi,, Wout, and ws are the rotational speeds of
the high pole number, low pole number, and steel slot

pole-piece rotors, respectively; Py, P, and Ny are high-
speed pole pair, low-speed pole pair, and steel slot
pieces number, respectively, while Ny = P, + P,. When
each of the rotors is kept stationary, its speed will be
zero, and the others will determine the speed ratio.

For designing a magnetic gear, all of the parame-
ters and dimensions shown in Figure 1 should be deter-
mined. Some of these parameters are related to each
other, and some other can be chosen independently. In
this approach, 5 main design parameters are defined,
and all other dimensions are related to them. The main
design parameters are:

e Scaling Factor (SF), which is defined as:

Rout
SF = —, 2
- 2)
where R, and Ry are in mm. R, is the reference
radius; it is set to 50 mm here;

o Magnet Thickness Factor (TF), which is defined as
follows:
ty

TF = 3
SF*to7 ()

where ¢; and ty are in mm. #, is reference magnet
thickness when R,y is 50 mm which is chosen as
5 mm;

e Stack length (L);
e High-speed pole pair number (P,);

o Low-speed pole pair number (F)).

SF scales all the dimensions, and it is similar to
mechanical gear module. Stack length is the same
as mechanical gear width, and pole pair numbers
are similar gear teeth numbers. TF is an additional
parameter to determine the magnet thickness. TF is
the ratio of the magnet thickness to the scaled magnet
reference thickness. As SF is defined to scale all the

Steel slot
pieces

Figure 1. Magnetic gear geometry and dimensions.
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Table 1. Dimension of magnetic gear based on design
parameters.

No Parameters
1 Rs = SF % 45 mm
2 Rouwt = R2 + SF x5 mm
3 g1 =¢g2 =1 mm
4 t1 =SF +«TF %5 mm
5 to =11
6 0, =180°/ P,
7 0; = 180°/ Py,
8 0; = 180°/Ns,
9 Rpos = Ry —t2 — g2

10 ts ZWRF2/JVS
11 Rr1 = Rpo — ts
12 R1:RF1—gl—t1

dimensions simultaneously, magnet thickness is also
scaled. When TF is fixed, the variation of SF will not
change the aspect ratio of the gear. t; and Ry can be
any value, and the data are obtained by considering
the mentioned values here. In Table 1, correlation of
dimensions with the main design parameters is defined.
The two simplifying assumptions to obtain the
first solution and geometry of the set are as follows:

1. The thickness and width of ferromagnetic slot
pieces are equal, that is:

Rpa0s = ts. (4)

2. The thickness of magnets of inner and outer rotors
is equal:

t1 = to. (5)

Assumption 1 was made based on the results of [12]
in which it is shown that if the ferro thickness-to-
pitch ratio is set equal to 0.5, the optimum value of
ferromagnetic opening to pitch ratio will be 0.5 to 0.6.

Assumption 2 was also made based on the results
of [12] in which, for different volumes of magnets,
output torque is nearly at maximum when ¢; = 2. In
addition, the difference between the inner and outer
PM thicknesses may cause the demagnetization of
the thinner PMs, requiring consideration and analysis.
Therefore, t; = t, is a suitable assumption. These
two assumptions can yield near-optimum value of the
torque capacity. As a result, a preliminary design of
magnetic gear will be obtained considering these design
parameters that will further be fine-tuned to optimize
the performance. Airgaps are chosen equal to 1 mm
as a usual and normal value for different magnetic
machines and gears. The fact is that this parameter
has to be fine-tuned in later stages of a magnetic gear
design.

Table 2. Material specification of magnetic gears chosen
for analysis.

Material Parameter Value
Magnet pole Type NdFeB-Grade N35
Remanence [T] 1.21
Coercivity [kA/m] 890

Ferro slot Type Low-carbon steel

2.5
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Figure 2. Low carbon steel BH-curve.

Material specification of the MG used for FEM
analysis in basic design is listed in Table 2, and low
carbon steel BH-curve is shown in Figure 2.

3. Influence of design parameters on magnetic
torque capability

Torque capability (T.) of magnetic gear is defined as
follows:
(irl )max (Tout)max (Ts)max

T = = = .
‘="p P N, (©)

Moreover, magnetic gear rotor torques can be expressed
as follows:

T = P 1¢ sin(PhGin + P6, — NSHS), (7)
Tout = -ZDlTC Sin(Phain + -F)leo - Nsas)a (8)
Ts = _(Tin + Tout)7 (9)

where Ti,, Tout, and T, are inner, outer, and steel
rotor torques, respectively. T is torque capability of
a magnetic gear that depends on geometry and design
parameters. #;,, 0,u¢, and 8, are inner, outer, and steel
rotor rotation angles, respectively. When steel rotor
is fixed, 65 is constant. By multiplying the pole pairs
of a rotor and the torque capability of the magnetic
gear, maximum torque capacity of the rotor will be
obtained.

In this paper, the effect of simultaneous variations
of the main parameters on torque capability is studied.
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Table 3. Design parameters variation.

Parameter Values
Py 2,4, 6,8,10
P 11, 15, 19, 25, 29, 35
Sk 1, 2,4, 8,12
TF 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2
L 50, 100

This means that all permutations of variations in each
parameter are solved by 3D FEM analysis, and the
results are attached in the Appendix. The domains of
variations of the main parameters are listed in Table 3.
The specified ranges (extendable by the designer
interest) will be useful for designing an MG with
a desired specification, and they help reach a good
preliminary overall machine size and magnet thickness.
In the following, the influence of each design parameter
on torque capability is presented, and some points
are explained that will help a designer have a better
perspective for choosing the parameters ranges.

3.1. Pole pair numbers

Different combinations of pole pair numbers for input
and output gears in the specified range generate 30
cases with different gear ratios. It has been attempted
to cover the most practical pole pair numbers. The
minimum gear ratio between outer and inner gears is:

11
=1.1

GRmin = 75 )
10

and the maximum gear ratio is:

GRpax = £l = 17.5.
2
Atallah et al. [10] shows that a harmful effect on
transmitted torque of an MG is the cogging torque.
Torque ripples are a result of interaction between
permanent magnets and ferromagnetic slot pieces.

A cogging torque factor is defined as follows:
Cp=—, (10)

where P is pole pair number of high-speed or low-speed
gear, N, is ferromagnetic pole pieces number, and N,
is the smallest common multiple of (2P) and Nj.

A smaller cogging torque factor results in smaller
torque ripple amplitude, which is desirable. To achieve
this for a specific gear ratio, pole pair numbers should
be chosen so that the smallest common multiple (N,)
has the largest possible value. In this research, low-
speed and high-speed pole pair numbers are chosen to
have a large N, for smaller torque ripples.

Herein, the cogging torque is considered as a
design suggestion. In fact, in this article, attempt is

made to emphasize the important points useful in the
design of a magnetic gear based on the results obtained
throughout many researches. The main goal is to study
the effect of different parameters on static torque and
torque capacity of magnetic gears. The dynamic effects
will be the subject of future works.

By putting SF = 1, TF = 1, and L = 50 mm
and changing the pole pairs, torque capability changes
as shown in Figure 3. The maximum inner and outer
torques are plotted versus high-speed pole pairs in
Figures 4 and 5, respectively. It can be seen that
increasing the low-speed pole pairs decreases the torque
capability. In addition, it shows that increasing the
high speed or decreasing the low speed pole pairs
leads to the increase of the maximum inner torque.
Maximum outer torque corresponding to each high-
speed pole pair number is different, and it varies
by changing the low-speed pole pair numbers. It
also shows a peak, meaning that the output torque
has a maximum value for a fixed set of SF, TF,
and L.

—— P =11 cckeeP; =15 e=o==pP —19
=P =25  =w=P =29 ==t P =35
2.5
2.0
g
\Z-/ 1.5
= 1.0 " d ] ¢ -
T———*"“?_K'_"--%—-:X
e o = e o e o
0.5 == * s
0.0
0 2 4 6 8 10

High speed pole pairs (Pp,)

Figure 3. Torque capability of magnetic gear for different
pole pair numbers of inner and outer rotor (ST =1,

TF =1, and L = 50 mm).
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Figure 4. Input torque capacity for different pole pair
numbers (ST =1, TF = 1, and L = 50 mm).
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Figure 5. Output torque capacity for different pole pair
numbers (ST =1, TF =1, and L = 50 mm).

3.2. Scaling factor

In this section, variation of torque capability is studied
by fixing the pole pair numbers and varying the scaling
factor SF. This parameter, which scales the magnetic
gear dimensions, can change the peak of outer torque
capacity and torque capability.

Fixed design parameters in this section are: TF =
1 and L = 50 mm. Figure 6 shows the variation of
torque capability versus that of scaling factor for P, =
2 and P, = 15. It is observed that torque capability is
a quadratic function of scaling factor by fixing all other
design parameters.

The results for different low-speed pole pair num-
bers and P, = 4 are presented in Figure 7. It
can be seen that quadratic torque functions change
significantly by varying the low-speed pole pairs. In
Figure 8, variation of T, versus that of scaling factor
for high-speed pole pairs P, = 15 is shown. On the
contrary, the variations of quadratic functions are not
as large as the case for low-speed pole pair numbers.

350

300y =1.8161z2 + 3.5035z — 3.489
R? =0.9993 ;

250 /

200 /

150 /

100

. e

0 3 4 6 8 10 12

T. (Nm)

Scaling Factor

Figure 6. Torque capability of magnetic gear for different
scaling factors with P, = 2 and P, = 15.
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Figure 7. Torque capability versus scaling factor for
different low speed pole pair numbers and P, =4, TF =1,
and L = 50 mm.
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Figure 8. Torque capability versus scaling factor for

different high speed pole pair numbers and P, = 15,
TF =1, and L =50 mm.

3.3. Magnetic thickness

One of the important parameters in an MG is the
permanent magnet thickness. It affects the torque
capability and price of a magnetic gear set. The
magnet thickness depends on Scaling Factor (SF) and
Thickness Factor (TF). For studying the effect of
thickness individually, all other design parameters are
fixed and TF is changed.

In Figure 9, variation of torque capability versus
that of TF is presented for different low-speed pole
pairs while P, = 8, SF = 1, and L = 50 mm. Results
for different high-speed pole pairs are presented in
Figure 10 where P, = 25. Similar results for other
values of pole pair numbers and scaling factors are
presented in the appendix. The important result is
that the torque capability is close to its maximum value
when 0.75 < TF < 1.
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Figure 9. Torque capability versus thickness factor for
different low speed pole pairs, P, =8, SF =1, and
L =50 mm.
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Figure 10. Torque capability versus thickness factor for
different high speed pole pairs, P, = 25, SF =1, and
L =50 mm.

3.4. Gear length

Another design parameter to be determined is the
magnetic gear stack length. Torque capability for
different lengths and different pole pair numbers is
displayed in Figure 11, showing a linear behavior.

3.5. Magnetic gear’s aspect ratio

In mechanical gears as a rule of thumb, the face width
of spur gear is taken between 8 to 12 times of the gear
module. In magnetic gears, aspect ratio is defined as
in Eq. (11):

(11)

Aspect ratio SR
For a desired output torque and gear ratio, different
aspect ratios can lead to different magnet volumes.
Magnets are the most expensive material used in an
MG. The minimum volume of magnet for a specific
torque capacity (T;) is investigated by fixing pole pair

——P), =2, P = 35
25 -&=-P, =8,P =15
- & P, = IO,PI =25
comep, =4, P =15
-®=-pP, =8,P, =25

@ pP =4, P =35
- %= P, =10,P, =35

-4 p, =10,P, = 15

T. (Nm)

10 20 30 40 50 60 70 80 90 100 110 120
L (mm)
Figure 11. Torque capability for different magnetic gear
length and pole pair numbers.
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Figure 12. Efficient aspect ratio for different ranges of

torque capability and different pole pair numbers (values

of efficient aspect ratio for different P, is averaged).

numbers and changing SF and L. The results of torque
capacity are calculated by interpolation between the
data in the Appendix. Efficient aspect ratios of gears,
which minimize the magnet volume for different pole
pair numbers and different torque capacities, are shown
in Figure 12. The results show that the most efficient
aspect ratios are between 0.5 and 2. In addition, it can
be seen that the value of efficient aspect ratio increases
for higher torque capability.

3.6. The back iron thickness of inner and
outer rotors

The back iron of inner and outer rotors should be thick
enough to accommodate all the magnetic flux, which
can result in maximum torque capability. In addition,
the magnetic flux density in back iron section should
be less than saturation level for the iron. Oversizing
the back iron beyond the necessary thickness will not
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Tsr

Witag

Figure 13. Magnetic flux in magnets mounted on the
back iron.

change the torque capability, but decrease the torque
density by increasing the magnetic gear volume. There-
fore, finding a suitable value of thickness is important.

In Figure 13, magnetic flux in a section of the
magnets mounted on the back iron is shown. For
obtaining the minimum necessary thickness of the back
iron, it is assumed that all flux, entering the back iron
through the mounting surface of the magnet, flows
through the back iron section toward the neighbor
magnets, and no flux escapes from the back iron. By
considering the symmetric condition, it results in the
following:

OMag = 20B7 — BMagWnag = 2BB1TBrI, (12)

where @mag, ®B1, BMag, BBr, Whiag, and Tpr are
magnet flux in the mounting surface, back iron mag-
netic flux through the thickness, magnet flux density,
back iron magnetic flux density, magnet width, and
back iron thickness, respectively. If the magnetic flux
density in the back iron be lower than Bj(max), the
knee point of B-H curve of low carbon iron should be
as follows:

ByagWia,
“Mag T Mag B (max). (13)
2TBr

By is considered the maximum value for magnet flux
density, and then, from Eq. (13), thickness of back iron
will be as follows:

Tpr > BoWhitag

~ 2Byr(max)’ (14)

By inputting the typical values of the maximum mag-
net and maximum iron flux densities as 1.27 and 1.8T,
respectively, into the equation, it will result in:

1
Tpr > gWMagy (15)

Magnet widths for inner and outer rotors in magnetic
gears are:

7TR1

Witag(Inner) = 7
h

and:

7TR2

Witag(Outer) = 7
!

(16)
where R; and R, are the back iron radii in the
mounting surface of magnets for inner and outer rotors,
respectively, that are shown in Figure 1. Therefore:

R
Tpi(Inner) > P—l,

h
and:
R
Tgi(Outer) > FIQ, g =~ 1, (17)

when SF = 1, the rotors’ radii are Ry = 16 mm and
Ry, = 45 mm. Between different pole pair numbers
considered in this paper, minimum pole pairs are P, =
2 and P, = 11. Thus, when SF = 1, the minimum
necessary thickness for back iron will be as follows:

1
Tgi(Inner) > ?6 = 8 mm,
and:
45
Tp1(Outer) > o= 4.1 mm. (18)

The back iron thicknesses are considered the same
for different pole pair numbers for simplicity, and the
values for inner and outer rotors are set as 10 mm and
5 mm, respectively, when SF = 1. By increasing SF,
the back iron thickness will also be scaled. The back
iron thickness should be fine-tuned and can be reduced
as the pole pair numbers are increased.

4. A design approach to magnetic gear

The basic specifications of a magnetic gear set, such
as gear ratio, maximum torque, and dimension con-
straints, should be decided first. Then, the design
process continues as follows.

4.1. Design torque determination

In mechanical gear design, design load is obtained
by multiplying correction and overload factors and
increasing the maximum working load in order to avoid
failure of gear under normal operating conditions:

Taes = Ko % K, 5T, (19)

where K, and K,, are overload and manufacturing
correction factors, respectively. K, depends on the
type of load and the source of input power. In designing
mechanical gears, K, is used to prevent unexpected
tooth fracture due to overloads. In magnetic gears, K,
is applied to account for undesirable slippage occurring
as a result of overloads, which may cause dynamic
effects and loss of drive-train control. Slippage makes
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Table 4. Overload correction factor, K,.

Driven machinery

Source of power Uniform Moderate  Heavy
sock shock
Uniform 1.00 1.25 1.75
Light shock 1.25 1.50 2.00
Medium shock 1.50 1.75 2.25

the system jerky and may cause instability of input
or output shafts. Value K, defined for mechanical
gears [14] is presented as a reference to show the
severity of excess load exerted on the gear under shock
condition. At this point, the designers, according to
their application, must decide if they want to protect
the drivetrain against the shock in all situations or need
to digest the shocks by slippage. These values are listed
in Table 4.

K, can be used as a correction factor to compen-
sate for the errors between manufactured prototypes
and the results of FEM design. It can also lead to safe
margins for preventing slippage in a normal operation.
References [10,13,15,16] have reported up to 30% error
between prototype and FEM analysis results. These
deviations are the result of flux leakage and airgap
tolerances with respect to axial gear length.

In addition, Eqs. (7) and (8) present torque versus
relative rotational angles. There is only one point at
which the maximum torque can be obtained. If the gear
operates at its maximum torque capability as a nominal
value, then the magnetic gear will encounter slippage
by a small change of relative angle between input and
output rotors. Next, the maximum torque capability
is chosen 20% higher than the gear set nominal torque.
As a result of up to 13% variation in a relative angle
between input and output shafts, the torque will not
pass the maximum torque capability.

Therefore, a logical value for K,, can be con-
sidered between 1.2 and 1.4 to compensate for these
deviations.

4.2. Choosing scaling factor and length
Considering the design torque, other design param-
eters, such as scaling factor, length, and pole pair
numbers, should be chosen properly. As mentioned
before, output torque has a peak value when SF
and L are fixed and pole pair numbers are changed.
Maximum output torque of gears for a given SF and
L can be calculated by interpolation of appendix
data.

In Table 5, the peak of output torque for different
scaling factors and typical lengths of L = 50 mm and
100 mm are presented when P, € [2 to 10] and P, €
[11 to 35]. This table shows the min values of SF and
L for a specific desired output torque. To obtain the
maximum output torque for different lengths, a linear

Table 5. Maximum output torque for different SF and

L =50 mm-100 mm, TF = 1.

Max T, (Nm)

sp 2Rew p p L =50 L=100
(mm)

(mm) (mm)
1 100 5 18 29 57
1.5 150 5 28 96 190
2 200 5 29 165 327
2.5 250 6 35 321 636
3 300 6 35 483 956
3.5 350 6 35 645 1277
4 400 6 35 808 1600
5 500 6 35 1417 2806
6 600 6 35 2025 4010
7 700 6 35 2634 5215
8 800 6 35 3243 6421
9 900 6 35 4226 8367
10 1000 6 35 5208 10312
11 1100 6 35 6191 12258
12 1200 6 35 7173 14203

interpolation can be used as follows:

To = - To =5
TOmax(L) _Z9%r=100 mm)50 (L=50 mm) % (L i 50)
+ T,(L = 50 mm). (20)

L can be chosen to have an efficient aspect ratio as
mentioned before. For initial value, L can be selected
proportional to SF as follows:

0.5 SF %100 mm < L < 2% SF %100 mm. (21)

4.3. Choosing pole pair numbers

After choosing SF and L, pole pair numbers should be
specified to meet the desired objects. By choosing Py,
P, is calculated based on desired gear ratio:

P = P, *GR,. (22)

By choosing the pole pair numbers, all the design
parameters are determined and torque capability can
be calculated by interpolation of appendix data. Then,
output torque will be obtained by:

Touter = P+ To.. (23)

If applying this trial-and-error process to choose the
pole pair numbers does not bring about an acceptable
result, SF and L should be revised. In choosing pole
pair numbers, minimization of cogging torque factor
(Cr), which is explained before, should also be taken
into account. The exact desired gear ratio may not be
obtained if cogging factor is to be minimized.
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Table 6. Preferred thickness for magnets.

15 2 3
1/16  3/16 1/8

mm 1

inch 1/32

4
1/4

5 6 8
3/8 1/2

10 15 20
3/4 1 2 3

4.4. Finalizing the dimensions and FEM

analysis
Fine-tuning of some dimensions may be required at the
final stage of design. One of the effective dimensions is
the magnets thickness. The thicknesses of magnets in
inner and outer rotors are assumed equal (¢; = t3).
They can be different and should be fine-tuned for
minimum magnet volume based on common magnet
thicknesses. The common thicknesses for magnets are
listed in Table 6.

When dimensions are finalized, FEM analysis on
the final model can be done to validate the interpolated
data.

5. Data verification

For verification of the data, two sets of prototypes
are investigated. These prototypes are shown in
Figures 14-16. The design parameters, such as P,
SF, TF, and L, are the same in these prototypes, and
rectangular shaped magnets are used instead of arc
type magnets. Here, the outer ring is fixed and output
shaft is coupled with ferromagnetic rotor.

Torque capability of gears is estimated by inter-

Figure 14. Designed magnetic gears: (a) Gear set 1 and
(b) gear set 2.

Figure 15. Inner rotors and slot pieces of 2 sets of
magnetic gear.

Figure 16. Parts of magnetic gear sets and test setup.

Table 7. Design parameters of 2 magnetic gear sets and
calculated torque.

Gear set
No. Design 1 2
parameters
1 Rout 60 60
2 t1 5 5
3 Py 10
4 P 15 15
5 L 50 50
6 SF 1.2 1.2
7 TF 0.83 0.83
Max (7%)
8 Calculated from 59 60
proposed method
9 Max (T2) 480 463
Experimental results
10 Error 18.5%  22.8%

polation of the appendix data. The design parameters,
calculated torque, and experimental results for two gear
sets are listed in Table 7.

The difference between experimental results and
calculated torques is acceptable. It should be noted
that rectangular shape of magnet pieces results in the
larger difference.

FEM analysis of the fine-tuned models has been
done to clarify the effects of rectangular shape magnets
and other tolerances. FEM analyses and experimental
results for two sets are presented in Figures 17 and 18.
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Table 8. Comparison of max. low speed rotor torque from references’ results with calculated torque from the proposed

method.
References
No. Design [13]  [17] [18] [19] [20]
parameters CMGRM CMGRM
1 Rout 65 60 107 72 78
2 t1 5 5 8 5.5
3 P 2 4 4 4
4 P 21 22 17 22 31
5 L 40 15 40 100 10
6 SKF 1.3 1.2 2.2 1.4 1.6
7 TF 0.77 0.83 0.73 0.79 0.64
8 Max (Tout) 452 10.1 142 135.0 10.7
from proposed method
9 Max (Tout) 442 105 139.7 134.5 9.5
Ref. FEM results
10 Max (Tout) 335 8.0 137.0 — 9.5
Ref. experimental results
11 No 8 & 9 Error 2.2% 3.7% 1.6% 0.4% 11.1%
12 No 8 & 10 Error 25.9%  21.4% 3.5% — 11.7%
60 Gear set 1 Output torque difference of the fine-tuned model and
— 52.1 the proposed method calculation is 12% in gear set 1
é 40 :ggfﬁff;ﬁ”‘;ry‘t:sl and 13% in gear set 2. Difference of the experimental
2 results with the final FEM analysis is 8.5% for gear set
£ 20 1 and 12.3% for gear set 2.
g For more validity, some of FEM and experimental
T 0 results of magnetic gearboxes, which are presented in
% P ' éo 70 different, references, are surveyed, and the calculation
5 -20 method is applied. Based on the magnetic gear
E dimensions noted in the references, the main design
E 40 parameters (SF, TF, P,, P, and L) are determined.

High speed rotor angle (deg)

Figure 17. FEM analysis of output torque of magnetic
gear set 1 by the comparison of experimental results.

Gear set 2
60
..... Experimental 51.2

—— FEM analysis
40

Ferromagnetic rotor torque (Nm)

High speed rotor angle (deg)

Figure 18. FEM analysis of output torque of magnetic
gear set 2 by the comparison of experimental results.

By knowing the design parameters, static torque cal-
culations of the gears are done from Appendix data and
results are listed in Table 8.

By comparing the calculated torque and refer-
ences results, it can be seen that a good compromise
exists. The results were then evaluated in two different
aspects:

FEM analysis on the final model shows up to
12% difference in output torque capacity with the
estimation from the proposed method. This shows that
the proposed method and defined main parameters can
result in a good preliminary design for the gear sets.

In addition, the results show that up to 25%
difference between FEM and experimental results may
exist. These errors between analytical and experimen-
tal results have often been reported for magnetic gears
in different references [10,13,15,16]. The manufacturing
tolerances, mechanical mounting, material specifica-
tions, and airgap tolerances lead to this difference.
As a result, it was suggested in this article that if
one is to use the generated data and current method
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Gear set 1
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Figure 19. Variation of efficiency with transmitted
torque on steel slot pieces for different inner rotor speeds
in gear set 1.

Gear set 2
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Figure 20. Variation of efficiency with transmitted

torque on steel slot pieces for different inner rotor speeds
in gear set 2.

for obtaining a close-to-exact design, correction factor,
k.., is to be employed based on the experience and
evaluated cases.

The performance curves of gear sets 1 and 2 in
different speeds and torques are shown in Figures 19
and 20. It can be seen that, in higher speeds, the
efficiency will be decreased because of iron losses. In
addition, in the range of torques lower than maximum
torque capability, efficiency is lower. This is because
of frictions and mounting losses. Keeping this in
mind, the dynamic output torque will obviously be
lower than the gear set static torque. This paper is
focused on magneto-static torque of the set, and the
dynamic performance of gear is to be studied in future
work.

6. Conclusion

In this paper, a systematic design approach to the
determination of magnetic gear dimensions was de-
vised. Similar to mechanical gears, some main design
parameters were defined by which magnetic gear di-
mensions were determined. The influence of design
parameters on torque capability was investigated simul-
taneously. It was shown that these design parameters
could simplify the design approach. The method can
very well determine a preliminary design of the gears,
and accordingly, torque capability of the set can be
calculated further by interpolation of appendix data.
The data and results obtained in this paper, which

are presented for a wide range of effective parameter
variations, can be a good starting point for formation of
a magnetic gear design handbook. The data presented
here give the gear designers a tool for comparing
mechanical and magnetic gear solutions. The proposed
method was validated by comparing experimental and
FEM analysis results of some magnetic gear sets with
the results obtained from this method. The results
seem to be very promising and time saving in magnetic
gear design.
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Appendix

Torque capability resulting from 3D FEM analysis for
different design parameters (SF, TF, L, Py, and P))
is presented in Table A.1. One can use these data for
designing a new magnetic gear. T, is torque capability.

Table A.1. 3D FEM result for different design parameters.

P, = 2, P, =4, P, = 6, P, =8, P, =10,

T. (Nm) p =11 P =11 P =11 P =11 P =11
L

SF TF 50 100 50 100 50 100 50 100 50 100
1 025 088 1.81 0.87 1.82 0.87 1.82 0.85 1.77 0.82 1.70
1 05 1.63 351 1.69  3.57 1.66  3.49 1.57  3.30 1.47  3.08
1 075 214 452 2.14  4.56 2.04 4.32 1.89  3.98 1.73  3.63
1 1 236 5.09 2.33  4.97 2.16  4.59 1.96 4.14 177 3.72
1 125 244 5.31 2.36  5.02 2.13  4.54 1.91  4.03 1.70  3.58
1 1.5 242 527 2.28 4.88 2.03  4.32 1.80  3.80 1.59  3.36
1 175 233 5.06 214 4.59 1.88  4.01 1.66  3.51 1.47  3.10
1 2 219 4.76 1.98  4.25 1.74  3.68 1.53  3.22 1.35 2.84
2025 517 108 4.85 105 4.94 105 4.90 105 4.81  10.2
2 05 864 185 8.50 18.6 8.49 185 8.25 18.0 7.90 17.1
2 075 105 229 103 23.1 101 22.2 9.58 21.0 9.03 19.7
2 1 114 252 111 24.7 105 233 9.88 21.7 9.18  20.1
2 1.25 116 26.1 1.2 25.0 104 231 9.61 21.2 8.90 19.5
2 15 113 257 10.7  24.3 9.9 221 9.13  20.1 8.42 184
2 175 109 24.7 103 22.9 9.3 208 8.55 188 7.89  17.2
2 2 104 234 9.5 21.2 8.7 193 796 175 733 16.0
4 025 243 510 20.8 485 22.6  50.6 22.8 504 225 49.9
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Table A.1. 3D FEM result for different design parameters (continued).

P, = 2, P, =4, P, =6, P, =8, P, =10,

T. (Nm) p, =25 P =25 P, =25 P, =25 P, =25
L

SF TF 50 100 50 100 50 100 50 100 50 100
4 05 37.6 86.3 35.3  80.6 35.7 815 35.1  80.0 34.0 77.4
4 075 44.5 100 421 96.0 41.0  95.2 39.5 91.3 37.8 87.1
4 1 462 108 442 104 427 98.7 40.3  93.6 38.1 88.2
4 125 472 112 43.7 103 41.8  97.2 39.1  91.3 37.0 85.6
4 15 47.0 109 43.3 100 39.9 932 37.4  87.0 35.1 81.3
4 175 446 104 411 96 37.3  87.9 35.3  81.8 33.1  76.6
4 2 422 98 37.9 88 35.3  82.3 33.0 76.6 31.0 717
8 025 101 217 88.5 193 92.3 208 92.0 211 91.5 209
8 05 145 330 134 307 135 318 134 314 130 303
8 0.75 173 390 156 367 156 360 149 348 142 335
8 1 179 413 163 381 157 372 150 354 142 336
8 1.25 190 420 170 386 154 362 145 342 138 326
8 1.5 191 414 160 380 149 349 139 327 131 311
8 1.75 179 400 153 353 140 330 131 310 124 294
8 2 167 382 144 328 131 308 123 291 116 276
12 025 225 486 191 431 201 455 205 462 201 459
12 05 323 734 298 670 294 677 291 669 281 651
12 075 372 875 337 768 337 763 323 734 306 707
12 1 394 886 359 826 344 788 325 748 307 707
12 1.25 400 896 366 821 337 760 316 717 296 688
12 1.5 414 877 359 782 323 729 301 686 283 655
12 1.75 401 840 333 736 305 694 283 651 266 617
12 2 372 798 313 708 285 651 266 613 250 581
1 025 069 1.44 0.76  1.58 0.79 1.64 0.77 1.61 0.75 1.56
1 05 1.30 274 142 2.97 1.43  3.00 1.37  2.87 1.30  2.71
1 075 1.65 3.46 1.76  3.73 1.72  3.63 1.60  3.37 1.47  3.09
1 1 181 3.85 1.89  3.99 1.79  3.78 1.63  3.43 1.47  3.09
1 125 1.81 3.92 1.88  4.01 1.74  3.69 1.56  3.28 1.39  2.92
1 1.5 1.81 386 1.81  3.86 1.64  3.46 1.45  3.04 1.29  2.69
1 175 1.74 3.76 1.69  3.61 1.51  3.19 132 2.79 117 2.46
1 2 1.61 3.54 1.55 3.32 1.38  2.91 1.21  2.53 1.07  2.23
2 025 417 857 4.43  9.46 4.73  10.0 4.62  9.82 4.64 9.84
2 05 685 14.9 752  16.3 773 16.8 750  16.2 732 15.7
2 0.75 818 183 8.85 19.6 8.98 19.6 8.50 18.5 811 17.6
2 1 901 198 9.40 21.0 9.25 20.3 859 18.8 8.09 17.6
2 125 915 199 9.48 20.8 9.00 19.9 8.28 18.1 771 16.8
2 1.5 877 19.7 8.95 20.1 8.54 18.8 7.78 17.0 7.22  15.7
2 1.75 863 189 851 19.1 7.94 176 724 158 6.71 14.5
2 2 824 182 8.04 17.6 7.33  16.2 6.68 14.5 6.19 13.4
4 025 191 445 20.6 45.6 224 49.8 21.9  48.2 22.6  49.7
4 05 307 665 32.3 719 342 772 32.7  74.0 32.7 738
4 075 356 T7.0 36.8  84.5 38.0 87.7 36.1  82.6 35.4  80.9
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Table A.1. 3D FEM result for different design parameters (continued).

P, = 2, P, =4, P, =6, P, =8, P, =10,

T. (Nm) p, =15 P =15 P =15 P =15 P =15
L

SF TF 50 100 50 100 50 100 50 100 50 100
4 1 360 825 38.7 88.4 38.7  89.9 36.3  83.4 35.0 80.3
4 125 375 848 37.6  90.1 37.6  87.1 349 80.4 33.5  76.9
4 15 354 837 36.8 85.9 36.0 829 329 758 31.6 723
4 175 343 823 35.3 818 33.7 719 30.8  71.0 29.6  67.4
4 2 344 758 334 765 31.5 723 28.7  66.0 276 62.7
8 025 769 178 85.2 192 92.4 212 89.7 204 94.3 215
8 0.5 110 265 124 279 132 306 126 293 128 300
8 0.75 128 291 142 334 147 342 136 321 136 320
8 1 139 329 148 337 148 345 136 321 134 317
8 1.25 143 320 150 340 145 335 131 309 128 303
8 1.5 141 329 137 333 136 320 124 293 121 287
8 1.75 141 304 134 309 128 302 116 276 113 269
8 2 130 290 130 287 120 281 108 258 106 252
12 025 164 421 167 406 204 472 198 448 209 482
12 0.5 242 598 262 611 284 672 272 628 278 644
12 075 289 640 315 694 314 735 294 680 295 684
12 1 297 673 314 721 327 727 295 681 292 677
12 1.25 319 705 319 718 312 714 283 654 278 646
12 1.5 303 675 298 709 304 682 268 621 263 613
12 175 305 685 292 667 279 646 252 584 246 576
12 2 295 624 275 620 260 598 235 544 230 539
1 025 059 1.23 0.66 1.38 0.69 1.43 0.69 1.43 0.67 1.40
1 05 1.07 218 1.18 247 1.22 255 1.18  2.47 112 2.33
1 075 1.25 268 1.43  3.01 1.43  3.00 1.35  2.82 1.24 259
1 1 140 291 1.52  3.18 1.46  3.09 1.34  2.82 1.22 255
1 1.25 1.40 3.00 1.48 3.7 1.41  2.99 1.27  2.67 1.14  2.38
1 1.5 1.39 298 1.44  3.04 132 2.78 1.18  2.46 1.04 218
1 175 1.32 286 1.34  2.86 1.21 256 1.07  2.24 0.95 1.98
1 2 125 272 1.23  2.62 110 2.32 0.97 2.03 0.85 1.78
2 025 354 175 3.96 8.44 4.21  8.90 4.26  9.04 4.24 898
2 0.5 573 124 6.55 14.0 6.75 14.6 6.71 14.4 6.51 14.0
2 0.75 6.92 15.0 7.72 165 777 16.8 7.49  16.2 711 15.3
2 1 744 159 789 174 785 17.3 750 16.3 6.99 15.1
2 125 T7.39 16.1 7.86  17.6 7.66 16.8 7.15 15.6 6.62 14.3
2 15 724 162 7.56 16.8 7.28 159 6.70 14.5 6.16 13.3
2 175 693 153 711 159 6.75 14.8 6.20 13.5 5.69  12.2
2 2 6.53 14.6 6.56  14.9 6.22 13.6 5.70  12.4 5.23  11.2
4 025 175 37.2 17.9  40.7 202 44.8 20.6  45.2 20.6  45.3
4 05 254 564 28.3  64.0 30.2  67.8 30.0 67.6 294 65.9
4 075 275  65.2 32.5  73.7 33.3  76.1 327 74.3 31.4 T1.3
4 1 315 693 338 77.1 341 774 32.5  74.2 30.8  70.1
4 125 335 720 33.7 778 32.8 755 311 71.2 29.3  66.7

785
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Table A.1. 3D FEM result for different design parameters (continued).

P, = 2, P, =4, P, =6, P, =8, P, =10,

T. (Nm) p, =19 P =19 P =19 P =19 P =19
L

SF TF 50 100 50 100 50 100 50 100 50 100
4 1.5 320 67.6 321 74.3 312 T1.7 29.3  67.1 276 62.5
4 175 309 68.0 314 710 293 67.4 274 62.6 25.7  58.1
4 2 277 633 293 65.6 272 625 25.5  58.1 239  53.9
8 0.25 761 159 73.7 177 83.9 191 85.2 194 85.3 195
8 05 117 242 110 253 116 271 116 270 114 267
8 0.75 119 253 126 289 130 299 125 295 120 284
8 1 128 276 127 293 129 304 123 291 118 279
8 1.25 120 280 135 302 125 294 119 280 112 266
8 1.5 129 272 124 286 122 280 112 265 106 251
8 1.75 110 265 117 274 114 265 106 248 99 234
8 2 109 250 115 257 106 247 98 232 92 218
12 0.25 172 349 161 381 184 418 187 429 187 431
12 05 216 528 242 559 251 581 254 580 247 577
12 075 241 564 268 611 280 644 270 630 259 606
12 1 261 602 276 630 285 649 271 622 254 594
12 1.25 263 592 292 654 274 628 259 598 242 567
12 1.5 275 591 273 618 262 605 242 568 228 533
12 1.75 256 555 260 603 249 567 228 529 215 501
12 2 242 552 248 555 233 521 214 495 199 470
1 025 043 088 0.53 1.06 0.56 1.15 0.57 1.18 0.56 1.16
1 05 075 156 0.89 1.84 0.94 1.96 0.93 1.93 0.89 1.85
1 075 090 1.87 1.05  2.20 1.07  2.25 1.03  2.15 0.96  2.00
1 1 094 200 1.10  2.31 1.09  2.29 1.02 213 0.93 1.93
1 125 097 2.04 1.08  2.28 1.05  2.20 0.95 2.00 0.86 1.79
1 1.5 096 2.02 1.03  2.18 0.97 2.05 0.87 1.83 0.78 1.63
1 175 0.89 1.95 0.96 2.05 0.89 1.88 0.79 1.66 0.70  1.47
1 2 0.86 1.84 0.88 1.87 0.80 1.69 0.71 1.49 0.63 1.31
2 025 262 551 3.34  7.01 3.60 7.63 3.72  7.85 3.77  7.95
2 05 419 89 521 11.3 5.59 11.9 5.63  12.0 5.54  11.8
2 075 516 10.7 6.15 13.0 6.27 135 6.14 13.3 592  12.7
2 1 520 114 6.38  13.6 6.35 13.8 6.08 13.2 5.76  12.4
2 125 519 11.7 6.17 13.5 6.15 13.4 5.81  12.6 5.42  11.6
2 15 525 11.3 5.91 132 576 12.7 541 11.7 5.02  10.8
2 175 513 11.1 5.55 12.4 5.38  11.7 4.98 10.8 4.62 9.9
2 2 476 10.9 520 11.4 4.95 10.8 457 9.9 4.23 9.1
4 025 119 252 17.3  35.2 18.0  39.2 18.6  40.5 19.2  41.9
4 05 17.8 40.0 242 521 25.6  57.2 26.0 58.4 26.3  58.4
4 075 19.7 473 26.1  61.2 28.6  63.9 28.0 63.3 276 62.0
4 1 219 473 28.0 63.4 28.6  64.6 277  62.8 26.8  60.5
4 125 221 51.7 27.9  62.8 27.8  62.8 26.4  60.0 25.4  57.2
4 15 219 498 26.7  62.1 264 60.1 249  56.6 23.8 53.4
4 175 209 496 25.9 58.8 24.6  56.1 232 52.4 22.1  49.6




M.A. Rahimi et al./Scientia Iranica, Transactions B: Mechanical Engineering 25 (2018) 772-789

Table A.1. 3D FEM result for different design parameters (continued).

P, = 2, P, =4, P, =6, P, =8, P, =10,

T. (Nm) p, =25 P =25 P =25 P =25 P, =25
L

SF TF 50 100 50 100 50 100 50 100 50 100
4 2 200 46.4 24.1  53.9 22.8 51.9 21.6 48.6 20.5 45.9
8 025 46.7 107 70.1 151 75.8 167 78.0 178 82.0 187
8 05 65 164 93.3 211 102 240 104 240 106 246
8 0.75 79 170 104 237 112 256 110 257 110 257
8 1 81 188 110 249 112 262 109 254 107 249
8 1.25 84 186 107 247 108 251 104 244 101 237
8 1.5 88 183 105 247 104 239 99 229 95 222
8 1.75 73 170 101 231 97 226 92 214 89 207
8 2 76 178 95.3 218 92 211 86 201 83 194
12 025 105 239 145 330 162 374 171 392 183 420
12 05 136 331 207 477 221 512 226 523 230 542
12 075 168 374 232 535 240 549 238 555 239 559
12 1 194 418 239 548 246 557 237 548 232 542
12 1.25 189 374 243 541 241 543 226 530 221 519
12 1.5 203 386 240 541 228 516 213 497 206 483
12 1.75 184 376 223 493 213 489 201 464 195 456
12 2 169 404 207 469 203 460 188 436 181 425
1 025 037 078 0.45 0.92 0.48 1.00 0.50 1.03 0.50 1.02
1 05 061 129 0.72 1.53 0.79 1.64 0.79 1.64 0.76  1.58
1 075 0.73 147 0.86 1.79 0.89 1.87 0.86 1.80 0.81 1.68
1 1 075 1.61 0.89 1.87 0.90 1.89 0.85 1.77 0.78 1.62
1 125 076 1.63 0.88 1.86 0.86 1.81 0.79 1.66 0.72  1.49
1 1.5 077 1.60 0.84 1.77 0.80 1.68 0.73  1.52 0.65 1.35
1 175 0.72 1.55 0.78 1.66 0.73 1.53 0.66 1.37 0.58 1.21
1 2 0.67 1.46 0.71  1.52 0.65 1.38 0.59 1.22 0.52  1.08
2 025 244 5.15 2.96  6.09 3.26  6.81 3.37  7.12 3.42  7.19
2 05 380 7.7 447 9.6 4.88 10.5 5.00 10.7 4.93 105
2 075 412 9.1 5.25 11.2 5.48 11.8 541  11.7 5.23  11.2
2 1 454 9.9 540 11.7 5.52  12.0 5.35 11.6 5.08 10.9
2 125 441 9.6 5.31 11.6 5.34  11.7 5.09 11.0 476 10.2
2 1.5 450 9.9 5.07 11.2 5.00 11.0 4.74  10.2 4.40 9.4
2 175 425 9.6 4.81 10.7 4.68 10.1 436 9.4 4.04 8.7
2 2 384 9.1 442 9.8 4.28 9.3 399 86 370 7.9
4 025 11.8 26.5 13.8  32.5 16.4  35.7 17.2  37.5 17.6  38.2
4 05 174 375 20.6 47.0 232 514 237 528 23.8  52.6
4 075 189 429 23.6  54.7 254 574 254 57.1 249 555
4 1 18.8 45.6 24.5 55.2 25.7  58.1 25.1  56.7 24.1  54.2
4 125 201 444 23.9 54.9 249 56.1 239 54.3 22.8 51.2
4 15 195 46.0 238 525 233 54.1 22.5  50.9 21.4 478
4 175 201 427 225 51.1 22.0 50.4 21.0 47.3 19.9 444
4 2 189 438 20.6  46.7 20.3  46.5 19.4 438 18.4  40.9
8 0.25 46.1 108 67.3 143 68.1 160 73.3 163 74.8 169
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Table A.1. 3D FEM result for different design parameters (continued).

P, = 2, P, =4, P, =6, P, =8, P, =10,

T. (Nm) p, =29 P =29 P =29 P =29 P, =29
L

SF TF 50 100 50 100 50 100 50 100 50 100
8 05 70 154 90.7 188 94 214 96 221 96 222
8 075 75 180 91 218 102 234 102 234 99 230
8 1 72 181 96 225 101 236 100 233 96 225
8 125 73 162 100 224 100 230 96 223 91 214
8 1.5 80 180 92 215 95 221 91 210 86 201
8 175 70 173 92 207 89 206 85 196 80 187
8 2 74 163 86.9 190 83 191 79 183 75 174
12 025 103 250 141 322 151 353 160 367 167 378
12 0.5 136 326 192 421 210 467 210 484 208 486
12 0.75 162 326 202 461 223 509 222 511 215 502
12 1 174 382 214 490 226 519 220 506 209 490
12 1.25 172 407 208 483 216 499 210 486 200 465
12 1.5 171 393 216 471 210 473 199 461 188 440
12 1.75 182 352 199 447 197 442 184 433 176 410
12 2 152 354 192 418 188 424 173 402 163 383
1 025 035 073 0.39  0.80 0.40 0.83 0.41 0.84 0.35 0.73
1 05 056 1.16 0.61 1.27 0.62 1.28 0.60 1.25 0.56 1.16
1 075 0.65 1.35 0.68 1.42 0.67 1.39 0.63 1.31 0.65 1.35
1 1 0.67 1.42 0.69 1.44 0.65 1.37 0.60 1.26 0.67 1.42
1 125 066 1.39 0.65 1.37 0.61 1.28 0.55 1.15 0.66 1.39
1 1.5 062 1.32 0.61 1.27 0.55 1.16 0.50 1.04 0.62 1.32
1 175 058 1.24 0.55 1.16 0.50 1.04 0.45 0.93 0.58 1.24
1 2 052 1.12 0.49 1.04 0.44 0.93 0.40 0.82 0.52  1.12
2 025 248 5.17 277  5.84 291  6.12 299  6.28 248 5.17
2 05 367 7.8 4.05 8.7 419 89 419 89 3.67 7.8
2 0.75 398 9.0 4.49 9.6 4.53 9.7 4.40 9.4 3.98 9.0
2 1 423 93 455 9.8 4.46 9.6 4.26 9.1 423 93
2 125 422 93 439 95 4.23 9.1 3.98 85 4.22 93
2 1.5 407 9.1 415 9.1 3.93 85 3.68 7.9 4.07 9.1
2 175 385 85 3.83 84 3.62 7.8 3.37 7.2 385 85
2 2 355 7.9 351 7.6 329 7.1 3.07 6.5 3.55 7.9
4 025 125 269 14.6  31.4 15.4  33.2 16.0 34.6 12,5 26.9
4 05 175 395 20.1 44.5 20.8 45.8 20.3  46.7 17.5  39.5
4 075 19.4 447 221 49.1 21.9 49.3 21.8 48.8 19.4 447
4 1 21.0 485 21.9 496 21.9 489 21.3  47.6 21.0 485
4 125 206 46.5 21.2 482 20.7 46.8 20.1 44.8 20.6  46.5
4 1.5 204 458 20.3  45.9 19.6  44.0 18.7 41.9 20.4  45.8
4 175 185 429 19.0 433 18.1  40.8 17.4 388 185 429
4 2 174 410 17.7 394 16.8 37.6 16.1  35.7 174 41.0
8 0.25 54.2 122 62.7 141 66.5 149 70.1 158 54.2 122
8 05 750 171 83 189 86 197 88 203 75.0 171
8 0.75 80 182 91 206 91 211 91 210 80 182
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Table A.1. 3D FEM result for different design parameters (continued).

P, = 2, P, =4, P, =6, P, = 8, P, =10,
T. (Nm) p =35 P, =35 P, =35 P =35 P, =35
SF TF 50 100 50 100 50 100 50 100 50 100
8 1 83 190 90 209 89 205 88 204 83 190
8 125 86 190 86 201 86 198 83 194 86 190
8 15 82 190 84 194 80 188 78 182 82 190
8 175 81 175 79 181 76 175 73 169 81 175
8 2 766 170 74 167 70 162 68 157 76.6 170
12 025 124 266 137 317 148 337 158 362 124 266
12 05 153 378 182 415 186 435 193 451 153 378
12 075 180 425 186 454 197 457 200 464 180 425
12 1 172 419 196 451 198 451 194 455 172 419
12 1.25 179 414 195 435 189 431 185 430 179 414
12 15 181 400 183 419 179 409 172 402 181 400
12 175 173 397 176 395 168 387 163 380 173 397
12 2 176 380 163 373 154 360 152 351 176 380
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