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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. [§] and [9] respectively. The parameters in
Fig. 0] and their dimensions are shown in Tab. [} 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 and
can be seen in Fig. [I0] 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 I

PARAMETERS IN FIG.

Tau_p, Tp Pole pitch [-]
Taus, Ts Slot pitch [-]
Cpo Outer diameter of coil active area [mm]
Cpr Inner diameter of coil active area [mm]
Ligm Lamination length (radial) [mm]
C Length of conductor active area (radial)  [mm]
Wiam Lamination width [mm]
Ws slot width [mm]
Clayg —HH*
£ e
Fig. 10. Coil geometry and parameters from
TABLE III
SET PARAMETERS
n Rated rotational speed 30 [rpm]
Eun Rated RMS induced voltage ph-n 125 [V]
Treq Required average torque 6250 [Nm]
q Number of slots per phase per pole [-]
Npn Number of phases 3 (-]
Ky 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. [l 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. [Vl

Q. 1s 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 a,, 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, Coyter 02 m 1.0 m
Number of poles, IV, 20 60
Current density,J 3 A/mm? 8 A/mm?
Number of coil layers, Niqy 12 34
Depth of magnets (axial), My 5 mm 10 mm
Magnet width / pole pitch (lizl ), m 0.2 0.99
Air gap length, g 1 mm 6 mm
Conductor depth, Cy 1 mm 4 mm
TABLE V
COST COEFFICIENTS
CAluminium Cpm Claminat'ions Cst€3l
1.275 €/kg 85 €/kg 4 €/kg 6 €/kg

B. Magnetic Model

The electromagnetic model used is based on magnetic
circuits and is shown in Fig. [[1} 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. @ 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, k.. Carter’s coefficient is calculated with
the following equations:

PATIN W g W 1
ke=1[1—-—— tan(— — —In(1 + — 12
(1= 2 (aretan("* — S2n(1+ )7 (12)

The magnetic circuit shown in Fig. [I2] is used to find the
electric loading for loaded condition. The torque produced is
found with an equation derived from [[1]:

T = CdMBngNlayqz\/ijéwcos(%)clrwg (13)

where Cj is the conductor depth in axial direction, M is the
number of machines, By is the air gap flux density and Niq,
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Fig. 11. Magnetic circuit model for air gap flux density calculation
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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, C,, is the average
conductor width, Cj is the length of the active conductor area
and 74,4 is the average radius of the conductors.
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Fig. 13. Side view of the double sided internal stator topology from [T]|

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)
+Mconduct0r * Caluminium + MPM * C’PM

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:

15)

2(X) = 0(x) + 3 Blossueorty * Ceneray
; (1 + kdiscount)k

Where k is the lifetime of the machine in years, kg;scount
is the discount rate, Ejoqs yearty 15 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, T4, a required back-EMF,
FEreq, 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 €
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/mm?
Niay Number of coil layers 21
My Depth of magnets (axial) 6.667 mm
Qm,» (“_’r:L Magnet width / pole pitch 0.8
g Air gap length 1 mm
Cq Conductor depth 1.5 mm
Machine parameters:
L Total active length 361 mm
n Efficiency 29.6 %
pf Power factor 0.97
Walu Aluminium weight 22 kg
Wpm Magnet weight 28 kg
WEe Iron weight 45 kg
WSteel Steel weight 19 kg

M Number of machines 5
\%G Terminal voltage, 1-1 616 V

D. Model comparison

An analytical model made for quick calculations on an
AFPM with laminated iron was presented [I]]. The model made
for this report were run with the same specifications as in
for comparison. The resulting machine design is given in
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/mm?.

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 GUIL. 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.
[T4] through [T6] shows how the user interface is used. The results
in Fig. [T3]are found using total material cost as objective while
the results in Fig. [T6] are found with total lifetime cost.
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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 €, 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 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 € 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

€

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, Vr 1.1, 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 €
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/mm?
Niay Number of coil layers 32
My Depth of magnets (axial) 5.07 mm
Qm, (%) Magnet width / pole pitch 0.486
g Air gap length 1.00 mm (LB)
Cy Conductor depth 2.80 mm
Machine parameters:
L Total active length 129 mm
n Efficiency 13.7 %
pf Power factor 0.3
Waly Aluminium weight 16 kg
Wpm Magnet weight 6 kg
WEe Iron weight 88 kg
WSteel Steel weight 32 kg
M Number of machines 1
VroL Terminal voltage, 1-1 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 €. 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. [[X], Tab. [X] and Tab.
respectively. Even with a power factor of 0.85, the cost of the
machine was reduced to 1537 €.

TABLE VIII

RESULT FROM GRADIENT BASED OPTIMIZATION

Cost 1585 €
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/mm?
Niay Number of coil layers 23
My Depth of magnets (axial) 5 mm (LB)
Qm,» (“_JFZL Magnet width / pole pitch 0.5467
g Air gap length 1 (LB) mm
Cy Conductor depth 3.135 mm
Machine parameters:
L Total active length 536 mm
n Efficiency 28.6 %
pf Power factor 0.88
Walu Aluminium weight 29 kg
Wpm Magnet weight 12 kg
WEe Iron weight 106 kg
WSteel Steel weight 20 kg
M Number of machines 5
\%G Terminal voltage, 1-1 552V
TABLE IX
RESULT FROM HYBRID GA WITH PF > 0.5
Cost 1190€
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/mm?
Niay Number of coil layers 23
My Depth of magnets (axial) 5.00 mm (LB)
Qs (“;—;”') Magnet width / pole pitch 0.563
g Air gap length 1.001 (LB) mm
Cq Conductor depth 2.757 mm
Machine parameters:
L Total active length 229 mm
n Efficiency 21.5 %
pf Power factor 0.55
Walu Aluminium weight 21 kg
Wpm Magnet weight 8 kg
WEe Iron weight 77 kg
WSteel Steel weight 24 kg
M Number of machines 2
Terminal voltage, 1-1 739 V

Vror
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TABLE X

RESULT FROM HYBRID GA WITH PF > 0.75

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 €
Total weight 538 kg

Independent variables:
Couter Outer diameter of active coil 1000 (UB) mm
Ny Number of poles 40

Cost 1490 €
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/mm?
Niay Number of coil layers 34 (UB)
My Depth of magnets (axial) 5 mm (LB)
o7 (“;—:L) Magnet width / pole pitch 0.53643
g Air gap length 1 (LB) mm
Cy Conductor depth 1.4156 mm
Machine parameters:
L Total active length 177 mm
n Efficiency 37.1 %
pf Power factor 0.75
Wiy Aluminium weight 18 kg
Wpm Magnet weight 11 kg
WEe Iron weight 84 kg
WSteel Steel weight 26 kg
M Number of machines 2
VrLL Terminal voltage, 1-1 836 V
TABLE XI
RESULT FROM HYBRID GA WITH PF > (.85
Cost 1537 €
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/mm?
Niay Number of coil layers 25 (UB)
My Depth of magnets (axial) 5 mm (LB)
Qm, (u;_—:‘) Magnet width / pole pitch 0.5475
g Air gap length 1 (LB) mm
Cy Conductor depth 2.0533 mm
Machine parameters:
L Total active length 262 mm
n Efficiency 333 %
pf Power factor 0.85
Waly Aluminium weight 21 kg
Wpm Magnet weight 13 kg
WEe Iron weight 86 kg
WSteel Steel weight 22 kg
M Number of machines 3
VroL Terminal voltage, 1-1 629 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. The material cost of the design
found was 4742 €, while the total lifetime found was 289,851
€. 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

J Current density 3(LB) A/mm?
Niay Number of coil layers 23
My Depth of magnets (axial) 10 mm (UB)
am, (i: Magnet width / pole pitch 0.367
g Air gap length 1.001 (LB) mm
Cy Conductor depth 4 (UB) mm
Machine parameters:
L Total active length 147 mm
n Efficiency 58.5 %
pf Power factor 0.9
Wiy Aluminium weight 21 kg
Wpm Magnet weight 30 kg
WFe Iron weight 362 kg
WSteel Steel weight 125 kg
M Number of machines 1
Vr.or Terminal voltage, 1-1 600 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 € 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 € 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, a,,, 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 € 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 € cheaper than the original
design but still 481 € 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 € for the design with the lowest material cost,
while the total lifetime energy cost 289,851 € 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.
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APPENDIX A B. Setup for Hybrid Genetic Optimization with Interior-point
SETUP OF THE OPTIMIZATION ALGORITHMS IN MATLAB

A. Setupfor Genetic Algorlthms %$Setup of hybrid GA with built-in functions in
Matlab

% Does not work with integer variables
% Genetic Optimization Algorithm using the built-in
% function ga in MATLAB hybridopts = optimset ('Algorithm', 'interior-point',"'

MaxFunEvals', 1500, 'TolCon',1le-10, 'TolX"',1le-12,"
options = gaoptimset ('FitnessScalingFcn', { ObjectivelLimit',0); % run interior-point
@fitscalingrank }, ... algorithm
'PopInitRange', [LB ; UB],...% Decides the range %0Options for gradient based optimization,
of variables for the initial population % interior-point algorithm
'StallGenL', 10, ...
'Generations', 30, ... %Sets the number of options = gaoptimset ('FitnessScalingFcn',
generations {@fitscalingrank }, 'popInitRange', [LB ; UB],
'PopulationSize',25,...% Sets the population 'stallGenL', 10, 'Generations', 20, 'PopulationSize'
size r
'EliteCount',2, ... %Number of individes that 25, 'EliteCount', 2, 'CrossoverFraction', 0.4,
goes directly to next generation with out 'UseParallel’', 'always', 'MigrationFraction', 10,
crossover and mutation 'MigrationFraction', 0.1, 'MigrationDirection',
'CrossoverFraction',0.4,... % Sets the 'both', 'PopulationType', 'doubleVector',
percentage of next generation that is 'SelectionFcn', { @selectiontournament [] },
created by crossover, e.g. 40% 'HybridFcn', {Q@fmincon,hybridopts});
'UseParallel', 'always', ... %Enables parallel %GA options with hybridopts to make the hybrid
computing
'MigrationInterval',10, ... [X fval exitflag output population scores] = ga (
'MigrationFraction',0.1, ... @AnalyticTool_fun, 8, [1, [1, [1, [1,
'MigrationDirection', 'both', ... LB, UB, @AnalyticTool_con, options);
'PopulationType', "doubleVector', ... $Running hybrid
'SelectionFcn', { @selectiontournament [] });

%$Selects the selection function

C. Setup for Gradient Based Optimization with Interior-point

[X fval exitflag output population scores] = ga (

@AnalyticTool_fun, 8, [1, [1, [], []l, LB, UB,

) . %Setup for Gradient based optimization
@AnalyticTool_con, options);

Interior-point with built-in functions
% in MATLAB

o

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

options = optimset ('Algorithm', 'interior-point',"'
, . MaxFunEvals',1500, 'TolCon', 1le-10, 'TolX"',1le-12,"
[X fval exitflag output population scores] = ga( ObjectiveLimit',0);
@objective_fun,nvar, [1, (1, [],[],LB,UB, e

@constraint_fun, intcons, options); % run interior-point algorithm

[X fval exitflag output] = fmincon(
@AnalyticTool_fun, x_0, [1, [1, [1,
[1, LB, UB, Q@AnalyticTool_con, options);

%$SelectionFcn must be removed from options, and
% intcons must be included before running ga(...)
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APPENDIX B
MACHINE MODEL

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

clc
clear motor

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

%% Variable parameters %%

motor.variables.C_DO = varb(l); %
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/mm”~2] Current density / del av el 272
motor.variables.N_lay = varb(5)*1000;

o

% 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 = 4xpixle-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/m"3]
motor.constant.rho_pm = 7700; % Density of
permanent magnet [kg/m” 3]
motor.constant.rho_steel = 7870; % Density of
steel [km/m"3]
motor.constant.rho_lamination = 7870; % Density of
stator steel [kg/m"3]
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].

o\
o\

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.qg = 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_layx (
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.gxmotor.el.N_phx
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;

o\

Mechanical speed [rad/s]
motor.el.omega_e = 2+pixmotor.el.f;

% Electrical speed [rad/s]

motor.geom.tau_p = 2xpi/motor.variables.Np;

o

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

% Slot pitch [rad] eller Ts = Tp/ (phxq)
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_DOx
motor.geom.k_D;
% Inner
diameter of active coil
motor.geom.C_1 = (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

diamter?)
motor.geom.r_I = motor.geom.C_DI/2;

(med house

o

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

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

motor.geom.L_lam = motor.geom.C_1;
% slot depth (Radial length)
motor.geom.M_DO = motor.variables.C_DOx1.01;

Magnet outer diameter

motor.geom.M_DI = motor.geom.C_DIx0.99;
% Magnet inner diameter

motor.geom.M_1 = (motor.geom.M_DO-motor.geom.M_DTI)
/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_1
)/ (motor.geom.tau_msmotor.geom.M_1);% Ration
between iron and air gap surface area

motor.geom.w_lam = 2+motor.geom.r_avgx*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_gx
motor.geom.C_l*motor.geom.gxmotor.el.N_phx
motor.variables.Np) / (pi* ((motor.variables.C_DO
/2) 2= (motor.geom.C_DI/2)"2))); % Fill factor (
slotless), C_g = mellomrom mellom ledere, C_1 =

lenge av rett omrde p leder, g*phxp=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_avgxtan (
motor.geom.tau_s/2) * (1-motor.geom.R_iron); %
Average conductor width. (straight area)

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

%% coefficients %%

motor.geom.k_c = (l-(2+motor.geom.w_s/ (pix
motor.geom.tau_s) ) * (atan (motor.geom.w_s/
motor.variables.qg)) - (motor.variables.g/ (2x
motor.geom.w_s) ) *log (1l+ (motor.geom.w_s/
motor.variables.g) "2)) "-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.g*motor.el.N_ph
) % Slot pitch

motor.geom.k_d = sin(motor.geom.qgx
motor.geom.theta_se/2)/ (motor.geom.gxsin (
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 g = 1;

%% Reluctances and permeances per meter radial
length %%

motor.mag.R_pm = motor.variables.M_d/ (
motor.constant.my_O*motor.geom.M_w) ;
% Permanent magnet
reluctance. Only half of the width.
motor.mag.R_g = motor.variables.gxmotor.geom.k_c/ (
motor.constant.my_O*motor.geom.M_w) ; 5
Air gap reluctance. Half magnet width.
motor.mag.R_s = motor.geom.L_alength/ (
motor.constant.my_Oxmotor.constant.my_ironx
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(l+pix
motor.variables.g/ (motor.geom.tau_p-—
motor.geom.tau_m))) "-1;
motor.mag.R_ml = real (motor.mag.R_ml);
% Because R_ml might become imaginary
motor.mag.R_mr = (motor.constant.my_0/pixlog(l+ (pix
min (motor.variables.g, (motor.geom.tau_p—
motor.geom.M_w) /2) /motor.variables.M_d))) "-1;
% leakage from magnet to rotor
motor.mag.R_1 = motor.geom.w_s/ (motor.constant.my_0
% (1/2) »motor.geom.L_alength); %
Leakage reluctance between stator teeth
motor.mag.R_m = (2xmotor.mag.R_pm)*smotor.mag.R_mr
/ ((2+xmotor.mag.R_pm)+motor.mag.R_mr) ;
Parallel reluctance of 2xR_pm and R_mr

o

motor.mag.R_1 = motor.mag.R_ml*2+motor.mag.R_m/ (
motor.mag.R_ml+ (2xmotor.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_1/ ((4+«motor.mag.R_g)+motor.mag.R_1+
motor.mag.R_1); % Parallel reluctance of (4R_g+

R_1) and R_1

motor.mag.phi_m = motor.mag.Brxmotor.geom.M_w;

o

% 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;
% Alir 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;

o

% Air gap flux density

oe
oe
=
i
o
o

motor.el.Iph_rms = motor.variables.Jx*
motor.geom.C_w_avg*motor.variables.C_dx (100072);

fit = 0;

= motor.variables.N_lay;

0;

I
|

n_
M
while fit==0

M = M+1;
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L_s = (1/2)(n_t"2)motor.constant.my_0x*
motor.geom.L_alength*motor.geom.C_1/ (
motor.geom.w_s*3) ; %
Inductance per slot Hanselmann

L_g = (n_t"2)*motor.constant.my_O*motor.geom.C_1
smotor.geom.tau_p/ (4x (motor.variables.M_d+
motor.variables.qg)); % Airgap
inductance per coil Hanselmann.

L_es = ((n_t"2)*motor.constant.my_Ox
motor.geom.tau_p/8) xlog ( (motor.geom.tau_p~2)
*pi/ (4+xmotor.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_coilxmotor.variables.Np;

% Inductance of all coils in a series (1
phase) N_p, eller N_p/2, eller N_s/2?7?

R_active = (motor.geom.C_1/(
motor.constant.sigma_alu*motor.geom.C_w_avgx
motor.variables.C_d)) *motor.variables.Np*n_t
*motor.geom.q;

Resistance of active coil (Pr phase)

R_es_upper = (6xmotor.geom.tau_sx* (
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 = (6xmotor.geom.tau_sx* (
motor.geom.C_DI/2)/ (motor.constant.sigma_alu
smotor.geom.C_w_avg+ (motor.variables.C_d/2))
) * (motor.variables.Np/2) xn_t*motor.geom.q;

% Resistance of lower end section (Pr
phas)

motor.el.E_ph_rms = (1/sqgrt(2))*
motor.el.omega_exmotor.geom.g*n_tx*
motor.geom.gxmotor.mag.B_g+*motor.geom.tau_p*
motor.geom.r_avgxmotor.geom.C_1x (
motor.variables.Np/2) xM;

% 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_rmsx
motor.el.R_loss;
% Active RMS voltage drop

motor.el.V_X_ph_rms = motor.el.Iph_rmsx*
motor.el.omega_exmotor.el.L_ph;

o

Reactive RMS voltage drop

motor.el.V_ph_rms = sqgrt((motor.el.E_ph_rms+
motor.el.V_R_ph_rms) "2 + motor.el.V_X_ph_rms
“2); % Terminal RMS phase
voltage
motor.el.V_11_rms = sqgrt (3) *

motor.el.V_ph_rms;

% Terminal RMS line voltage

motor.el.S_base = sqgrt(3)*motor.el.V_11_rms *
motor.el.Iph_rms;

if M == 0
M= 1;

end

if motor.el.E_ph_rms >=motor.el.Eph_req
fit=1;

o

% Quit while-loop
end
end

motor.geom.M = M;

motor.mech.T = motor.geom.Msmotor.variables.C_dx*
motor.variables.Npsmotor.mag.B_gx
motor.variables.N_lay*motor.geom.g*2*sqrt (2) *
motor.variables.J*motor.geom.C_w_avg*cos (pi/6) x
motor.geom.C_l+motor.geom.r_avg*«1000~2;

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

%% Calculation of mass %%

o

% Stator Lamination

motor.mech.V_laminations = motor.geom.w_lamx
motor.geom.L_alength*motor.geom.L_lamx*
motor.geom.Ns; % [m"3] stator lamination
volume

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

% Conductors

motor.mech.V_c_active = motor.geom.C_1lx
motor.geom.C_w_avgsmotor.variables.C_dx
motor.variables.N_lay*motor.geom.Ns;

% Volume of active

conductors

motor.mech.V_es_upper = 6*motor.geom.tau_sx* (
motor.variables.C_DO/2) «motor.geom.C_w_avgx (
motor.variables.C_d/2)motor.variables.N_layx* (
motor.geom.Ns/2); % Upper end coil volume

motor.mech.V_es_lower = 6xmotor.geom.tau_sx* (
motor.geom.C_DI/2)*motor.geom.C_w_avgx (
motor.variables.C_d/2) *motor.variables.N_layx* (

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; % [m~3] volume

of conductors (fill factor osv)

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

o

% Magnets

motor.mech.V_pm = (motor.variables.M_dx
motor.geom.M_lsmotor.geom.M_w)
motor.variables.Npx2+motor.geom.M;
[m~3] Magnet volume (2 Rotor discs)
motor.mech.M_pm = motor.mech.V_pmx
motor.constant.rho_pm;

o

o
o
Q

] Weight of PM's

o

% Rotor Steel (Back Iron)
motor.mech.V_BI = (2+«motor.geom.BI_Dx* (((
motor.geom.M_DO/2) “2) - ((motor.geom.M_DI/2) "2))*
pi); % [m"3] Back Iron Volume (2 rotor discs)
motor.mech.M_BI = motor.mech.V_BIx
motor.constant.rho_steel;
% [kg] Weight of

back iron
% Housing and shaft approximations.

motor.mech.M_totL = motor.geom.Mx (
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)"2)-((((motor.geom.C_DI

o\
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/4) - (motor.mech.Shaft_d/2))/2) "2)) xpix*
motor.mech.M_totL; % Shaft volume
motor.mech.M_shaft = motor.constant.rho_steelx
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) *xpi* ( (((motor.mech.D_housing
+(20/1000))/2)"2)-((motor.mech.D_housing/2) "2));

motor.mech.M_housing = motor.constant.rho_steelx
motor.mech.V_housing;

%% Cost calculation %%

motor.cost.laminations = motor.mech.M_laminationsx
motor.cost.C_laminations; % [Euro ]

Lamination material cost
motor.cost.PM = motor.mech.M_pmxmotor.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_BIxmotor.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_housingx
motor.cost.C_steel; % [Euro ]

Housing material cost

% Conductor resistance pr M

motor.el.R_active = (motor.geom.C_1/(
motor.constant.sigma_alu*motor.geom.C_w_avgx
motor.variables.C_d))*motor.variables.Npx*
motor.variables.N_lay*motor.geom.q;
Resistance of active coil (Pr phase)

motor.el.R_es_upper = (6*motor.geom.tau_sx* (
motor.variables.C_DO0O/2)/ (
motor.constant.sigma_alu*motor.geom.C_w_avgx (
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_sx* (
motor.geom.C_DI/2)/ (motor.constant.sigma_alux*
motor.geom.C_w_avgx (motor.variables.C_d/2))) *(
motor.variables.Np/2)+motor.variables.N_layx*
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.

o

% DC losses

motor.el.P_DC = motor.el.R_DCxmotor.el.N_phx(
motor.el.Iph_rms~2);

o

% AC losses

motor.el.delta = sqgrt(2/ (motor.el.omega_ex
motor.constant.my_O*motor.constant.sigma_alu));

motor.el.R_ec = (motor.geom.L_alength*motor.geom.C_1
% (motor.variables.C_d"2) » (motor.variables.N_lay

“2)/(9xmotor.constant.sigma_alux (motor.el.delta
~4)+motor.geom.w_s)) ;

motor.el.P_ec = motor.el.R_ecxmotor.el.Iph_rmsx
motor.geom.Nsxmotor.geom.M;

o

% Efficiency

motor.el.efficiency = ((motor.mech.Tx*
motor.mech.omega_m) / (sqrt (3) *motor.el.V_11_rmsx*
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_yearlyx
motor.cost.E_price;

motor.cost.E_total = 0;

for k=l:motor.constant.lifetime
motor.cost.E_total = motor.cost.E_total + (
motor.cost.E_loss_yearly/ ((1+
motor.cost.disc_rate) “k));
end

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

[1;
= motor.cost.total;
= motor.mech.M_weight;
motor.cost.mech;

o° d° oo
FhoHh Fh

Hh
Il

%% Inequality constraints %%

c =
(motor.el.f-1im f)«x0.01;
s £ <=
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;

>= 0
-motor.geom.r_TI;

oe

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

1;
%% Equality constraints %%

ceq = [1;




	
	

	
	
	
	

	
	

	
	
	
	
	
	
	

	
	
	
	
	

	
	
	
	

	
	
	
	
	
	
	
	

	

