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Fig. 8. simplified figure of rotor geometry [1]

Fig. 9. Simplified figure of stator geometry

V. MACHINE MODEL

A. Machine Specifications, Geometry and Variables

The machine optimized in this report is an axial flux
permanent magnet machine made for low speed applications.
The topology considered is a double sided internal stator with
laminated iron. A simplified figure of rotor and stator geometry
is shown in Fig. 8 and 9 respectively. The parameters in
Fig. 9 and their dimensions are shown in Tab. II. A few key
parameters describe the geometry and are used to calculate
the dependant parameters. The number of slots per pole per
phase, q, is kept equal to 1 to simplify the magnetic model
and the calculation of the geometric dependant parameters.
The coil geometry is based on the coils presented in [1] and
can be seen in Fig. 10 together with the parameters used in
the design. The coils are limited to a single turn wave winding
topology and is made out of aluminium.

TABLE II

PARAMETERS IN FIG. 9

Tau−p, τp Pole pitch [-]
Taus, τs Slot pitch [-]
CDO Outer diameter of coil active area [mm]
CDI Inner diameter of coil active area [mm]
Llam Lamination length (radial) [mm]
Cl Length of conductor active area (radial) [mm]

Wlam Lamination width [mm]
ws slot width [mm]

Fig. 10. Coil geometry and parameters from [1]

TABLE III

SET PARAMETERS

n Rated rotational speed 30 [rpm]
Eph Rated RMS induced voltage ph-n 125 [V]
Treq Required average torque 6250 [Nm]

q Number of slots per phase per pole [-]
Nph Number of phases 3 [-]
Kd Ratio between outer and inner diameter 0.6[-]

A number of parameters are fixed and work as the rated
conditions of the machine. These set parameters are shown in
Tab. III. Costs coefficients for the different materials can be
seen in V. Other material properties, like conductivity, density
and relative permeability is set in the machine model. The
independent variables used to optimize the machine model can
be seen in Tab. IV.
αm is ratio between magnet pitch and pole pitch, and is

chosen as a variable instead of magnet width. This is because
the magnet width can’t be physically bigger than what the
pole pitch allows. Letting αm vary instead of magnet width
will prevent this from happening.
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TABLE IV

INDEPENDENT VARIABLES

Lower bound Upper bound

Outer diameter of active coil, Couter 0.2 m 1.0 m
Number of poles, Np 20 60

Current density,J 3 A/mm2 8 A/mm2

Number of coil layers, Nlay 12 34
Depth of magnets (axial), Md 5 mm 10 mm

Magnet width / pole pitch (wm
τp

), αm 0.2 0.99
Air gap length, g 1 mm 6 mm

Conductor depth, Cd 1 mm 4 mm

TABLE V

COST COEFFICIENTS

CAluminium Cpm Claminations Csteel

1.275 e/kg 85 e/kg 4 e/kg 6 e/kg

B. Magnetic Model

The electromagnetic model used is based on magnetic
circuits and is shown in Fig. 11. The magnetic circuit spans
a whole pole pitch, 1/Np of the machine, from the middle of
one magnet to the middle of the next. This is the only section
necessary to calculate the air gap flux from the permanent
magnet. The model is limited to 2-D, calculated at average
radius, assuming a constant magnetic and electric loading on
its active length. A cross-section of a pole pitch at average
radius can be seen in Fig. 13. Due to the 2-D limitations,
AC-losses, total harmonic distortions, back-EMF waveforms
and cogging are not included in this model. Cogging forces
in an iron cored machine with number of slots per pole per
phase equal to one are significant, and effort has been done
by Greenway Energy to reduce these forces [41].

Because of the slotted stator, not nearly all of the flux lines
from the rotor permanent magnet will be able to take the
shortest path to the laminated iron. This leads to a phenomenon
where air gap will seem to be longer than the physical distance.
To make up for this, the air gap length is multiplied with
Carter’s coefficient, kc. Carter’s coefficient is calculated with
the following equations:

kc = [1− 2ws
πτs

(arctan(
ws
g
− g

2ws
ln(1 +

ws
g
)))]−1 (12)

The magnetic circuit shown in Fig. 12 is used to find the
electric loading for loaded condition. The torque produced is
found with an equation derived from [1]:

T = CdMBgNpNlayq2
√
2JCwcos(

π

6
)Clravg (13)

where Cd is the conductor depth in axial direction, M is the
number of machines, Bg is the air gap flux density and Nlay

Fig. 11. Magnetic circuit model for air gap flux density calculation

Fig. 12. Simplified section of armature reacton circuit for calculation of
electric loading

is the number of coil layers. J is the current density, q is
the number of slots per pole per phase, Cw is the average
conductor width, Cl is the length of the active conductor area
and ravg is the average radius of the conductors.
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Fig. 13. Side view of the double sided internal stator topology from [1]

C. Objective function and restrictions

Reducing the cost of electrical machines is one of the main
challenges when optimizing a machine. An objective function
for optimizing the material cost of an axial flux permanent
magnet machine can be formulated as:

C(X) =Mbackiron ∗ Csteel +Mlaminations ∗ Claminations
(14)

+Mconductor ∗ Caluminium +MPM ∗ CPM

M is the mass of each material and C is the cost coefficients
given in Tab. V.

Another optimization goal is the total lifetime cost:

Z(X) = C(X) +

k∑
i=1

Eloss,yearly ∗ Cenergy
(1 + kdiscount)k

(15)

Where k is the lifetime of the machine in years, kdiscount
is the discount rate, Eloss,yearly is the yearly energy loss and
Cenergy is the energy price. The yearly energy consumptions
were calculated with a very simplified calculations using full
load equivalent hours. Only 10 yearly full load equivalent
hours where used to find the lifetime energy cost, and these
costs still outweighed the material cost significantly.

Constraints must be put in the model to guide the opti-
mization in the wanted direction. The constraints given in this
model was a minimum torque, Treq , a required back-EMF,
Ereq, a minimum lamination width, a minimum conductor
width and a minimum ration between iron and air gap surface
area. A restriction on power factor were also set later to
improve the results. The minimum torque required in the
model was 6250 Nm, and the minimum back-EMF was 125
V, while the minimum tooth width and conductor width were
both 3mm.

TABLE VI

RESULT: UNOPTIMIZED

Cost 2684 e
Total weight 113 kg

Independent variables:
Couter Outer diameter of active coil 360 mm
Np Number of poles 40
J Current density 10.3 A/mm2

Nlay Number of coil layers 21
Md Depth of magnets (axial) 6.667 mm

αm, (wm
τp

) Magnet width / pole pitch 0.8
g Air gap length 1 mm
Cd Conductor depth 1.5 mm

Machine parameters:
L Total active length 361 mm
η Efficiency 29.6 %
pf Power factor 0.97
walu Aluminium weight 22 kg
wpm Magnet weight 28 kg
wFe Iron weight 45 kg
wSteel Steel weight 19 kg

M Number of machines 5
VT,LL Terminal voltage, l-l 616 V

D. Model comparison

An analytical model made for quick calculations on an
AFPM with laminated iron was presented [1]. The model made
for this report were run with the same specifications as in [1]
for comparison. The resulting machine design is given in VI.
This design will be referred to as the original design later in
this report. Note that the current density is larger than the
upper boundary used when optimizing. This is because the
machine was meant to be water cooled. However, the electric
resistivity of oxidized aluminium proved to the too low for
water cooling. The upper limit of the current density was
therefore chosen to be 8 A/mm2.

VI. GRAPHICAL USER INTERFACE

A graphical user interface (GUI) were made by using
GUIDE, MATLAB’s graphical user interface designer. The
GUI was designed to do optimizations with hybrid opti-
mizations and display results directly in the GUI. The user
can define constraints on maximum diameter, length and
line to line voltage, and minimum torque, power factor and
efficiency directly in the UI. The program runs even without
any constraints however, the unconstrained vary a lot more
than the constrained. Constraints on minimum lamination and
conductor width are static and can’t be changed through the
GUI. The objective function optimized can be changed through
a drop-down menu. The objective functions available are total
material weight, total material cost and total lifetime cost. Fig.
14 through 16 shows how the user interface is used. The results
in Fig. 15 are found using total material cost as objective while
the results in Fig. 16 are found with total lifetime cost.
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Fig. 14. Screen shot of the user interface showing the drop-down menu

Fig. 15. Screen shot of the user interface showing optimizations done with
total material cost as objective

Fig. 16. Screen shot of the user interface showing optimizations done with
total lifetime cost as objective

VII. RESULTS

Different optimization techniques were run to test how
they performed. The optimization methods tested was Genetic
Algorithm, Gradient Based Optimization with Interior-Point
and a hybrid of Genetic Optimization and Interior-Point. Op-
timizations were first run without any restrictions to efficiency
and power factor to see how cheap the machine could be
made. Hybrid GA optimization was then run with restrictions
to power factor to see how this would affect the design.

The machine model was first optimized with machine cost
as the objective function. Both GA and hybrid GA were run
with a population of 25 and 20 generations with a crossover
fraction of 0.40. The average computation time of all the
optimizations run was 4.27 s with 5.5 s as the highest value.
Regular GA gave an average material cost of 1237.2 e, and
158.2 kg material weight. This is a 53.90 % reduction in
cost in average and a 40 % weight increase compared to
the unoptimized, static model. The designs found without any
restrictions gave a very poor power factor and efficiency. The
average efficiency found with regular GA was 13.92 % and
the average power factor was 0.308.

Hybrid GA gave the he absolute cheapest design, which can
be seen in table VII. The cost found by this optimization was
58.86% cheaper than the cost found in the original design.
The optimized machine had an efficiency of only 13.7% and
a power factor of 0.3. The total weight of the machine was 144
kg, which is 31 kg more than the unoptimized result. Hybrid
GA were in average able to find a design cost 1217.8 e and
a material weight of 148.4 kg. The average efficiency of the
designs found was 17.96 % and the average power factor was
0.398. Total lifetime cost of the cheapest design was 1424346
e.

The initial design found with GA and hybrid GA, without
constraints on power factor, chose 1 machine instead of a
multi disc arrangement. The designs had a diameter that varied
between 500 and 600 mm. The only active boundary in the
cheapest design was the lower boundary on the air gap. Other
than that, the current density and magnet depth was very close
to the upper and lower bound respectively. The line to line
terminal voltage, VT,LL, found in these optimizations were all
in the range of 1 kV.
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TABLE VII

CHEAPEST DESIGN WITH UNRESTRICTED, HYBRID GA

Cost 1104 e
Total weight 144 kg

Independent variables:
Couter Outer diameter of active coil 559 mm
Np Number of poles 52
J Current density 7.928 A/mm2

Nlay Number of coil layers 32
Md Depth of magnets (axial) 5.07 mm

αm, (wm
τp

) Magnet width / pole pitch 0.486
g Air gap length 1.00 mm (LB)
Cd Conductor depth 2.80 mm

Machine parameters:
L Total active length 129 mm
η Efficiency 13.7 %
pf Power factor 0.3
walu Aluminium weight 16 kg
wpm Magnet weight 6 kg
wFe Iron weight 88 kg
wSteel Steel weight 32 kg

M Number of machines 1
VT,LL Terminal voltage, l-l 1230 V

The optimizations done with the Gradient Based Interior-
Point algorithm gave a lot less variance than the other two
optimization techniques gave. Every time it was run it gave a
machine cost of 1585 e. The weight of the optimized machine
was 166 kg with an efficiency of 28.8 % and a power factor
of 0.88. Instead of having only one machine, the optimization
chose to put 5 double sided internal disc machines together in a
multi disc arrangement. The diameter of the machine was 328
mm with an active length of 536. Lower air gap length, upper
current density and magnet depth was the limiting variables
in this design also.

A. Hybrid GA with restrictions to power factor

Restrictions were put on the power factor to make the
optimization results more applicable for actual electrical ma-
chines. The power factor were first restricted to 0.5, then
0.75 and lastly to 0.85. The cheapest designs found with
these restrictions are shown in Tab. IX , Tab. X and Tab. XI
respectively. Even with a power factor of 0.85, the cost of the
machine was reduced to 1537 e.

TABLE VIII

RESULT FROM GRADIENT BASED OPTIMIZATION

Cost 1585 e
Total weight 166 kg

Independent variables:
Couter Outer diameter of active coil 328 mm
Np Number of poles 40
J Current density 8 (UB) A/mm2

Nlay Number of coil layers 23
Md Depth of magnets (axial) 5 mm (LB)

αm, (wm
τp

) Magnet width / pole pitch 0.5467
g Air gap length 1 (LB) mm
Cd Conductor depth 3.135 mm

Machine parameters:
L Total active length 536 mm
η Efficiency 28.6 %
pf Power factor 0.88
walu Aluminium weight 29 kg
wpm Magnet weight 12 kg
wFe Iron weight 106 kg
wSteel Steel weight 20 kg

M Number of machines 5
VT,LL Terminal voltage, l-l 552 V

TABLE IX

RESULT FROM HYBRID GA WITH PF ≥ 0.5

Cost 1190e
Total weight 130 kg

Independent variables:
Couter Outer diameter of active coil 430 mm
Np Number of poles 48
J Current density 7.99 (UB) A/mm2

Nlay Number of coil layers 23
Md Depth of magnets (axial) 5.00 mm (LB)

αm, (wm
τp

) Magnet width / pole pitch 0.563
g Air gap length 1.001 (LB) mm
Cd Conductor depth 2.757 mm

Machine parameters:
L Total active length 229 mm
η Efficiency 21.5 %
pf Power factor 0.55
walu Aluminium weight 21 kg
wpm Magnet weight 8 kg
wFe Iron weight 77 kg
wSteel Steel weight 24 kg

M Number of machines 2
VT,LL Terminal voltage, l-l 739 V
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TABLE X

RESULT FROM HYBRID GA WITH PF ≥ 0.75

Cost 1490 e
Total weight 139 kg

Independent variables:
Couter Outer diameter of active coil 516 mm
Np Number of poles 46
J Current density 8 (UB) A/mm2

Nlay Number of coil layers 34 (UB)
Md Depth of magnets (axial) 5 mm (LB)

αm, (wm
τp

) Magnet width / pole pitch 0.53643
g Air gap length 1 (LB) mm
Cd Conductor depth 1.4156 mm

Machine parameters:
L Total active length 177 mm
η Efficiency 37.1 %
pf Power factor 0.75
walu Aluminium weight 18 kg
wpm Magnet weight 11 kg
wFe Iron weight 84 kg
wSteel Steel weight 26 kg

M Number of machines 2
VT,LL Terminal voltage, l-l 836 V

TABLE XI

RESULT FROM HYBRID GA WITH PF ≥ 0.85

Cost 1537 e
Total weight 142 kg

Independent variables:
Couter Outer diameter of active coil 436 mm
Np Number of poles 46
J Current density 8 (UB) A/mm2

Nlay Number of coil layers 25 (UB)
Md Depth of magnets (axial) 5 mm (LB)

αm, (wm
τp

) Magnet width / pole pitch 0.5475
g Air gap length 1 (LB) mm
Cd Conductor depth 2.0533 mm

Machine parameters:
L Total active length 262 mm
η Efficiency 33.3 %
pf Power factor 0.85
walu Aluminium weight 21 kg
wpm Magnet weight 13 kg
wFe Iron weight 86 kg
wSteel Steel weight 22 kg

M Number of machines 3
VT,LL Terminal voltage, l-l 629 V

B. Using a different objective function

When running with total lifetime cost as the objective
function, the machine design changes completely. A table
of the results from an optimization run with this objective
function is shown in Tab. XII. The material cost of the design
found was 4742 e, while the total lifetime found was 289,851
e. The machine design was limited by different boundaries
with this objective function than . Air gap length was the
only variable kept at the same value. The efficiency of the

machine increased to 58.5 %, and the power factor was 0.9.
The material weight of the machine increase to 4.76 times the
weight of the original design.

TABLE XII

RESULT FROM HYBRID GA WITH TOTAL COST AS OBJECTIVE FUNCTION

Cost 4742 e
Total weight 538 kg

Independent variables:
Couter Outer diameter of active coil 1000 (UB) mm
Np Number of poles 40
J Current density 3(LB) A/mm2

Nlay Number of coil layers 23
Md Depth of magnets (axial) 10 mm (UB)

αm, (wm
τp

) Magnet width / pole pitch 0.367
g Air gap length 1.001 (LB) mm
Cd Conductor depth 4 (UB) mm

Machine parameters:
L Total active length 147 mm
η Efficiency 58.5 %
pf Power factor 0.9
walu Aluminium weight 21 kg
wpm Magnet weight 30 kg
wFe Iron weight 362 kg
wSteel Steel weight 125 kg

M Number of machines 1
VT,LL Terminal voltage, l-l 600 V

VIII. DISCUSSION
Hybrid GA were able to get the lowest cost of the machine,

but were only able to find designs that were 19.4 e cheaper
in average than regular GA. The best design found was
58.86 % cheaper than the original design, but weighed 31 kg
more. It is obvious from that result that lower weight doesn’t
necessarily give a cheaper machine. Optimizing a machine
with regards to weight may not give the cheapest solution.
This is because different materials have different costs. The
most expensive material in the model is by far the permanent
magnets, with a cost of 85 e pr kg. The cheapest design
found by hybrid GA was in fact the design with the lowest
permanent magnet weight. Increasing the weight of other
materials to reduce the permanent magnet volume may prove
beneficial. The axial depth of the permanent magnet were
kept at its lower bound in every single optimization design
with the total lifetime optimization as the only exception. If
not for the lower boundary of magnet depth, the optimization
algorithm would’ve chosen to make the magnet too thin.
The magnet width varied through the ratio between magnet
pitch and pole pitch, αm, but wasn’t optimized to become
the lower boundary despite the high material cost. This is
because a certain magnet width had to be retained to get a
sufficient air gap flux density.

The cheapest design found with hybrid GA had an
efficiency of only 13.7 % and a power factor of 0.3. The
material cost was almost 60 % lower than the original cost,
but the low efficiency and power factor makes the design
inapplicable. Constraints must be applied to keep the result
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within reasonable values. With a power factor restricted to
minimum 0.85, hybrid GA were able to find an optimized
result with a material cost of 1573 e and an efficiency of
33.3 %. This designs efficiency is 3.7 % better than the
original, and the material cost is 41.39 % less. This makes
the constrained design a very good result.

The optimization result found by Gradient Based Interior-
point optimization was 1099 e cheaper than the original
design but still 481 e more expensive than the design found
by hybrid GA. The same result were found every time with
no deviation at all. This indicates that the Gradient Based
optimization failed to escape a local optima. The solution had
an efficiency of 28.8% and a power factor of 0.88, which is
comparable with the original design. Despite the similarity
in power factor and efficiency, the optimized design had a
material cost 40.94 % lower than the original. Even though
the result found was a good design, the inability to escape
local minima makes GA and hybrid GA better optimization
techniques.

The current density were kept at the lower boundary
through all the optimization except the total lifetime cost
optimization. That is because no cost was associated with the
current in the machine until the cost of energy was introduced
in the lifetime cost optimization. There was no reason to
decrease the current density before this objective function
was used. By introducing a thermal model to the machine
model, the head dissipation capability of the machine will
limit the allowable current density.

The material cost found when optimizing the lifetime cost
of the machine was 4.3 times greater than the lowest material
cost found when optimizing material cost. This is because the
lifetime cost of energy substantially outweighs the material
cost, even when the amount full load hours were very low. The
total lifetime energy cost found with only 10 full load hours
were 1,424,346 e for the design with the lowest material cost,
while the total lifetime energy cost 289,851 e for the design
optimized with regards to total lifetime cost. The efficiency of
the latter was 58.5 %. The efficiency of the machine would
also be improved if copper were used as conductor material
instead of aluminium. The material cost of the machine would
however increase with copper conductors.

The computation time of hybrid GA were 4.27 seconds
in average. This run time is far too low to justify the use
of parallel processing for the amount of individuals and
generations used in this report. There is also no need to
decrease the number of individuals and generations with a
5.5 second maximum computation time.

IX. CONCLUSION
An analytical model of the axial flux permanent magnet

machine presented in [1] has been made. The model has been
described and presented. Optimization of the model has been
done with Genetic Algorithm, Gradient Based Interior-Point
optimization and a hybrid combination of the two, hybrid GA.
The optimizations were done with regards to either material
cost or total lifetime cost.

Gradient based Interior-Point optimization failed to escape
local optima and were hence unable to find the global minima.
It were however able to find the best solution within area of
the local optima. GA and hybrid GA were able to find the
region of the global optima, but had problems converging
on the optimal point. The best solution to material cost
optimization was found by hybrid GA. The material cost of
this design was 58.86% cheaper than the original, but had
too low efficiency and power factor to be applicable.

Constraints were put on power factor to improve the
feasibility of the optimizations. With restrictions on the power
factor, a design with 40.94 % improved material cost, 33.3
% efficiency and a power factor of 0.85 was found. With
restrictions on diameter, length, voltage and efficiency, a
machine can be optimized to fit almost any application.

When optimizing with total lifetime cost as objective func-
tion, the material cost was increased to 4.3 times the lowest
solution found with material cost as objective function. The
lifetime energy cost were decreased with 82.58 % compared
to the design with lowest material cost.

Parallel processing was deemed unnecessary because of the
short computation time and the simplicity of the model. Even
with a moderately simple model can a machine design be dras-
tically improved with a computational optimization techniques
like Genetic Algorithms and Gradient Based Optimization.

X. FUTURE WORK

A natural extension to the work presented in this report
would be to include a thermal model in the machine model.
It is also of interest to include a function for eddy current
loss calculations for stator laminations and rotor back iron.

The effect of broken windings in an AFPM of this design
should be investigated. Broken windings may improve the
cogging torque and harmonics of the machine.

ACKNOWLEDGEMENT

I would like to thank my supervisors, Robert Nilsen at the
Norwegian University of Science and Technology and Jon
Eirik Brennvall at Greenway Energy AS for providing me with
guidance, structure and a goal to work towards. I would also
like to thank Sigbjrn Lomheim for laying a solid foundation
for my work and for giving me tips and aid. Zhaoqiang Zhang
provided me assistance and guidance, for which I am very
grateful.

Last but not least, I would like to thank my friends at the
office who have brightened the early mornings and the late
evenings. Erlend Engevik deserves special thanks for helping
me with GA and LaTeX, even on his vacation on Rhodos.

REFERENCES

[1] S. Lomheim, Analysis of a Novel Coil Design for Axial Flux Machines,
Master Thesis, NTNU, Norway, 2013, Department of Electric Power
Engineering.

[2] J.F. Gieras, R. Wang, M. J. Kamper, Axial Flux Permanent Magnet
Brushless Machines, Second Edition.



MASTER’S THESIS SPRING 2014 - DEPARTMENT OF ELECTRIC POWER ENGINEERING, ENERGY CONVERSION GROUP 14

[3] D. C. Hanselmann Brushless Permanent Magnet Motor Design, McGraw-
Hill, Inc, New York, 1994.

[4] Capponi F.G, Caricchi F., De Donato G., Recent Advances in Axial Flux
Permanent-magnet Machine Technology, IEEE Transaction on Industry
Applications, VOL. 48, NO. 6, November/December 2012, Page(s): 2190
2205.

[5] Caricchi, F., Capponi, F.G., Crescimbini, F., Solero, L., Experimental
study on reducing cogging torque and core power loss in axial-flux
permanent-magnet machines with slotted winding, Industry Applications
Conference, 2002. 37th IAS Annual Meeting. Conference Record of the,
vol.2, no., pp.1295-1302 vol.2, 13-18 Oct. 2002

[6] A. Parviainen, J. Pyrhnen, M. Niemel, Axial Flux Interior Permanent
Magnet Synchrounous Motor With Sinusodially Shaped Magnets, 10th
Internatonal Symposium on Electromagnetic Fields in Electrical Engi-
neering, Poland, September 2001.

[7] D.J. Patterson, C W Brice, R A Dougal, D Kovuri The ”Goodness” of
Small Contemporary Permanent Magnet Electric Machines, Proceecings
of the 2003 IEEE International Electric Machines and Dries Conference
, IEMDC ’03 Madison, Wisconsin, June 2003.

[8] F. Caricchi, F. Crescimbi, O. Honorati, G. Bianco, E. Santini, Performance
of coreless-winding axial-flux permanent-magnet Generator With Power
Output at 400 Hz, 300 r/min IEEE transactions on industry applications,
vol. 34 NO. 6 November/December 1998.

[9] Price development of neodymium magnets,
http://www.supermagnete.de/eng/faq/price, Visited 26.06.2014.

[10] Changes and trends for neodymium magnets.
http://www.supermagnete.de/eng/faq/price Visited 20.11.2013

[11] J.F. Gieras, I.A. Gieras Performance Analysis of a Coreless Permanent
Magnet Brushless Motor

[12] Patent on axial flux coil design, inventor: J.E. Brennvall, Applicant:
Greenway Energy AS, J.E. Brennvall. Number: WO2012128646 at
www.epo.org

[13] Anyuan Chen, Robert Nilssen, Arne Nysveen, Harmonic Analysis and
Comparison of the Back EMFs of Four Permanent Magnet Machines with
Different Winding Arrangements, Electrical Machines and Systems, 2008.
ICEMS 2008. International Conference on , vol., no., pp.3043-3048, 17-
20 Oct. 2008

[14] C. Studer, A. Keyhani, T. Sebastian, S.K. Murthy, Study of cogging
torque in permanent magnet machines Industry Applications Conference,
1997. Thirty-Second IAS Annual Meeting, IAS ’97., Conference Record
of the 1997 IEEE , vol.1, no., pp.42-49 vol.1, 5-9 Oct 1997.

[15] Material properties of Aluminum: http://no.wikipedia.org/wiki/Aluminium
Visited 26.08.2014

[16] Copper price variation:
http://www.indexmundi.com/commodities/?commodity=copper Visited
26.06.2014

[17] Aluminum price variation:
http://www.indexmundi.com/commodities/?commodity=aluminum
Visited 26.06.2014

[18] John Ola Bu y, Development of High Efficiency Axial Flux motor for
Shell Eco-Marathon, Master Thesis, NTNU, Norway 2013 Department
of Electric Power Engineering

[19] F. Cariacchi, F. Crescimbini, O. Honorati, Low-Cost Compact Permanent
Magnet Machine for Adustable-Speed Pump Application, IEEE Transac-
tion on Industry Applications, Vol 34, No. 1 January/February 1998, pp
109-116.

[20] Z.Q. Zhu, D. Howe Analytical Prediction of the Cogging Torque in
Radial-field Permanent Magnet Brushless Motors, IEEE Transaction on
Magnetics, Vol. 28, No. 2, March 1992, pp 1371-1374.

[21] G.W. Cho, S. H. Woo, S. H. Ji, Optimization of rotor shape for
constant torque characteristic of IPM Motor, International Conference
on Electrical Machines and Systems (ICEMS) 2011, p. 1-4.

[22] X. Yang, D. Patterson, J. Hudgins, Core Loss Measurement in a Fab-
ricated Stator of a Single-sided Axial Flux Permanent Magnet Machine,
IEEE International Electric Machines and Drives Conference (IEMDC)
2013, p. 612-617.

[23] A. Ahfock and A.J. Hewitt, Curvature-related eddy-current losses in
laminated axial flux machine cores

[24] J.R. Bumby, R. Martin, M.A Mueller, E. Spooner, N.L. Brown and
B.J. Chalmers, Electromagnetic design of axial-flux permanent magnet
machines

[25] A. Parviainen, Design of Axial-Flix Permanent-Magnet Low-Speed Ma-
chines and Performance Comparison Between Radial-Flux and Axial-
Flux Machines, Thesis for Doctor of Science Degree, 19.04.2005.

[26] L. Chen, S. Sudo, Y. Gao, H. Dozono, K. Marumatsu, Homogenization
Technique of Laminated Core Taking Accout of Eddy Currents Under

Rotational Flux Without Edge Effect, IEEE Transaction on Magnetics,
Vol. 49, No. 5, May, 2013, p. 1969-1972.

[27] R. Qu, M. Aydin, T.A Lipo, Performance Comparison of Dual-Rotor
Radial-Flux and Axial flux Permanent Magnet BLDC Machines

[28] A. Parvianen, M. Niemel, J. Pyhnen, Modeling of Axial FLux PM
Machines.

[29] E. L. Engevik, Optimal Design of Tidal Power Generator Using
Stochastic Optimization Techniques, Master Thesis, NTNU, Norway,
2014, Department of Electric Power Engineering.

[30] A. Rkke Gradient Based Optimization of Permanent Magnet Generator
Design, Department of Electrical Engineering, Norwegian University of
Science and Technology, NTNU, 2014.

[31] J. Pyrhnen, T. Jokinen, V. Hrabovcova Design of Rotating Electrical
Machines, John Wiley and Sons, Ltd, 2008

[32] A. Egea, G. Almandoz, J. Poza, G. Ugalde, A. J. Escalada Axial-Flux-
Machine Modeling with the Combination of FEM-2D and Analytical
Tools, IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL.
48, NO. 4, JULY/AUGUST 2012 p. 1318 - 1326

[33] K. Abbaszadeh, S. S. Maroufian Axial Flux Permanent Magnet Motor
Modeling using Magnetic Equivalent Circuit, K.N. Toosi University of
Technology

[34] H. Tiegna, A. Bellara, Y. Amara, G. Barakat Analytical Modeling of
Open-Circuit Magnetic Field in Axial Flux Permanent-Magnet Machines
with Semi-Closed Slots, IEEE TRANSACTIONS ON MAGNETICS,
VOL. 48, NO. 3, MARCH 2012, p. 1212-1226.

[35] A. Parviainen, M. Niemel, J. Purhnen, Modeling of Axial Flux PM Ma-
chines, Lappeenranta University of Technology, Department of Electrical
Engineering.

[36] A. Bellara, H. Tiegna, Y. Amara, G. Barakat, On Load Analytical
Modelling of the Magnetic Field for Axial Flux Surface-Inset Permanent
Magnet Machines with Semi-Closed Slots.

[37] R. B. Mignot, F. Dubas, C. Espanet, C. Cuchet, D. Chamagne, Original
Design of Axial Flux PM Motor and Modeling of the Magnetic Leakage
Using a Magnetic Equivalent Circuit, 2012 IEEE Vehicle Power and
Propulsion Conference, Oct. 9-12, 2012, Seoul, Korea

[38] H. Tiegna, Y. Amara, G. Barakat, A New Quasi-3-D Analytical Model
of Axial Flux Permanent Magnet Machines, IEEE TRANSACTIONS ON
MAGNETICS, VOL. 50, NO. 2, FEBRUARY 2014

[39] MathWorks. (2013) MATLAB − Global Optimiza-
tion Toolbox − Users Guide − R2013b. http :
//www.mathworks.com/help/pdfdoc/gads/gadstb.pdf.MathWorks.[Online].Available :
http : //www.mathworks.com/help/pdfdoc/gads/gadstb.pdf

[40] Z. Michalewicz, Genetic Algorithms + Data Structures = Evolution
Programs, 3rd ed. Springer-Verlag, 1996.

[41] Z. Zhang, J.E. Brennvall, R. Nilssen Torque Ripple Reduction in an
Axial-flux Jigsaw-coil Permanent Magnet Machine



MASTER’S THESIS SPRING 2014 - DEPARTMENT OF ELECTRIC POWER ENGINEERING, ENERGY CONVERSION GROUP 15

APPENDIX A
SETUP OF THE OPTIMIZATION ALGORITHMS IN MATLAB

A. Setup for Genetic Algorithms

% Genetic Optimization Algorithm using the built-in
% function ga in MATLAB

options = gaoptimset('FitnessScalingFcn',{
@fitscalingrank }, ...
'PopInitRange',[LB ; UB],...% Decides the range
of variables for the initial population
'StallGenL',10,...
'Generations',30, ... %Sets the number of
generations
'PopulationSize',25,...% Sets the population
size
'EliteCount',2, ... %Number of individes that
goes directly to next generation with out
crossover and mutation
'CrossoverFraction',0.4,... % Sets the
percentage of next generation that is
created by crossover, e.g. 40%
'UseParallel','always',... %Enables parallel
computing
'MigrationInterval',10,...
'MigrationFraction',0.1,...
'MigrationDirection','both', ...
'PopulationType','doubleVector',...
'SelectionFcn', { @selectiontournament [] });
... %Selects the selection function

[X fval exitflag output population scores] = ga (
@AnalyticTool_fun, 8, [], [], [], [], LB, UB,
@AnalyticTool_con, options);

%Setup for use of function ga for integer variables
intcons = [3,5]; % Variable 3 and 5 are integers

[X fval exitflag output population scores] = ga(
@objective_fun,nVar,[],[],[],[],LB,UB,
@constraint_fun,intcons,options);

%SelectionFcn must be removed from options, and
% intcons must be included before running ga(...)

B. Setup for Hybrid Genetic Optimization with Interior-point

%Setup of hybrid GA with built-in functions in
Matlab

% Does not work with integer variables

hybridopts = optimset('Algorithm','interior-point','
MaxFunEvals',1500,'TolCon',1e-10,'TolX',1e-12,'
ObjectiveLimit',0); % run interior-point
algorithm
%Options for gradient based optimization,
% interior-point algorithm

options = gaoptimset('FitnessScalingFcn',
{@fitscalingrank }, 'popInitRange', [LB ; UB],
'stallGenL', 10, 'Generations', 20, 'PopulationSize'

,
25, 'EliteCount', 2, 'CrossoverFraction', 0.4,
'UseParallel', 'always', 'MigrationFraction', 10,
'MigrationFraction', 0.1, 'MigrationDirection',
'both', 'PopulationType', 'doubleVector',
'SelectionFcn', { @selectiontournament [] },
'HybridFcn', {@fmincon,hybridopts});
%GA options with hybridopts to make the hybrid

[X fval exitflag output population scores] = ga (
@AnalyticTool_fun, 8, [], [], [], [],
LB, UB, @AnalyticTool_con, options);
%Running hybrid

C. Setup for Gradient Based Optimization with Interior-point

%Setup for Gradient based optimization
% Interior-point with built-in functions
% in MATLAB

options = optimset('Algorithm','interior-point','
MaxFunEvals',1500,'TolCon',1e-10,'TolX',1e-12,'
ObjectiveLimit',0);

% run interior-point algorithm
[X fval exitflag output] = fmincon(
@AnalyticTool_fun, x_0, [], [], [],
[], LB, UB, @AnalyticTool_con, options);
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APPENDIX B
MACHINE MODEL

function [f c ceq motor]=AnalyticTool(varb)

clc
clear motor

motor = struct('error',0); %Declaring
ms as a struct

%% Variable parameters %%

motor.variables.C_DO = varb(1); %
Outer conductor diamter (active material) [m]

motor.variables.C_d = varb(2)/10; %
Conductor depth [m]

motor.variables.Np = varb(3)*1000;
% Number of poles

motor.variables.J = varb(4); %
[A/mmˆ2] Current density / del av el ??

motor.variables.N_lay = varb(5)*1000;
% Number of coil layers

motor.variables.alpha_m = varb(6); %
Ratio between magnet width/pitch and pole pitch

motor.variables.g = varb(7)/10; %
Air gap length [m]

motor.variables.M_d = varb(8)/10; %
Magnet depth. [m]

motor.variables.Np= round(motor.variables.Np);
motor.variables.N_lay = round(motor.variables.N_lay)

;

%% Constants %%

motor.constant.my_0 = 4*pi*1e-7; % Relative
permeability of vacuume

motor.constant.my_iron = 5000; % Relative
permeability of iron

motor.constant.my_pm = 1.05; % Relative
permeability of permanent magnet

motor.constant.my_air = 1; % Relative
permeability of air

motor.constant.sigma_alu = 35e6; % [S/m]
Conductivity of aluminium at 20 degrees (26
.06.2014 http://en.wikipedia.org/wiki/
Electrical_resistivity_and_conductivity)

motor.constant.sigma_steel = 10.4e6; % [S/m]
Conductivity of steel

motor.constant.sigma_air = 0; % [S/m]
Conductivity of air

motor.constant.rho_alu = 2700; % Density of
aluminium (26.06.2014 http://en.wikipedia.org/

wiki/Aluminium) [kg/mˆ3]
motor.constant.rho_pm = 7700; % Density of

permanent magnet[kg/mˆ3]
motor.constant.rho_steel = 7870; % Density of

steel [km/mˆ3]
motor.constant.rho_lamination = 7870; % Density of

stator steel [kg/mˆ3]
motor.constant.lifetime = 20; % Estimated

lifetime of a motor

%% Costs %% (ref
needed for
everything)

motor.cost.C_laminations = 4; % Euro pr.
kilo material. Based on (Ref needed. Astrid)

motor.cost.C_pm = 85; % Euro pr.
kilo material. (ref needed)

motor.cost.C_aluconductor = 1274.78/1000; %
Euro pr. kilo material. (26.06.2014: http://
www.indexmundi.com/commodities/?commodity=

aluminum&months=120&currency=eur)
motor.cost.C_steel = 6; % Euro pr.

kilo material. (ref needed)
motor.cost.disc_rate = 0.2; % Discount

rate.
motor.cost.E_price = 0.24; % Energy

price [Euro/kWh].

%% Set Parameters %%

motor.el.Eph_req = 125; % Min back
emf [V]

motor.el.V_t_Req = 320; % Required
line to line voltage [V]

motor.mech.T_req = 6250; % Required
mechanical power [Nm] P_req

motor.mech.n = 30; % Mechanical
rotational speed [rpm]

motor.mag.Br = 1.3; % Magnetic
remenance flux density [T]

motor.el.N_ph = 3; % Number of
phases

motor.geom.q = 1; % Slots pr.
phase pr. pole

motor.geom.C_layg = 0.5/1000; % Gap
between cunductor layers. = d_wedge?

motor.geom.L_ed = 1/1000; % [m]
Lamination ekstra depth (

motor.geom.k_D= 0.6; % Ratio
between out and inner diameter

motor.mech.Shaft_d = 20e-3; % Shaft
thickness [m]

motor.mech.time_fullP = 10; % Hours
yearly with full power consumption

%% Limitations %%

lim_f = 30; % Maximum allowable
frequency [Hz]

lim_tooth = 3e-3; % Minimum allowable
tooth width [m]

Lim_PF = 0.5; % Minimum power
factor.

Lim_Riron = 0.9; % Max ratio between
iron and air gap surface area

%% Dependent parameters %%

motor.geom.c_totd = motor.variables.N_lay*(
motor.variables.C_d+motor.geom.C_layg)-
motor.geom.C_layg; % Stator active axial depth

motor.geom.L_alength = motor.geom.c_totd+(2*
motor.geom.L_ed); %
lamination axial length [m]

motor.geom.Ns = motor.geom.q*motor.el.N_ph*
motor.variables.Np; %
Number of slots

motor.el.f = motor.variables.Np*motor.mech.n/(60*2);
% Electrical

frequency
motor.mech.omega_m = motor.mech.n*2*pi/60;

%
Mechanical speed [rad/s]

motor.el.omega_e = 2*pi*motor.el.f;

% Electrical speed [rad/s]

motor.geom.tau_p = 2*pi/motor.variables.Np;
%

Pole pitch [rad]
motor.geom.tau_s = 2*pi/motor.geom.Ns;

% Slot pitch [rad] eller Ts = Tp/(ph*q)
motor.geom.tau_m = motor.geom.tau_p*

motor.variables.alpha_m;
% Magnet pitch (am ->

ratio between magnet pitch and pole pitch)
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motor.geom.C_DI = motor.variables.C_DO*
motor.geom.k_D;

% Inner
diameter of active coil

motor.geom.C_l = (motor.variables.C_DO-
motor.geom.C_DI)/2;

% Conductor length
(straigth area) =/ magnet length or slot radial
length

motor.geom.r_O = motor.variables.C_DO/2;
%

Outer radius of active material (med house
diamter?)

motor.geom.r_I = motor.geom.C_DI/2;

% Inner radius of active material ndvendig?
motor.geom.r_avg = (motor.variables.C_DO+

motor.geom.C_DI)/4; %
Average radius

motor.geom.L_lam = motor.geom.C_l;

% slot depth (Radial length)
motor.geom.M_DO = motor.variables.C_DO*1.01;

%
Magnet outer diameter

motor.geom.M_DI = motor.geom.C_DI*0.99;

% Magnet inner diameter
motor.geom.M_l = (motor.geom.M_DO-motor.geom.M_DI)

/2; % Magnet
length

motor.geom.M_w = motor.geom.tau_m*motor.geom.r_avg;
% Average

magnet width
motor.geom.R_iron = (motor.geom.tau_s*motor.geom.C_l

)/(motor.geom.tau_m*motor.geom.M_l);% Ration
between iron and air gap surface area

motor.geom.w_lam = 2*motor.geom.r_avg*tan(
motor.geom.tau_s/2)*(motor.geom.R_iron); %
Lamination width

motor.geom.BI_D = motor.variables.M_d;

% Back Iron axial depth
motor.geom.C_g = motor.geom.w_lam;

% Gap between conductors.
motor.geom.k_winding = 1 -((motor.geom.C_g*

motor.geom.C_l*motor.geom.q*motor.el.N_ph*
motor.variables.Np)/(pi*((motor.variables.C_DO
/2)ˆ2-(motor.geom.C_DI/2)ˆ2))); % Fill factor (
slotless), C_g = mellomrom mellom ledere, C_l =
lenge av rett omrde p leder, q*ph*p=N_s

motor.geom.w_s = (motor.geom.tau_s*motor.geom.r_avg)
-motor.geom.w_lam; % gap
between slots

motor.geom.C_w_avg = 2*motor.geom.r_avg*tan(
motor.geom.tau_s/2)*(1-motor.geom.R_iron); %
Average conductor width. (straight area)

motor.el.alpha_slot = 2*pi*motor.variables.Np/2/
motor.geom.Ns; % Slot
angle [rad]

%% coefficients %%

motor.geom.k_c = (1-(2*motor.geom.w_s/(pi*
motor.geom.tau_s))*(atan(motor.geom.w_s/
motor.variables.g))-(motor.variables.g/(2*
motor.geom.w_s))*log(1+(motor.geom.w_s/
motor.variables.g)ˆ2))ˆ-1;

% Carters coefficient from (ref hanselmannn)

motor.geom.tau_c = motor.geom.tau_p;

motor.geom.k_p = motor.geom.tau_c/motor.geom.tau_p;
%Pitchin factor, k_p = tau_c/

tau_p, tau_c = tau_p, theta_ce = pi osv osv
motor.geom.theta_se = pi/(motor.geom.q*motor.el.N_ph

); % Slot pitch
motor.geom.k_d = sin(motor.geom.q*

motor.geom.theta_se/2)/(motor.geom.q*sin(
motor.geom.theta_se/2)); % Distribution factor =
1

motor.geom.k_w = motor.geom.k_p*motor.geom.k_d;
% Winding factor = 1 because

of q = 1;

%% Reluctances and permeances per meter radial
length %%

motor.mag.R_pm = motor.variables.M_d/(
motor.constant.my_0*motor.geom.M_w);

% Permanent magnet
reluctance. Only half of the width.

motor.mag.R_g = motor.variables.g*motor.geom.k_c/(
motor.constant.my_0*motor.geom.M_w); %
Air gap reluctance. Half magnet width.

motor.mag.R_s = motor.geom.L_alength/(
motor.constant.my_0*motor.constant.my_iron*
motor.geom.w_lam); % Slot permeance, w_lam =
Lamination with width and L_alength = Lamination
length axially

motor.mag.R_ml = ((motor.constant.my_0/pi)*log(1+pi*
motor.variables.g/(motor.geom.tau_p-
motor.geom.tau_m)))ˆ-1;

motor.mag.R_ml = real(motor.mag.R_ml);

% Because R_ml might become imaginary
motor.mag.R_mr = (motor.constant.my_0/pi*log(1+(pi*

min(motor.variables.g,(motor.geom.tau_p-
motor.geom.M_w)/2)/motor.variables.M_d)))ˆ-1;

% leakage from magnet to rotor
motor.mag.R_l = motor.geom.w_s/(motor.constant.my_0

*(1/2)*motor.geom.L_alength); %
Leakage reluctance between stator teeth

motor.mag.R_m = (2*motor.mag.R_pm)*motor.mag.R_mr
/((2*motor.mag.R_pm)+motor.mag.R_mr); %
Parallel reluctance of 2*R_pm and R_mr

motor.mag.R_1 = motor.mag.R_ml*2*motor.mag.R_m/(
motor.mag.R_ml+(2*motor.mag.R_m));
% Parallel reluctance of 2*R_m and R_ml

motor.mag.R_2 = ((4*motor.mag.R_g)+motor.mag.R_1)*
motor.mag.R_l/((4*motor.mag.R_g)+motor.mag.R_1+
motor.mag.R_1); % Parallel reluctance of (4R_g+
R_1) and R_l

motor.mag.phi_m = motor.mag.Br*motor.geom.M_w;

% Magnetic flux from magnet

motor.mag.phi_g = (motor.mag.R_1/(motor.mag.R_2+(4*
motor.mag.R_g)+motor.mag.R_1))*motor.mag.phi_m;
% Air gap flux

motor.mag.B_g = (motor.mag.R_1/(motor.mag.R_2+(4*
motor.mag.R_g)+motor.mag.R_1))*motor.mag.Br;

% Air gap flux density

%% El %%

motor.el.Iph_rms = motor.variables.J*
motor.geom.C_w_avg*motor.variables.C_d*(1000ˆ2);

fit = 0;
n_t = motor.variables.N_lay;
M = 0;

while fit==0

M = M+1;
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L_s = (1/2)*(n_tˆ2)*motor.constant.my_0*
motor.geom.L_alength*motor.geom.C_l/(
motor.geom.w_s*3); %
Inductance per slot Hanselmann

L_g = (n_tˆ2)*motor.constant.my_0*motor.geom.C_l
*motor.geom.tau_p/(4*(motor.variables.M_d+
motor.variables.g)); % Airgap
inductance per coil Hanselmann.

L_es = ((n_tˆ2)*motor.constant.my_0*
motor.geom.tau_p/8)*log((motor.geom.tau_pˆ2)
*pi/(4*motor.geom.L_alength*motor.geom.w_s))
; % End section leakage inductance
approximation

L_coil = 2*L_g+L_s+L_es;

% Total inductance per coil. Hanselmann
motor.el.L_ph = L_coil*motor.variables.Np;

% Inductance of all coils in a series (1
phase) N_p, eller N_p/2, eller N_s/2??

R_active = (motor.geom.C_l/(
motor.constant.sigma_alu*motor.geom.C_w_avg*
motor.variables.C_d))*motor.variables.Np*n_t
*motor.geom.q;

%
Resistance of active coil (Pr phase)

R_es_upper = (6*motor.geom.tau_s*(
motor.variables.C_DO/2)/(
motor.constant.sigma_alu*motor.geom.C_w_avg
*(motor.variables.C_d/2)))*(
motor.variables.Np/2)*n_t*motor.geom.q; %
Resistance of upper end section (Pr phase)

R_es_lower = (6*motor.geom.tau_s*(
motor.geom.C_DI/2)/(motor.constant.sigma_alu
*motor.geom.C_w_avg*(motor.variables.C_d/2))
)*(motor.variables.Np/2)*n_t*motor.geom.q;

% Resistance of lower end section (Pr
phas)

motor.el.E_ph_rms = (1/sqrt(2))*
motor.el.omega_e*motor.geom.q*n_t*
motor.geom.q*motor.mag.B_g*motor.geom.tau_p*
motor.geom.r_avg*motor.geom.C_l*(
motor.variables.Np/2)*M;

% RMS induced phase
voltage

motor.el.R_loss = R_active+R_es_upper+
R_es_lower;

% Resistance equivalent for the total
electrical losses.

motor.el.V_R_ph_rms = motor.el.Iph_rms*
motor.el.R_loss;

% Active RMS voltage drop
motor.el.V_X_ph_rms = motor.el.Iph_rms*

motor.el.omega_e*motor.el.L_ph;
%

Reactive RMS voltage drop
motor.el.V_ph_rms = sqrt((motor.el.E_ph_rms+

motor.el.V_R_ph_rms)ˆ2 + motor.el.V_X_ph_rms
ˆ2); % Terminal RMS phase
voltage

motor.el.V_ll_rms = sqrt(3)*
motor.el.V_ph_rms;

% Terminal RMS line voltage
motor.el.S_base = sqrt(3)*motor.el.V_ll_rms *

motor.el.Iph_rms;

if M == 0
M = 1;

end
if motor.el.E_ph_rms >=motor.el.Eph_req

fit=1;

% Quit while-loop
end

end

motor.geom.M = M;
motor.mech.T = motor.geom.M*motor.variables.C_d*

motor.variables.Np*motor.mag.B_g*
motor.variables.N_lay*motor.geom.q*2*sqrt(2)*
motor.variables.J*motor.geom.C_w_avg*cos(pi/6)*
motor.geom.C_l*motor.geom.r_avg*1000ˆ2;

motor.el.cos_phi = (motor.el.E_ph_rms+
motor.el.V_R_ph_rms)/motor.el.V_ph_rms;

%% Calculation of mass %%

% Stator Lamination

motor.mech.V_laminations = motor.geom.w_lam*
motor.geom.L_alength*motor.geom.L_lam*
motor.geom.Ns; % [mˆ3] stator lamination
volume

motor.mech.M_laminations = (motor.mech.V_laminations
)*motor.constant.rho_lamination*motor.geom.M; %
[kg] Weight of laminations

% Conductors
motor.mech.V_c_active = motor.geom.C_l*

motor.geom.C_w_avg*motor.variables.C_d*
motor.variables.N_lay*motor.geom.Ns;

% Volume of active
conductors

motor.mech.V_es_upper = 6*motor.geom.tau_s*(
motor.variables.C_DO/2)*motor.geom.C_w_avg*(
motor.variables.C_d/2)*motor.variables.N_lay*(
motor.geom.Ns/2); % Upper end coil volume

motor.mech.V_es_lower = 6*motor.geom.tau_s*(
motor.geom.C_DI/2)*motor.geom.C_w_avg*(
motor.variables.C_d/2)*motor.variables.N_lay*(
motor.geom.Ns/2); % Inner end coil volume

motor.mech.V_conductor = (motor.mech.V_es_upper +
motor.mech.V_es_lower + motor.mech.V_c_active)*
motor.geom.M; % [mˆ3] volume
of conductors (fill factor osv)

motor.mech.M_conductor = motor.mech.V_conductor*
motor.constant.rho_alu; % [kg] Weight of
conductors

% Magnets

motor.mech.V_pm = (motor.variables.M_d*
motor.geom.M_l*motor.geom.M_w)*
motor.variables.Np*2*motor.geom.M; %
[mˆ3] Magnet volume (2 Rotor discs)

motor.mech.M_pm = motor.mech.V_pm*
motor.constant.rho_pm;

% [kg
] Weight of PM's

% Rotor Steel (Back Iron)

motor.mech.V_BI = (2*motor.geom.BI_D*(((
motor.geom.M_DO/2)ˆ2)-((motor.geom.M_DI/2)ˆ2))*
pi); % [mˆ3] Back Iron Volume (2 rotor discs)

motor.mech.M_BI = motor.mech.V_BI*
motor.constant.rho_steel;

% [kg] Weight of
back iron

% Housing and shaft approximations.

motor.mech.M_totL = motor.geom.M*(
motor.geom.L_alength+(2*(motor.variables.g+
motor.variables.M_d+motor.geom.BI_D))); %
Total machine length

motor.mech.V_shaft = (((((motor.geom.C_DI/4)+(
motor.mech.Shaft_d/2))/2)ˆ2)-((((motor.geom.C_DI
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/4)-(motor.mech.Shaft_d/2))/2)ˆ2))*pi*
motor.mech.M_totL; % Shaft volume

motor.mech.M_shaft = motor.constant.rho_steel*
motor.mech.V_shaft;

% Shaft
weight

motor.mech.D_housing = motor.variables.C_DO
+(10/1000);

% Housing
inner diameter

motor.mech.V_housing = (motor.mech.M_totL/
motor.geom.M)*pi*((((motor.mech.D_housing
+(20/1000))/2)ˆ2)-((motor.mech.D_housing/2)ˆ2));

motor.mech.M_housing = motor.constant.rho_steel*
motor.mech.V_housing;

%% Cost calculation %%

motor.cost.laminations = motor.mech.M_laminations*
motor.cost.C_laminations; % [Euro ]
Lamination material cost

motor.cost.PM = motor.mech.M_pm*motor.cost.C_pm;
% [Euro ]

Permanent magnet material cost
motor.cost.conductors = motor.mech.M_conductor*

motor.cost.C_aluconductor; % [Euro ]
Conductor material cost

motor.cost.BI = motor.mech.M_BI*motor.cost.C_steel;
% [Euro ] Back iron

material cost
motor.cost.Shaft = motor.mech.M_shaft*

motor.cost.C_steel; % [Euro
] Shaft material cost

motor.cost.Housing = motor.mech.M_housing*
motor.cost.C_steel; % [Euro ]
Housing material cost

%% Losses %%

% Conductor resistance pr M

motor.el.R_active = (motor.geom.C_l/(
motor.constant.sigma_alu*motor.geom.C_w_avg*
motor.variables.C_d))*motor.variables.Np*
motor.variables.N_lay*motor.geom.q;

%
Resistance of active coil (Pr phase)

motor.el.R_es_upper = (6*motor.geom.tau_s*(
motor.variables.C_DO/2)/(
motor.constant.sigma_alu*motor.geom.C_w_avg*(
motor.variables.C_d/2)))*(motor.variables.Np/2)*
motor.variables.N_lay*motor.geom.q; % Resistance
of upper end section (Pr phase)

motor.el.R_es_lower = (6*motor.geom.tau_s*(
motor.geom.C_DI/2)/(motor.constant.sigma_alu*
motor.geom.C_w_avg*(motor.variables.C_d/2)))*(
motor.variables.Np/2)*motor.variables.N_lay*
motor.geom.q; % Resistance of lower end
section (Pr phas)

motor.el.R_DC = motor.geom.M*(motor.el.R_active +
motor.el.R_es_upper + motor.el.R_es_lower); %
Total DC resistance pr phase.

% DC losses

motor.el.P_DC = motor.el.R_DC*motor.el.N_ph*(
motor.el.Iph_rmsˆ2);

% AC losses

motor.el.delta = sqrt(2/(motor.el.omega_e*
motor.constant.my_0*motor.constant.sigma_alu));

motor.el.R_ec = (motor.geom.L_alength*motor.geom.C_l
*(motor.variables.C_dˆ2)*(motor.variables.N_lay

ˆ2)/(9*motor.constant.sigma_alu*(motor.el.delta
ˆ4)*motor.geom.w_s));

motor.el.P_ec = motor.el.R_ec*motor.el.Iph_rms*
motor.geom.Ns*motor.geom.M;

% Efficiency

motor.el.efficiency = ((motor.mech.T*
motor.mech.omega_m)/(sqrt(3)*motor.el.V_ll_rms*
motor.el.Iph_rms);

%% Objective function %%

motor.mech.M_weight = (motor.mech.M_laminations +
motor.mech.M_conductor + motor.mech.M_pm +
motor.mech.M_BI+motor.mech.M_shaft+
motor.mech.M_housing); % [kg] total weight of
machine

motor.cost.mech = motor.cost.laminations +
motor.cost.PM + motor.cost.conductors +
motor.cost.BI+motor.cost.Housing+
motor.cost.Shaft; % [Euro ] Material cost of
machine

motor.el.E_loss_yearly = (motor.el.P_DC+
motor.el.P_DC)*(3600/1000)*motor.mech.time_fullP
;

motor.cost.E_loss_yearly = motor.el.E_loss_yearly*
motor.cost.E_price;

motor.cost.E_total = 0;

for k=1:motor.constant.lifetime
motor.cost.E_total = motor.cost.E_total + (

motor.cost.E_loss_yearly/((1+
motor.cost.disc_rate)ˆk));

end

motor.cost.total = motor.cost.E_total +
motor.cost.mech;

% f = [];
% f = motor.cost.total;
% f = motor.mech.M_weight;
f = motor.cost.mech;

%% Inequality constraints %%

c = [
(motor.el.f-lim_f)*0.01;

% f <=
lim_f

(-motor.mech.T+motor.mech.T_req)/1000;
% T >= T_req

-motor.geom.w_lam+lim_tooth;
% w_lam >=

lim_tooth
-motor.geom.C_w_avg;

% C_W
>= 0

-motor.geom.r_I;
%

R_inner >= 0
(-motor.el.E_ph_rms+motor.el.Eph_req)*0.001;

% Eph > Eph_req
real(-motor.el.cos_phi+Lim_PF);

% Cos(phi)> Lim_pf
(motor.geom.R_iron-Lim_Riron)

% R_iron =< 0.9
];

%% Equality constraints %%

ceq = [];


	
	

	
	
	
	

	
	

	
	
	
	
	
	
	

	
	
	
	
	

	
	
	
	

	
	
	
	
	
	
	
	

	

