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Abstract. A multi-disciplinary optimization design method for permanent magnet synchronous generators
based on thermal modeling is proposed in this paper. The complex coupling among the thermal, electromagnetic,
andmechanical systems and the difficulties in optimization with conflicting objectives of multiple disciplines has
been studied. Firstly, a multi-disciplinary design optimization model is established based on the coupling
relationships between the thermal, electromagnetic, and mechanical performance of permanent magnet
synchronous generators. Then, optimization objectives are set as low temperature-rise, low volume and weight,
and sizeable electromagnetic size. The critical parameters in the thermal, electromagnetic, and mechanical
systems of the generators are considered decision variables. The particle swarm optimization algorithm is
selected as a multi-objective problem-solving algorithm to support the multi-disciplinary optimization of
thermal motor design. Based on thermal modeling, a high disciplinary coupling and high physical fidelity
concept design method for aerospace permanent magnet synchronous generators is presented. This conceptual
designmethod can effectively reduce the design cost of aerospace generators, shorten the development cycle, and
promote the design and development of aerospace permanent magnet generators.

Keywords: Aviation permanent magnet generator / generator thermal design /
multi-disciplinary optimization design / particle swarm optimization algorithm
1 Introduction

In recent years, to accelerate the goal of achieving low-
carbon and green aviation, countries have become
increasingly eager to explore more/all-electric aircraft,
hoping to develop more/all-electric aircraft with at least
equivalent performance to traditional aircraft as soon as
possible. The demand for artificial intelligence, new
concept airborne equipment, and advanced power elec-
tronic technology in more/all-electric aircraft is constantly
increasing, and they are developing towards high altitude,
high speed, long endurance, and lightweight [1]. The
required power of equipment carried by more/all-electric
aircraft is increasing, and the thermal load of the aircraft is
also growing. In addition, the heat dissipation limitations
brought about by supersonic cruising result in an increase
in the stagnation temperature of the external environment,
and the heat sinks, such as fuel, are compressed [1]. These
have put forward higher requirements for the thermal
design of airborne power supply equipment such as the
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permanent magnet synchronous generator (PMSG). The
PMSG is often used as an aircraft power supply due to its
small size, high efficiency, and high power factor. In the
trend of more/all electrified aircraft, the thermal design of
PMSG is crucial for the overall thermal design of the
aircraft system architecture.

Overheating of generator components can worsen the
performance of high-efficiency permanent magnets, accel-
erate winding insulation aging, and decrease efficiency,
shortening the service life of the PMSG [2]. Therefore, the
close connection between the electromagnetic and thermal
design of the PMSG cannot be ignored [3]. Suppose the
electromagnetic system and mechanical components of the
PMSG can be properly designed in the early stages of
design, and the key parameters of the PMSG design can be
adjusted based on the evaluation of thermal losses. In that
case, it can significantly reduce the aircraft design time and
material costs. The thermal design of the PMSG includes
reducing heat generation and designing heat dissipation
methods to manage the heat generated. The heat
generation of PMSG is determined by the losses, and
higher losses lead to additional heat. The heat dissipation
of a PMSG is achieved through thermal convection, which
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transfers heat from the solid surface to themoving fluid and
then to the heat sink components for fluid cooling.
Therefore, in the early design stage, estimating the losses
of the PMSG and properly designing the geometric
structure and electromagnetic characteristics of the PMSG
to reduce the heat accumulation is necessary. Simulta-
neously, suitable heat transfer media should be selected to
implement the heat dissipation components.

Currently, many researchers have researched the
thermal design of motors. Cai et al. proposed a technique
for the thermal modeling of flux-switched permanent
magnet (FSPM) motors that considers anisotropic thermal
conductivity, contact thermal resistance, and convective
heat transfer in air gaps but only studied from the
perspective of the thermal discipline [2]. Nacu et al. only
conducted numerical finite element simulation on the
thermal system of a low-speed external rotor PMSG for
wind power generation, and they have not been studied in
conjunction with other systems in an integrated manner
[3]. Tatevosyan et al. only established a thermal balance
equation based on the magnetic system of the motor and
conducted thermal calculations, which were verified in
ANSYS software [4]. Iden et al. proposed a model that
combines the thermal characteristics of aviation generators
with electromagnetic-mechanical features and then con-
ducted multi-disciplinary design optimization (MDO), but
the optimization improvement was not significant [5].
Considering that the thermal design of the PMSG involves
the interaction of thermal, electromagnetic, and mechani-
cal and has strong discipline coupling, the traditional
conceptual design method is less effective [3]. Therefore,
the PMSG thermal design needs a multi-disciplinary
conceptual design method with high coupling. However,
the information required for multi-disciplinary system-
level conceptual design has dramatically increased,
posing significant challenges to multi-disciplinary motor
design. Fortunately, multi-discipline optimization(MDO)
has been extended to these system disciplines, which
can ensure the interconnection of systems during conceptual
optimization design and avoid unforeseen defects in the
results of conceptual design in the later design stage [5,6].

This paper proposes an optimization design method for
aviation PMSG based on MDO. Firstly, based on the
coupling relationship between the thermal and electro-
magnetic mechanical performance of PMSGs, an MDO
optimization model is established. Then, a multi-objective
particle swarm optimization (MOPSO) based on a non-
dominated solution is designed with the optimization goal
of high efficiency and better heat dissipation performance
as the main objective, combined with the optimization
requirements of small size and light weight, and the critical
parameters related to thermal, electromagnetic and
mechanical of the generator as the decision variables.
The MOPSO algorithm is used to optimize critical
parameters of PMSG thermal design, solve multi-objective
optimization results, and support multi-disciplinary opti-
mization of the PMSG thermal design. Finally, a
conceptual design method of PMSG with high discipline
coupling and physical fidelity based on thermal modeling is
presented.
2 Establishment of PMSG multi-disciplinary
optimization analysis model

Establishing the MDO model of a PMSG requires
decomposing the generator model into electromagnetic,
mechanical, and thermal parts, clarifying the direct or
indirect relationship between critical parameters and heat,
and establishing each system’s mathematical model.

2.1 Mathematical modeling of the electromagnetic
part

The electromagnetic design of a PMSG is mainly to
determine the electromagnetic size of themotor, that is, the
value of the line load A and the maximum air gap flux
density B. The electromagnetic size of the PMSG can be
expressed by

AB ¼ 6:1�P 0

a
0
pKnmkdpD

2Lefn
ð1Þ

where n represents the motor speed; a
0
p represents the

calculated pole arc coefficient, a
0
p ¼ Bev=B and Bav

represents the average magnetic density of the air gap;
Knm represents the waveform coefficient of the air gap
magnetic field, and Knm= 1.11 when the air gap magnetic
field waveform is a sine waveform; kdp represents the
armature winding coefficient, and usually equals to the
fundamental winding coefficient; the calculation formula
of the line load A is shown in equation (2), where m
represents the number of phases of the stator winding,
I represents the phase current of the stator winding and
N represents the number of turns per phase of the stator
winding

A ¼ 2mNI

pD
: ð2Þ

P 0 represents the calculated power of the PMSG, and
its formula is shown in equation (3), in whichKv represents
the ratio of the induced electromotive force to the terminal
voltage of the PMSG with rated load, S represents the
rated apparent power, and h represents the efficiency under
rated load

P 0 ¼ KvS

h
: ð3Þ

D represents the diameter of the stator core, Lef
represents the effective length of the core, D2Lef can
approximately represent the volume of the effective part of
the stator, and the volume of the effective part of the rotor
is also included. Therefore, D2Lef represents the main size
of the motor. The numerical relationship between the two
can be determined by themain size ratio formula (4), where
p represents the number of pole pairs.

l ¼ 2pLef

pD
: ð4Þ



Fig. 1. Force analysis of micro mass units of the rotor.
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From the analysis of equation (1), it can be concluded
that the product of line load A and the maximum air gap
flux density B will affect the volume of the motor. The
larger the product AB, the smaller the volume of the
PMSG. This is favorable for the generator design of
aircraft.When a larger line loadA is selected, the volume of
the motor decreases, and the material requirement and the
manufacturing cost decrease. However, a large line load
will reduce the flux per pole. To ensure that the induced
electromotive force is constant, the number of turns of the
stator winding needs to increase, thereby increasing the
amount of copper wire and copper consumption [7–9].

Because the core loss of the PMSG is proportional to the
square of the magnetic density, to improve the efficiency of
the PMSG, the internal magnetic density distribution of
the PMSG should be reasonable. The maximum air gap
magnetic density B should not be too large. Meanwhile,
excessive air gap magnetic density will also increase the
magnetic circuit saturation. Therefore, in the design of the
PMSG, a lower maximum air gap flux density B is usually
selected, and the higher line loadA is established under the
condition that the copper consumption is within a
reasonable range to reduce the thermal load of the PMSG.
Therefore, there is a tradeoff between the electromagnetic
design and the thermal design of the PMSG, and the value
of the electromagnetic size needs to be determined in
combination with the thermal design.

2.2 Mathematical modeling of mechanical parts

The mechanical design of a PMSG mainly includes
determining the maximum centrifugal stress that the rotor
can withstand and determining the critical shaft diameter
of the rotor.

2.2.1 Determination of maximum centrifugal stress of rotor

When the PMSG rotates, the force analysis of the rotor is
shown in Figure 1. dm represents a mass infinitesimal of the
rotor. The centrifugal force F on the rotor surface is:

F ¼ MrD2
zv

2

4
ð5Þ

where M represents the cross-sectional area of the rotor, r
represents the rotor density, Dz represents the outer
diameter of the rotor, v represents the rotor angular
velocity. The centrifugal stress g of the PMSG is

g ¼ F

M
¼ rD2

zv
2

4
¼ rv2 ð6Þ

where y represents the linear velocity on the outer surface
of the rotor. Centrifugal stress should meet the following
restriction:

g ¼ rv2 � g½ �
Q

ð7Þ

where [g] represents the permissible stress of the rotor
material, Q represents the safety factor of the material.
According to equation (6), the maximum centrifugal force
gmax in the PMSG rotor is proportional to the rotor
density r and the square of the linear velocity v on the
outer surface of the rotor. The rotor density r is determined
by the material used in the rotor. In the case of the angular
velocity range, the linear rotor velocity v is determined by
the outer rotor diameter Dz [10]. From the analysis of
equation (1), it can be seen that the volume of the rotor,
that is, its diameter and length, are related to the
electromagnetic size. Therefore, it can be inferred that
the maximum centrifugal stress of the rotor is also related
to the electromagnetic size. Meanwhile, it is also restricted
by the thermal effect of the PMSG.

2.2.2 Determination of the critical shaft diameter of the
rotor

In PMSG design, the torsional stiffness condition is usually
used to determine the critical shaft diameter of the shaft.
When calculating the stiffness of the rotor shaft, the short
circuit or braking of the PMSGmust be taken into account.
Therefore, the appropriate safety factor Ka should be
selected. In general, the safety factor Ka= 2–3. The critical
shaft diameter calculation formula of the shaft is as follows:

Ds ctit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32KaTn � 180

Gp2 u½ �
4

s
ð8Þ

where Tn represents the rated torque of the PMSG,
Tn=9550P/n; G represents the shear elastic modulus of
the shaft, which is determined by the material properties of
the shaft.

2.3 Mathematical modeling of the heat part

According to the analysis of the first section, the thermal
design of the PMSG includes heat generation analysis and
heat dissipation design.

2.3.1 Heat generation analysis

PMSG generates losses during energy conversion, which
dissipate in the form of thermal energy and generate heat.
Energy loss includes winding copper, core, eddy current,
and wind friction loss.
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1) Winding copper loss
Since the rotor of the PMSG is a permanent magnet, no

excitation winding is required. Only the stator core has
windings. Therefore, only the copper loss in the stator
needs to be calculated. Copper losses are losses caused by
current through the armature winding, including DC
losses, also known as I2R losses, and additional eddy
current losses [4].

(1) I2R losses
The following formula gives I2R losses

PI2R ¼ mI2R ð9Þ
where m represents the phase number of the stator
winding, I represents the phase current of the stator
winding, and R represents the winding DC resistance. The
winding resistance will change with the temperature
change. The higher the temperature is, the greater the
resistance is. Usually, the winding resistance at 75 °C is
taken as the standard. The resistance calculation formula
at this temperature is as follows:

R75 ¼ r75al

b
ð10Þ

where r75 represents the resistivity of the armature winding
at 75 °C, a represents the number of conductors in series per
phase, l represents the length of each coil winding, and b
represents the number of copper wires in each conductor.

(2) Additional eddy current loss
The additional eddy current loss is derived from the

skin effect of the conductor itself caused by the influence of
AC around the conductor when AC is out of the conductor
itself, as well as the proximity effect produced between
conductors that are close together at this time. The
calculation formula is as follows:

Paddv ¼ PI2R kd � 1ð Þ ð11Þ

where kd represents the average resistance coefficient, which
is the ratio of effective AC resistance to DC resistance.

Analysis of equations (9) and (11) shows that the copper
loss is temperature dependent, and as the temperature
increases, the I2R loss will increase while the additional eddy
current loss will decrease. When the PMSG operating
frequency is lower than 1000Hz, the average resistance
coefficient is close to 1, and the additional eddy loss can
be neglected. The additional eddy current loss must be
considered only when the PMSG operating frequency is
higher than 5000Hz. Moreover, I2R loss and line load A are
related to the stator winding. While I2R loss needs to be
reduced, the line loadA needs to be as large as possible; thus,
the design requirements of these two are just opposite, and
the coupling between these two must be considered for the
PMSG design.

2) Core loss
The stator core generates iron losses in an alternating

magnetic field due to magnetization reversal and eddy
currents heating. The iron losses are generally divided into
hysteresis losses and eddy current losses [11].

(1)Hysteresis loss
The frequency of the alternating magnetic field and
the flux density determine the hysteresis loss, and the
hysteresis loss per unit volume of the iron core can be
calculated as follows:

Pmh ¼ fKfB
a
fe ð12Þ

where f represents the winding current frequency, Kf
represents the material constant, Bfe represents the
maximum density of core flux, and the value a is related
to the magnetic core density, ranging from 1.8 to 2.2.

(2) Eddy current loss
Eddy current loss is caused by the current induced by

alternating magnetization in the core, and the following
formula calculates the eddy current loss per unit volume:

Pec ¼
p2f2t2B2

fe

rzb
ð13Þ

where t represents the material thickness, b represents the
geometric coefficient, and rz represents the resistivity of
the material. The stator core is usually designed with thin
silicon steel sheets stacked and insulated between each
other, with eddy currents flow within each sheet to reduce
eddy current losses.

The rotor flux density Bfe is determined by the flux F
per pole and the corresponding magnetic circuit area Mfe.
The calculation formula is as follows, where Ffe represents
the wave amplitude factor reflecting the effect of magnetic
circuit saturation:

Bfe ¼ Ffe
F

Mfe
: ð14Þ

The following equation determines the magnitude of
the magnetic flux per pole:

F ¼ Ba
0
ptLef : ð15Þ

The rotor flux density varies with air gap flux density.
A smaller air gap magnetic density in electromagnetic
design helps reduce the core loss.

3) Rotor eddy current loss
The permanent magnet eddy current losses arise from

the higher harmonics of the air gap flux, which is calculated
as shown below [12]:

Pzec ¼ 1

Te
∫Te
0

Xk
i¼1

J2
iDJi ð16Þ

where Ji represents the surface eddy current density, D
represents the rotor surface unit area, Te represents the
rotor surface area, i=1∼k represents the number of units of
rotor eddy current density. Usually, the rotor eddy current
loss is negligible and only considered when the PMSG is
running at high speed.

4) Wind friction loss
The wind friction loss is the energy lost in the gas due to

the relative motion of the gas flowing between the rotor and
the stator, and its contribution to heat at high speeds



Fig. 2. Comparison of heat transfer coefficients of different
cooling methods [16].

H. Wang et al.: Int. J. Simul. Multidisci. Des. Optim. 15, 28 (2024) 5
cannot be ignored [13], which can be calculated as follows:

Pwind ¼ cKmprfv
3D4

zLef ð17Þ

where c represents the rotor surface roughness, Km
represents the rotor surface friction coefficient, and rf
represents the fluid density.

5) Calculation of temperature rise due to losses
According to the principle of heat transfer, it is known

that the relationship between the maximum temperature
rise T of the PMSG and the copper loss, iron loss, and wind
friction loss is [14]:

PI2R þ Paddv þ l1ðPmh þ Pec þ PzecÞ þ l2Pwind

¼ psDzLef l3 þ l4

ls

� �
DTemp

ð18Þ

where λ1and λ2 respectively represent the weighting factor
of the effect of iron loss and wind friction loss on the PMSG
temperature rise; s represents the heat dissipation coeffi-
cient of the heat dissipation surface; λ3 and λ4 respectively
represent theweighting factor considering the contribution
of the rotor and stator surfaces to heat dissipation; λs
represents the ratio of the outer diameter of the rotor and
stator, generally known as the split ratio [15].

2.3.2 Heat dissipation design

Standard coolingmethods include natural air cooling, forced
air cooling, liquid cooling, etc. Different coolingmethods are
chosen for different cooling requirements of different equip-
ments. Liquid cooling is usually selected for high power and
high heat density equipment such as aviation PMSG.
Because the heat transfer coefficient of liquid cooling (Fig. 2)
[16] is much higher than the other two heat dissipation
methods, the operating performance is preferable.

Liquid cooling often uses water, oil, or glycol aqueous
solution as the liquid medium because oil can be directly
poured into the interior of the PMSG and the rotor and
stator windings of the PMSG for more efficient heat
exchange. Oil’s heat dissipation performance is better, the
heat dissipation efficiency is higher, and the aircraft fuel
tank is in a low-temperature environment. Thus oil can
quickly dissipate heat to speed up the cooling cycle without
adding extra weight, so aircraft generators usually use oil-
cooled heat dissipation.

According to the motor heat transfer theory, heat will
be transferred from high- to low-temperature place.
Assuming that the object’s state in the heat transfer
process is constant and the heat transfer process is linear,
the heat transfer process can be simplified to one-
dimensional, steady-state heat transfer model. Then the
temperature transformation of the PMSG and coolant in
the heat dissipation process can be obtained as follows:

CgGgðTe � TrÞ ¼ roCoqvoQin

dTe

dt emp
ð19Þ

where Gg represents the mass of PMSG, Cg represents the
specific heat capacity of PMSG, Qin represents the heat
absorbed by the coolant, ro represents the density of
cooling oil, Co represents the specific heat capacity of
cooling oil, qvo represents the volume flow of cooling oil, Te
represents the initial temperature of the generator, Tr
represents the temperature of the generator after heat
dissipation, assuming Te�Tr= dTcold, so that the maxi-
mum temperature rise of the PMSG can be changed to:

DT �
temp ¼ DTtemp � DTcold: ð20Þ

The volume of the cooling oil can be determined
according to equation (20). It is also necessary to determine
the cooling and heat dissipation area of the PMSG:

Mrg ¼ Qin

Kr⋅DTr
ð21Þ

where Kr represents the radiator heat dissipation coeffi-
cient and DTr represents the average temperature differ-
ence between the cooling oil and the ambient air. From
equations (19) to (21), the relevant parameters required for
heat dissipation design can be determined.

3 Design of MOPSO algorithm for generator

The optimization algorithm is used to solve the critical
parameters inthemulti-disciplinaryoptimizationmodelof the
aeronauticalPMSG.Since theconceptualdesignof thePMSG
involvesoptimizingthermal, electromagnetic,andmechanical
systems, the multi-objective optimization of the generator
must be a multi-objective problem. It can be seen from the
analysis in Section 2 that there are certain contradictions
between these optimization objectives, so it is necessary to
choose an appropriate optimization algorithm to coordinate
multiple objectives and achieve the overall optimization.

The multi-objective optimization algorithm can be
divided into normalization algorithm and non-normalization
algorithm. The normalization algorithm transforms the
multi-objective problem into a single objective problem by
the weighting methods and then solves it by the traditional
optimization algorithm. However, it is easy to be affected by



Table 1. Decision variable.

Performance parameter Performance parameter

Calculated pole-arc
coefficient

Armature winding
coefficient

Air gap magnetic density Main size ratio
Rotor outer diameter Volume flow rate of oil
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the subjective judgment of designers, and the optimization
effect and efficiency are not good. Non-normalization
algorithm uses the Pareto mechanism to deal with multiple
objectives of the optimization technologydirectly andhas the
advantages of easy operation, simplicity, and versatility. It
can get a whole Pareto frontier at one time, rather than the
traditional optimization algorithm to solve one by one,
improving optimization efficiency. Particle swarm optimi-
zation (PSO) algorithm, as a typical non-normalized
algorithm, has fewer parameters than other algorithms, solid
global searchability and search efficiency, and fast computing
speed. It is good at dealingwith global optimizationproblems
ofmulti-extremumfunctions,which is suitable for solving the
designed multi-disciplinary optimization model.

3.1 The basic principles of PSO

PSO initializes a group of random particles. At each
iteration, the particle updates itself by tracking two
“extreme values”. One is the individual extreme value pB,
which is the optimal solution searched by the particle itself;
the other is the global extreme value gB, which is the
optimal solution searched by the whole population at the
current moment. After two extreme values are searched,
the particle updates its speed and position according to the
following update formula:

vkþ1
pi

¼ wvkpi þ c1r and 0 and 1ð Þ pkBi
� xk

pi

� �
þc2r and 0 and 1ð Þ gkBi

� xk
pi

� �
vp:

ð22Þ

xkþ1
pi

¼ xk
pi
þ vkþ1

pi
: ð23Þ

w ¼ wini � wdamp: ð24Þ
In equations (22)–(24), vp represents the velocity of

particles, w represents the inertia weight, wini represents
the initial weight, wdamp represents the weight attenuation
coefficient. The earlier weight is generally larger, and the
algorithm tends to globally search and determine the range
of the optimal value; the later weight is smaller, and the
algorithm tends to the optimal range of local search and
determines the Pareto optimal solution. Then, xp repre-
sents the position of the current particle pB and gb represent
extreme individual value and extreme global value,
respectively; rand () is a random number between (0,1),
c1, c2 represent acceleration factors, representing the
acceleration weight of particles advancing towards gBest
and pBest, whose value ranges from 0 to 4, usually c1= c2 =2,
i=1,2,3 ... pop, pop represents population size; k represents
the current iteration number.

3.2 Non-dominant solution

Since it is difficult to ensure an optimal set of solutions to a
multi-objective problem, but there will be a set of solutions
that are better than other solutions in all directions, this
group of solutions is the non-dominant solution, also called
Pareto optimal solution.A non-dominant solution is defined
as a solution, such as r1, that is not dominated by any other
solution in a set. This means that for any other solution, r2,
there is at least one target where r1 is not superior to r2. In
other words, there is no solution that outperforms r1 in all
targets simultaneously. If no other solution in the set
dominates r1, then r1 is considered non-dominant [17]. The
non-dominated solution can accurately evaluate the opti-
mality of the solution of themulti-objective problem, so this
paper will design the multi-objective PSO algorithm based
on the non-dominated solution.

3.3 Fitness function design

According to the design content of electromagnetic,
thermal, and mechanical parts of the generator, with low
temperature rise, low volume, and large electromagnetic
size as optimization objectives, and with each one-
dimensional particle as the decision variable shown in
Table 1, the fitness function of multi-objective optimiza-
tion of the generator is shown in the following equations:

fit ¼ minð�fitD; fitV ; fitT Þ
�fitD ¼ �AB
fitV ¼ D2LefþGg

fitT ¼ T �
emp

ð25Þ

where fitT fitV,-fitD respectively, represents the low-
temperature rise, low volume, and large electromagnetic
size optimization goals.

At the same time, there are many equality and
inequality relations in the calculation process of the above
objective, which will become the constraints limiting the
values of decision variables. Therefore, there are many
constraints in the multi-objective optimization problem.
The direct or penalty function methods can solve the
constrainedmulti-objective problem [18]. The advantage of
the direct method is simple, but it requires a large amount
of calculation, and the convergence rate is slow, so it is
unsuitable for the PMSG model [19]. The penalty function
method can transform constrained problems into uncon-
strained problems, and the convergence speed is fast, which
can realize efficient optimization design.

The penalty function method transforms the constraint
conditions into penalty function P, which is added to the
objective function. For the inequality constraint gc� 0, the
penalty term Gp is:

Gp ¼ maxð0;�gcÞ ð26Þ
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For the equality constraint hc, the penalty term Hp is:

Hp ¼ maxð0; jhcj � jÞ ð27Þ
j represents the minimum deviation of equality

constraint, |hc|� j� 0.
The penalty function P is the sum of each constraint

penalty term:

P ¼ #
Xlg
kg¼1

Gkg
p þ

Xlh
kh¼1

Hkh
p

2
4

3
5 ð28Þ

where # represents penalty factor, kg= 1,2,3...lg, lg
represents the number of inequality constraints, kh=
1,2,3...lh, lh represents the number of equality constraints.

Considering the different importance of different
constraints, the weight of corresponding importance should
be given to penalty terms. For inequality constraints, its
weight Wkg

g is treated as follows:

W
kg
g ¼

Xpop
i¼1

Gkg
p xpi

� �
Xlg
kg¼1

Xpop
i¼1

Gkg
p xpi

� �
Xlg
kg¼1

W
kg
g ¼ 1:

ð29Þ

For equality constraints, its weight Wkg
g is treated as

follows:

W
kh
h ¼

Xpop
i¼1

Hkh
p xpi

� �
Xlh
kh¼1

Xpop
i¼1

Hkh
p xpi

� �
Xlh
kh¼1

W
kh
h ¼ 1:

ð30Þ

The numerator in equations (29) and (30) represents
the sum of the penalty terms of all particles under this
constraint; the denominator represents the sum of penalty
terms of all particles under all inequality or equality
constraints. The final penalty function P is as follows:

Xlg
k

Xlh
k

2 3

P ¼ ϑ

kg¼1

W g
g Gkg

p þ
kh¼1

W h
h Hkh

p
4 5: (31)
The objective function can be rewritten as:

fit ¼ minð�fitD; fitV ; fitT ;PÞ: ð32Þ
3.4 The design process of the MOPSO algorithm

The flowchart of the MOPSO algorithm is shown in
Figure 3, the specific process is as follows:
–
 Initialize the MOPSO, set the number of iterations T,
population size pop, population size rpop of the non-
dominant solution, particle dimension D, the range of
particles in each dimension [popmin(j), popmax(j)], and
the velocity range of particles [Vmin(j), Vmax(j)], where
j represents particle dimension.
–
 Initialize the speed and position of each particle, and
initialize the current position as the historically optimal
position of the population.
–
 Calculate the three fitness values of each particle fitD[xp],
fitv[xp], fitT[xp], and penalty function value as the initial
value of algorithm iteration, and preliminarily screen the
non-dominant solution set rep.
–
 Select any particle position from the non-dominated
solution set as the optimal position for the population.
Update the velocity of each particle according to the
velocity update formula. Then the position of the particle
is updated according to the position formula.
–
 Calculate each particle’s fitness and penalty function values.

–
 Judge whether the particle is dominated; otherwise, add
the non-dominated solution set rep. Then judge whether
there is a dominant solution in the non-dominated
solution set, and delete it if there is. Finally, judge
whether the non-dominated solution reaches the maxi-
mum population number of non-dominated solutions,
and delete the excess particles if it exceeds.
–
 Update weight coefficients. Judge whether the algo-
rithm’s operation reaches the maximum number of
iterations; otherwise, return to step (2) to continue
iteration. If yes, the algorithm’s process is terminated,
and several groups of non-dominated solution sets and
corresponding fitness function values are output.

4 Optimization results of the MOPSO algorithm

The non-dominated population rpop of the MOPSO
algorithm is set to pop/2, and the maximum number of
iterations T is set to 400; the initial weight coefficient
wini = 0.7, and the weight attenuation coefficient wdamp=
0.98; the acceleration factors c1= 1.4995 and c2= 1.4995.
Before the conceptual optimization design of the PMSG, it
is necessary to confirm the number of populations that the
MOPSO algorithm can achieve global convergence. The
Pareto frontier is useful to determine a suitable particle
population size pop when the maximum number of
iterations T is selected, then the MOPSO algorithm can
achieve global convergence accurately and rapidly. The
Pareto frontier curves under different population sizes are
shown in Figure 4. In the figure,V represents the volume of
the PMSG; G represents the weight of the PMSG; Tr
represents the temperature rise of the PMSG; and AB
represents the electromagnetic size. A comparison of the



Fig. 3. Flowchart of MOPSO algorithm.
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Fig. 4. Comparison of Pareto frontier curves under different
population numbers: (a) electromagnetic size and temperature
rise and (b) volume+weight and temperature rise.
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Pareto frontier curves for the population size of 200, 300,
and 400 shows that when the population size increases from
200 to 300, the position of the Pareto frontier curve changes
greatly, indicating that it is only locally convergent at this
time. When the population size varies from 300 to 400, the
position of the Pareto frontier curve is almost unchanged.
Comparative results show that the algorithm can achieve
global convergence when the population size is over 300.
Considering that an increase in population size will slow
down the calculation speed, a population size of 300 was
ultimately chosen.

As shown in Figure 4, the volume and weight of PMSGs
typically increase as the temperature rise increases. In
contrast, the electromagnetic size decreases as the
temperature rise increases. Considering that the conceptual
designmethod is based on thermalmodeling, a small portion
of the air gap magnetic density will be sacrificed during the
algorithmoptimizationprocess to reduce theheat sourceand
requirements for the radiator.

The previous analysis shows that the comprehensive
optimality of each solution on the Pareto curve is the same
for the three objectives. Therefore, any data set is selected
to compare with the PMSG performance parameters before
optimization and calculate the corresponding rate of
change. Following the MOPSO algorithm in Figure 3
based on the electromagnetic, mechanical, and thermal
models in Section 2, the critical parameters optimized by
MOPSO in this group are shown in Table 2. The optimized
performance parameters obtained based on these critical
parameters are shown in Table 3. The selected PMSG-
rated parameters for comparison are a rated output power
of 500kW, rotate speed of 25000 r/min, a current of 722.53
A, and a voltage of 400V.

From the comparison of the data in the table, it can be
seen that the optimized PMSG efficiency has significantly
improved, and the temperature rise has also significantly
decreased. The volume radiator area of the PMSG and the
volume flow rate of oil have slightly increased, but the
change is tiny. It can be seen that under similar PMSG
volume conditions, the thermal performance of the PMSG
has been greatly improved.

Although the electromagnetic size of the PMSG has
decreased to a certain extent compared to the original,
which will lead to an increase in volume and weight, it can
reduce copper and iron losses, which is beneficial for
improving thermal performance. The permissible stress of
the mechanical design parameters of the PMSG increases
with the increase in volume, and the requirements for the
mechanical endurance of the material may increase. The
critical diameter of the shaft changes slightly only because
the autogenous material and torque limit it, but not
because of the improved thermal properties.
5 Conclusion

This paper establishes a multi-disciplinary optimization
analysis model for the PMSGwith coupled electromagnetic,
mechanical, and thermal systems. An efficient and intelli-
gent multi-objective optimization algorithm is presented,
forming a conceptual design method for aviation PMSGs
based on MDO. The convergence of the optimization
algorithm is verified, and the optimization results are
compared and analyzed. The following conclusions can be
drawn:

–
 According to the needs of the optimal design of the
PMSG, The critical parameters of the electromagnetic,
mechanical, and thermal systems of the PMSG are
determined. The coupling in the electromagnetic,
mechanical, and thermal systems is then analyzed to
derive the relationship between each critical parameter
and thermal parameters. Finally, the MDO model of the
motor is built.
–
 Combining non-dominated solutions and penalty func-
tions, The MOPSO algorithm is designed based on the
MDO model. The algorithm simultaneously considers
the interactions between various parameters and



Table 2. Critical parameters obtained by MOPSO.

Performance parameter Value Performance parameter Value

The outer diameter of the stator core (mm) 124.35 Number of stator slots 24
The inner diameter of the stator core (mm) 310.88 Number of parallel coils 39
Length of stator core (mm) 346.25 Number of series turns of each

phase winding
3

Length of the air gap (mm) 0.45 The thickness of the sheath (mm) 4.5
The outer diameter of a permanent magnet (mm) 121.38 The thickness of the permanent

magnet (mm)
3.01

The inner diameter of the permanent magnet (mm) 70.84 Width of permanent magnet (mm) 15.02
Pole-pairs 1 The volume flow of oil (m3/s) 13983.61
Calculated pole-arc coefficient 0.72 Area of radiator /m2 0.0653
Permissible stress (N/m2) 134.20

Table 3. Optimization parameter comparison.

Performance parameter Non-optimization Optimized Rate

Weight (kg) / 148.001 /
Volume (m3) 0.00506 0.00533 +5.34%
Temperature rise (k) 1292 886.70 −31.37%
Efficiency (%) 96.4 98.70 +2.39%
Line load (A/m) 39000 38801.451 −0.51%
Air gap magnetic density (T) 0.63 0.602 −4.44%
Permissible stress (N/m2) 130.48 134.20 +2.85%
Critical shaft diameter of the rotating shaft (mm) 70 71.76 +2.51%
The volume flow rate of oil (m3/s) 13000 13983.61 +7.57%
Radiator area (m2) 0.062 0.0653 +5.32%
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disciplines, while balancing the conflict between PMSG
thermal and other requirements. Ultimately, a reliable
and coordinated conceptual design method for aviation
PMSGs based on thermal modeling is formed.
–
 The proposed conceptual design method can improve the
thermal performance of aviation PMSG. It effectively
supports the multi-disciplinary optimization of PMSG
thermal design and can reduce the design cost of
aerospace generators and shorten the development cycle.
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