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Abstract— The manufacturers are tempted to reduce the amioof active materials in the devices in order to
lower the material bill. However, reducing the wéigof the devices directly affects the energy affiwcy. In
this paper, a solution to this problem is proposf the case of synchronous wound rotor generatof$e
trade-off between cost and efficiency is formulatad a constrained optimization problem and solvesing a
Genetic Algorithm. The cost optimization of thredfférent machines is carried out through various sign
approaches. The proposed approach always givesbe#isults than the classical approach concernintget
global cost of the range.

| ntr oduction

The recent rise in the cost of raw materials isivatihg the manufacturers of electrical machines to
improve the designs of their devices. The manufacs are tempted to reduce the amount of active
materials in the devices in order to lower the malebill. However, reducing the weight of the
devices directly affects the energy efficiency, ahdrefore goes against the current trend and
European suggestions [1], which recommend thatrtheufacturers increase the efficiency of their
products. Manufacturers are thereby confronted witlonstrained optimization problem: reducing the
costs of devices and respecting the fixed effigesicin this paper we propose a solution to this
problem for the case of a series of Wound RotorcBsonous Generators (WRSG) using an
optimization method based on Genetic Algorithm (GA)

The optimal design approach is used more and mitem an the case of electromagnetic device
design. This approach needs to accurately mod@usphysical domains [2-3]. Magnetic, electric,
thermal or mechanical models of the systems aenafeveloped in order to design optimal devices
respecting physical constraints from various fietdsphysics. The accuracy of the model and its
execution time basically depends on the modelingmexity: 1D analytical model [3-6], electric
circuit type model [3, 7-8] or Finite Element mod&| 9-10].

In this work, a 1D multiphysics modeling of the WRSvas adopted whose short execution time
allowed coupling with a stochastic optimization hoat. A GA optimization technique was employed
because it is well suited to a mixed-variable c@mséd problem and it allows searching for a global
optimum. The complexity of the treated objectivadiion also leads to choose a zero-order derivation
method.

The modeling of the machine and then the optinoratnethod will be detailed followed by the
optimization results. The range optimization needitroduce a new procedure, different from the
classical range design approach used in industrg.ifitroduced method compares favorably with the
classical one for various test cases and permiisnedization of the optimal design of a series of
machines from an industrial point of view.
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Wound Rotor Synchronous Generator M odel

The geometry of the studied WRSG is shown in Fidgur€he stator tooth width is constant except for
the bottom and the slots’ back side. The air ggmragiressive and the rotor winding is ordered. The
model is parameterized with eight variables, camséd within a fixed range, which are detailed in
Table 1 with their original values.

Tab. 1. WRSG's initial variable values with theanges

WRSG’s parameters (Ijmu_al Range
esign
Effective Power [KVA] 165 -
Outer stator diameter [mm] 390 [390,420]
Inner stator diameter [mm] 270.5 [255,290]
Slot diameter [mm] 317.5 [300,360]
Tooth width [mm] 10.2 [5,24]
Rotor pole width [mm] 86.5 [70,100]
Rotor pole opening factor 0.7045 [0.6,0.8]
Machine length [mm] 410 [210,420]
Fig. 1. Geometry of the WRSG studied witk Conductor number 6 [5,12]
salient poles Cost [€] 790 -

Electromagnetic Modeling of the WRSG

The fundamental quantity used for the machine niogleind optimization is the line voltage (peak or
rms value). This voltage waveform is consideredejyuisinusoidal. Knowledge of this voltage,

neglecting the winding resistance, allows detertiona via integration, of the amplitude of the flux

through the WRSG windings.

The next step consists of determining the amplitoidthe fundamental of the air gap magnetic flux
density which is directly linked to the flux ampiite as a function of air gap geometry (length ef th
air gap and Carter’s coefficient).

Next, the local value of air gap magnetic flux dgnsinder the poles is determined. To do this
precisely, one needs to know the relations usedetermine the “exact” waveform of the air gap
magnetic flux density under one pole from the fundatal air gap magnetic flux density value and
reversely, as depicted in Figure 2.
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Fig. 2 - Exact waveform of air gap magnetic fluxsgigy and its fundamental due to d-axis statorenirreaction
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The magnetic flux density local value under the l@hmole permits computation of the flux through
the pole and the magnetic flux density inside tbke pThen, using the flux conservation law, one can
determine the magnetic flux density’s values in #agious elements of the magnetic parts of the
stator: in the teeth and in the stator back irar the latter the minimal and maximal values are
computed).

This computation gives the magnetic field in theiaas parts of the WRSG: inside the air gap, the
relation between magnetic field and magnetic fllenglty is linear, it is the vacuum magnetic
permeability; for the other elements, informationoat the iron sheets (magnetic characteristic:
magnetic flux density at saturation, permeabiliiinear and saturated areas) permits determination
of the correspondence between flux density and ptagfeld.

The computed magnetic field allows determinatiorthef magneto motive forces (or Ampere-turns,
mmf) applied to each element of the WRSG: the ajy, ghe pole, the teeth and the stator back iron.
The summation of all the mmf gives the mmf valuetfe no-load working poirg,.

All that is described in the previous paragraphgesponds to a no-load running, and so now the
influence of the current flowing in the stator whieaded must be determined. To determine this
effect, it is considered that the mrfifto be supplied for a given working point (emf Elawrrent 1) is
the sum of two mmfeg that should be supplied to obtain the no-load Enaind £ that should be

supplied to deliver the current | in short-circtiindition (1).
£ =€ +&gc[A-turns] 1)

The determination ok..is detailed as follows. The current flowing in stator windings produces a

mmf which will be called the armature current réact From this quantity, the air gap magnetic flux
density due to the armature reaction is deducedn,Taccording to the principle detailed before, the
fundamental of this magnetic flux density not®g is determinedB;y depends only o#..

Potier's method, described in [11], needs to bdiag@according to the following considerations. In
short-circuit, the air gap magnetic flux densityueais low, so that the machine is not saturatedhe
contrary, it is working under linear conditions. Asconsequence it can be stated that the mmf
gccneeded to obtain the air gap magnetic flux derisiirectly proportional to this very value. To

determine the proportionality coefficient, a linealation linking the mmis,; to be applied to the air
gap and the magnetic flux density inside this @ne i

Eent = Be%;xarter [A.turns]. (2)

Where Byt IS the fundamental amplitude of the air gap magrikix density, eis the air gap length,
carter is the Carter’s coefficient of the air gap.

With a simple proportional relation, one can deduce

B
en

From this expression, the value of the mmf neeaedrding to relation (1) is computed.
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Losses and Thermal Model

To ensure normal working conditions of the machthe,thermal behavior has to be studied. First the
different kinds of losses occurring in the machingst be evaluated to give the input parameters of
the thermal model that yields the stator and ri@mperatures.

1/ Losses’ Estimation
The classical copper losses in stator and rotodiwgs are computed in a traditional way with (4).

Peopper = 3R 2 W] (4)

The resistivity temperature dependence is takemadntount, which leads to a coupling between loss
estimation and temperature computations. This ealpl/stem of equations is solved using a fixed
point method. The iron losses can be estimatedusedhe magnetic flux density has been determined
in all the magnetic parts. In the first harmonigigximation the iron losses appear only inside the
stator. These losses are computed in the teethtatat back iron, using (5).

2
Pron = Kiron (1;55] [Wikg] (5)

which is valid at 50 Hzk;,, is the specific iron loss for a 1.5 T induction5& Hz for a 4-pole

machine. Finally the mechanical losses correspagnidirihe windage losses and the bearing losses are
evaluated with the correlation (6).

Pmec = Kmec® out4'5 (W] (6)

Where kpecare the mechanical losses for a given stator aliseneter andd;is the actual stator
outer diameter. Knowing the different losses, tligiency, as defined by [12], is computed.

2/ Thermal Modeling

As soon as the losses are determined the temperaitnease in the stator and rotor are evaluated
using a formulation derived from experimental clatiens resulting from a wide experimental
campaign. Either the stator or rotor temperatucesiase is evaluated with (7).

P
AT = copper

B efftemp(cpoutv Lstack)

[K] (7)

Where effiemp Characterizes the ability of evacuating the heategated by losses; and it depends on

machine external dimensions: the stator outer diamn,; and the stack lengthgi,ck. Substituting
the stator or the rotor copper losse®tpper, ONe can determine respectively the stator orrroto

temperature increase.

Optimization Problem

Genetic Algorithm (GA) has been widely used in &leal machine optimization [13]. It can find the
global optimum, and can easily deal with non-lineanstraints and complex cost functions; this is
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why it is used in this study. The cost functionpessed in (8), is determined by the sum of thepepp
and iron weight multiplied by their respective miakcost [5, 7, 9].

total _cost =) weight* material_cost (8)

It should be noted again here that there are éiggign variables given in Table 1 with their respec
ranges to be considered in the optimization. ThHerapation problem mixes continuous and discrete
variables. Discrete variables are handled usingrdbe@d operator after the crossover and mutation
process [14]. The constraints to be considerednagimum temperature increase and minimum
efficiency listed in Table 2, and they are handliedpenalty functions as in [5].

Tab. 2 — Optimization constraints on output quaatit
Stator temperature rise < 125K
Rotor temperature rise < 125K

Efficiency Niec> minimal efficiency

Optimization Results

Several optimizations were run to minimize varia@igective functions. A set of three machines
covering a range of powers was considered for apdition. The three machines had power ratings of
125 kVA, 165 kVA, and 180 kVA. The goal of the cateyation of a series of machine size is to show
the interest of considering an ensemble of machire when trying to optimize machines. First, the
three WRSGs’ costs are optimized separately. Thgaach leads to three different stator cross
section geometries. This is unacceptable for im@lisapplications because it leads to unacceptable
cost of production tools. Next, a classical rangsigh approach is applied to determine a series of
machines in which the cross section geometry istical for the three WRSGs. Finally, new objective
functions are introduced that hold for the speatfns of the whole series of machines at once.

Independent Optimization of Three Different Maclhsine

The three machines were first optimized indepengenthe cost is minimized respecting the

minimum efficiencies of 91.6%, 91.7%, and 91.7%pessively for the 125, 165, and 180 kVA

WRSGs. The results are given in Table 3 and theergence of the algorithm is presented in Figure
3.

Tab. 3 - Machine characteristics resulting of irefegent

optimizations of the WRSGs e
variables 125 kVA| 165 kVA 180 kVA
Outer stator diameter [mnj]  393.7 420 420 '™ Cos} function =——
Inner stator diameter [mm| 255.2 276.9 278.9 ¢
Slot diameter [mm] 311 326.1 3315/ £ "”
Tooth width [mm] 11.1 12.9 12.4 | # \\
Rotor pole width [mm] 89 100 96.9 090y
Rotor pole opening factor 0.748 0.741b 0.7415 —
Machine length [mm] 285.2 331.7 349.9 ¥y o 0 10 a0 2%
Conductor number 8 6 6 Tteration number
Stator temperature rise [K 83.0 125 125 Fig. 3 - Cost function evolution vs.
Rotor temperature rise [K 124.8 125 125 iteration number for the 165 kVA
Efficiency [%] 91.60 91.79 92.34 WRSG. The results are normalized
Cost [£] 563.20 686.72 757 5@ according the initial 165 kVA design
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It can be noted in Table 3 that for the 165 and KA machines the constraints on rotor and stator
temperature increases are saturated as well as stater diameter. The 125 kVA WRSG has two
saturated constraints: the rotor temperature iseremd the efficiency. These results are in good
agreement with usual remarks: larger machines tiem wery efficient but limited by temperature
constraints. On the other hand smaller machineskamvn to have lower heating but poorer
efficiencies.

Classical Design Approach Covering a Range of Pewer

When designing a series of machines in an indlginigironment, an important constraint is the cost
of production. To reduce investment costs, a stmmgstraint is introduced: all the machines having
the same outer diameter must have the same croisnsgeometry. This means that the three
machines of our range of powers differ only in theack length and their conductor number. Usually
the largest machine cost is optimized and thenstaek length is adjusted as well as the conductor
number in order to obtain the two smaller power mae designs.

Thus starting from the 180 kVA design of Table ®p4variable optimizations (stack length and
conductor number) are carried out but for the peve#rl25 kVA and 165 kVA. The results are given
in Table 4.

Tab. 4 - Machine characteristics resulting fromdlzessical design approach: adapting the largeshima to
obtain the two smaller power machines

variables 125 kVAl 165 kVA 180 kVA
Outer stator diameter [mm] 420
Inner stator diameter [mm 278.9
Slot diameter [mm] 331.5
Tooth width [mm] 12.4
Rotor pole width [mm] 96.9
Rotor pole opening factor 0.7415
Machine length [mm] 261.8 349 349.9
Conductor number 8 6 6
Stator temperature rise [K 87.1 97.8 125
Rotor temperature rise [K 90.3 106.9 125
Efficiency [%] 91.61 92.53 92.34
Cost [€] 594.52 755.85 757.56

One can think of starting from the cross sectiosigie of the smallest optimized machine and then
having the stack length increased and the conductomber changed in order to reach the specified
powers of 165 kVA and 180 kVA. An optimization wperformed according to this idea but the
algorithm was unable to find any solution. Indedéasible solution for the largest machine would be
to enlarge the stack length beyond the upper fiked: the optimal stack length of the largest
machine would be 0.478 m. This confirms the approadopted by manufacturers: designing the
largest machine and then having the stack lengihesied. This way, one can be sure to keep all the
machines of the series within a fixed volume. Byinfy the cross section geometry from the largest
optimized WRSG may not be the most optimal solutitren considering the cost of the entire range.

Simultaneous optimization of a series of machiriemae

It is here proposed to optimize the cost of théremange considering the three machines at the sam
time. The objective function to minimize is themwaighted sum (9) of the individual costs of thesthr
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machines. This method is similar to the annual gngoroduction (AEP) optimization when
considering a wind generator [5, 10].

3

total _cost= Z weight_i* machine i _cost.

i=1

9)

The weighting factors correspond to the repartitbbithe sales inside the considered range. Thus the
cost function to minimize is the average cost pachme.
The design variables are therefore changed. Ingitate stack length and one conductor number,
there are now three stack lengths and three comduoainbers, one stack length and one conductor
number per machine. Three different cases are extudiorresponding to three different sets of
weighting factors given in Table 5.

Tab. 5 — Weighting factors for the three studiesksa

125 kVA | 165 kVA| 180 kVA
Case | 8/10 1/10 1/10
Case Il 1/10 8/10 1/10
Case Il 1/10 1/10 8/10

The optimization results of the three cases arergim Table 6 along with the considered constraints
Moreover the savings due the new proposed metteodiaen.

Tab. 6 — Optimal Machines’ characteristics in cafseon uniform sales

Case | Case Il Case Il
125 | 165 | 180 | 125 | 165 | 180 | 125 | 165 | 180
kVA | kVvA | kvA | kva | kva | kvA | kvA | kvA | KkvA
Outer stator 412 420 420
diameter [mm]
Inner stator 267.6 276.9 277.6
diameter [mm]
Slot diameter [mm] 324.1 332.6 330.6
Tooth width [mm] 12.1 12.3 12.4
Rotor pole width 94.7 951 96.8
[mm]
Rotor pole opening 0.7472 0.7372 0.7427
factor
Macr[‘r':;]'ength 266.2 | 360.7| 394.d 266.1 306/6 35b 2613 348 3921
Conductor number 8 6 6 8 7 6 8 6 6
Statorristgrﬂf]erat”re 823 | 933 | 125] 786 125 111f ss. 9713 115
Rom:i;i"[’lg]erat”re 1104 | 1249| 124d 895 129 12 925 1101 1bs
Efficiency [%] 91.60| 9253 9240 9180 92.00 92p®M1.60| 92.51| 92.35
Cost [£] 573.54 740.39 800.43612.52| 688.28 778.7p590.73| 750.49 758.0p
Mean cost per 612.93 € 689.75 € 741.09 €
machine
Saving compared tp 224 % -6.78 % -0.07 %
classical approach

Whatever the chosen weighting factors, the propasest function gives better results than the
classical design approach. This will give a nonhgdge cost reduction for manufacturers. When
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analyzing the cost of the optimized WRSGs, it carobserved that the heaviest weighted machine is
that which is privileged during the optimizatioropess. This also means that the saturated cortstrain
are often those of the privileged WRSG as can ba seTable 6. In case | the minimum efficiency is
saturated for the smallest machine and the larges are constrained by their temperature increases.
In case Il the 165 kVA and 180 kVA WRSG are bothited by temperature increase. Finally in case
[l the largest WRSG is thermally constrained amel$mallest one by its minimal efficiency.

As expected the cross section design resulting tr@rsimultaneous optimization of the whole series
depends on the sales’ distribution. The differericdke results confirm the adopted approach.

Conclusion

A GA optimization process has been applied to wowrtdr synchronous generators’ design with the
idea of minimizing the cost of the machine. Fittsiree different WRSGs, differentiated by their
power, have been independently optimized under gé&igal, thermal and efficiency constraints.
Then the three WRSGs’ designs were considered &monmdustrial point of view which introduces a
new geometric constraint: the cross section dinogissof the three WRSGs must be the same to avoid
excessive investments in the production tool. Usimg consideration a classical design approach is
carried out and its results are compared with ésealts from the minimization of the newly proposed
objective function. As shown, the new approach gjiletter results in all of the casstsidied. Very
few adjustments are needed for optimizing the wharhge at once and the results show that the global
optimization of the series can bring an importaduction of the global range cost. The method can
be extended to series of any kind of electricaiggent through a straightforward process.
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