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Abstract

Permanent magnet synchronous motors are efficient_motors, which have
widespread applications in electric industry due to their noticeable features. One of
the interesting applications of such motors is in underwater vehicles. In these cases,
reaching to minimum volume and high torque of the motor are the major concern.
Design optimization can enhance their merits considerably, thus.reduce volume and
improve performance of motors. In this paper, a new method for optimum design of
a five-phase surface-mounted permanent magnet synchronous motor is presented to
achieve minimum loss and magnet volume/with an increased torque. A multi-
objective optimization is performed in search for optimum dimensions of the motor
and its permanent magnets using particle swarm optimization. The design
optimization results in a motor with great improvement regarding the original
motor.

Keywords: Permanent magnet, Particle. swarm optimization, Finite element analysis,
Underwater vehicles

1. Introduction

Permanent magnet synchronous motors (PMSM) are one of the most proper and
efficient motors in electricity industries, which are good candidates for applications
such as naval and space systems, electric vehicles and, etc. Replacing excitation
winding of the rotor with permanent magnets (PM) makes these motors more efficient
than their excited counterparts; hence they are used in applications with high efficiency.
The most important advantages of such motors are: high efficiency and power density,
low loss and maintenance cost and, etc.

One of the most interesting applications of PMSMs is to use as unmanned
underwater vehicles. Due to low space and limited capacity of batteries, having
maximum efficiency and minimum volume is of great concern in such systems. Hence,
design optimization can enhance operational characteristics of motors. There is great
number of researches in literature dealing with optimum design of PMSMs. For
example, Jannot et al. [1] have presented a multi-physic modeling of a high speed
PMSM which is carried out with genetic algorithm optimization. Objective functions of
this paper are efficiency and weight of motor. A design optimization of PMSM for high
torque capability and low magnet volume has been presented in Ref. [2]. In this paper,
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objective function is a combination of torque and magnet volume. Roshandel et al. [3]
have proposed an optimization task for linear PMSM which is based on a reduction in
thrust ripple. Design optimization of a linear permanent magnet synchronous motor for
extra low force pulsations is presented in Ref. [4]. Besides, there are publications
specified to design, analyze and study the PMSMs [5-9]. However, no specific research
has been carried out for optimization of PMSMs in such applications.

Aim of this paper is to optimize a five-phase PMSM with surface-mounted magnet as
propeller of an unmanned underwater vehicle. For this purpose, particle swarm
optimization (PSO) is applied which is a new optimization algorithm. Optimization is
performed with an objective function which is a combination of efficiency, magnet
volume and torque of the motor.

2. Brief Description about Underwater Vehicles

Underwater vehicles (UVs) can be divided into two groups: manned and unmanned,
commonly known as underwater robotic vehicles (URVs). URVs are very attractive and
appropriate for operation in unstructured and hazardous environments such as the ocean,
hydro power plant reservoirs and at nuclear plants.

Depending on the depth of submersion and time of autonomous operation, the mass
of payload is only from 0.15 to 0.3 of the mass of vehicle. The major part of an
autonomous UV’s displacement is taken by the battery. The time of autonomous
operation depends on the battery capacity. The motor’s efficiency is very important.
There are two duty cycles of UVs: continuous duty limited by the capacity of battery
(up to a few hours) and short time duty (up to2 to 3 minutes). The output power of
electric motors for propulsion is up to 75 kKW for manned UVs (on average 20 kW) and
200 W to 1.1 kW for unmanned URVS. To obtain minimum mass and maximum
efficiency the angular speed is usually from 200 to 600 rad/s [10, 11].

This paper deals with.the optimum design of a five-phase surface-mounted PMSM as
the propeller of an unmanned underwater vehicle (Figure 1). A 3D view of a typical
surface-mounted PMSM is shown in Figure 2. Appendix A illustrates the selected
specifications of a typical PMSM used for comparing to the optimized motor. These
ratings and parameters are chosen according to the need of the propeller of an
unmanned underwater vehicle.

Figurel. PMSM as engine propeller
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Figure2. Typical surface-mounted PMSM

3. Machine Model

a. Magnetic Modeling
The air gap flux can be written as

K
¢ =Kp=——"——4,
g 14K, Ha9hn (1)

1A,

Where |, and A, are the' magnet length and cross-sectional area respectively, and g
and Agq are the air gap length and cross-sectional area respectively. Substituting the flux
concentration factor Co=Am/Ay, the flux density relationships Bg=®¢/Aq and B=D,/An
and the permeance coefficient as P.=In/(gCo) into (1) gives an air gap flux density of
B _ K,Cy
g
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This equation describes the air gap flux density crossing the air gap. For the motor
being considered here with surface magnets, the leakage factor is typically in the range
0.9<K|<1.0, the reluctance factor is in the range 1.0<K<1.2, and the flux concentration
factor is ideally 1.0. If one considers these values to be fixed and the remanence B; to be
fixed by the magnet choice, the permeance coefficient P, determines the amplitude of
the air gap flux density. As the permeance coefficient increases, the air gap flux density
approaches a maximum that is slightly less than the remanence. Without flux
concentration, it is not possible to achieve an air gap flux density By greater than Br
Moreover, the relationship between permeance coefficient and air gap flux density is
nonlinear. The air gap flux density approaches the remanence asymptotically. Doubling
Pc does not double By. However, doubling Pc means doubling the magnet length, which
doubles its volume and associated cost. The flux density in (2) defines an approximation
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to the air gap flux density over the surface of the magnet pole. That is, (2) gives the
amplitude of the air gap flux density |Bg|. Over North poles, Equation (2) gives the
positive amplitude, and over South poles, Equation (2) gives the negative amplitude.
While this approximation is far from exact, the derivation of (2) provides valuable
insight into motor operation, and (2) itself illustrates fundamental principles that exist
even when more accurate modeling is performed [10].
The d-axis armature reaction reactance with the magnetic saturation included is
2
Xa =KX, =20pf Mikfd 3)
7P g

where o is the magnetic permeability of free space, 1, is pole pitch, L is the axial
length of the stator core and

N _k, ) 7L
X, = 20p,f Sonku) Tk

2 7P g )

is the inductive reactance of the armature of a non-salient-pole (cylindrical rotor)
synchronous machine. Similarly, for the g-axis

(N phkw )2 i
9,

For most PM configurations the equivalent air gap g' in equations (3) and (4) should
be replaced by gkcksat hm/trec @and g'q in equation (5) by gkcksaq Where gq is the
mechanical clearance in the g-axis, kc is the Carter's coefficient for the air gap and
ksa>1 is the saturation factor of the magnetic circuit.

For salient pole rotors with electromagnetic excitation the saturation factor Ksag~1,
since the g-axis armature reaction fluxes, closing through the large air spaces between
the poles, depend only slightly on the saturation [11].

For a salient-pole motor with electromagnetic excitation and the air=@ap g
(fringing effects neglected), the d- and g-axis form factors of the armature reaction are

X o =KX o = 2044 K (5)

_o;r+sinagw

K _a;r-sing;w
fd —

Kg =" (6)

T T

where o 1S pole arc to pole pitch ratio.

b. Electrical Modeling
Total copper loss is

P, =5R,(I,)’

cu S( s) (7)
Core loss is
_ 2 2p 2

P. =k, fB, +k.f B, ®8)

Mechanical loss (Windage and friction loss) is considered between 0.5 to 3 percent
and stray loss is considered 0.5 to 1 percent of the output power [12, 13].
Therefore, total loss is deduced as
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PLoss = Pcu + Pc + I:)mech + Pstray (9)
Now, efficiency is determined through the following equation
— POUI

TP 4P (10)

out loss

Magnet volume is defined as follow
_ b . D 2
Vu =¢ (”(?_g) _”(E_Q_Im) jl- (11)
Finally, electromagnetic torque is calculated as follow [14]
D
T =7B,L(5) (12)
Detailed view of motor and parameters are given in Appendix B.

4. Optimum Design with Particle Swarm Optimization

a. Description of Particle Swarm Optimization

In this section, we describe Petri nets in MFMF according to its formal definition

A well-known branch of meta-heuristic optimization algorithms is particle swarm
optimization (PSO) which has been developed rapidly and has been applied widely
since it was introduced, as it is easily understood and realized. This population-based
algorithm, developed by James Kennedy and Russell Eberhart in 1995, is a stochastic
search procedure based on observations of social behaviors of animals, such as bird
flocking and fish schooling. In this algorithm, particles constituent population, fly
through the multi-dimensional search space and each particle's velocity and position are
constantly updated according to the best previous performance of the particle or of the
particle’s neighbors, as well as the best performance of the particles in the entire
population. In this section the parameter of the BLDC motor is optimized using PSO. In
the following, algorithm description is explained.

The Particle Swarm Optimization (PSO) algorithm, proposed by Kennedy and
Eberhart (1995) [15, 16], inspired by social behavior of bird flocking or fish schooling.
In the PSO algorithm, each solution is corresponding to a bird in the search space,
considered as a particle. Each particle has a fitness value evaluated by a fitness function
and a velocity in direction of particles by following present optimal particles. The
algorithm is started with a random selection of particles as initial population. Particles
are updated by following two values in each iteration: First, the best fitness obtained by
the particle till now (local optimum) which is saved as pbest; Second, the best fitness of
all particles (global optimum) called gbest. After obtaining these two values, particles
update their velocity and position:

V D =w V*+C, .rand, (...). X(pbest, -s¥)+C,.rand, (...). X(gbest-s}) (13)

Where VX denotes the ith particle’s velocity in kth iteration; w is the weighting

function; C; is weighting or learning factor; rand is a random number normally

distributed between 0 and 1; sk is the present position of ith particle in kth iteration;
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pbest is the best position of ith particle while gbest is attributed to the group. The value
of weighting factors is usually equal to two (C; = C, = 2).
Weighting function, used in the equation (13), is given below:
w=wMax-[(wMax-wMin ) xiter | /maxiter (14)
WherewMax is final weight; maxiter is the maximum number of iterations and iter is
the number of iterations by now. For updating the position:
k+l _ ok k+1
Si _Si +Vi (15)
Large value of the inertia weight w helps the global search while small value of it
helps the local search.
Particle's velocity in each dimension is clamped to a maximum velocity, Vmax. The
Pseudo Code of the PSO algorithm is shown in Figure 3.

For each particle

Initialize particle

End

Do

For each particle

Calculate the fitness value

If the fitness value is better than the best fitness in the past (pbest)
Replace this value with the previous pbest

End

Choose the particle with the best fitness value among all particles as
ghest

For each particle

Calculate the particle's velocity by equation (14)

Update the particle's position by equation (15)

End

Until termination criterion is satisfied

Figure3. Pseudo Code of the PSO algorithm

For the abjective function, the optimum value is produced after various tunings of
PSO parameters which are listed below:

S determines the size of the population.

Vmax determines the maximum change one particle can take during each iteration.

C1, C, which are learning factors and usually are equals.

Iteration which determines the maximum number of iterations the PSO execute.

From the results it can be seen that the most efficient parameter values in terms of
goal functions' optimum values, convergence of optimization process, and smoothness
of output plot are as Table 1.
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Tablel. PSO parameters values

PSO parameters Value

S 1500

Vmax [0.001,0.01,0.01,0.005]
C.Co 2

Iteration 500

The effect of each parameter listed above on the output result is described as follow:

Population size (S) should be large enough to ensure convergence and smoothness of
the output plot while it's too large amount is redundant.

Maximum velocity (Vmax) should be small enough to ensure that the particles would
not pass optimum value while it should be large enough to prevent to fall in local
optima.

Learning factors (C;, C,) which are usually equals and range from [0, 4].

Iteration number (iteration) should be large enough to ensure the convergence while
it's too large amount is redundant.

b. Optimization Process

In this paper, objective function is a combination of total loss, volume of the magnets
and torque of the motor. Objective function is defined as
P (D,L)+V (D,L,l, )

F = TO.L) (16)

That is to be minimized. This means minimizing total loss and PM volume while
maximizing torque, simultaneously. In this survey, design variables are: L, D, I, and a.
Figure 4 shows objective function versus iteration. As shown in this figure, objective
function converges and reaches to its optimal value i.e. 1.932 after 293 iterations. The
optimum values of the design variables are listed in Table 2. Comparing these results
with the specifications of a typical motor presented in the Appendix A shows that the
design optimization results in magnets with decreased length but pole arc to pole pitch
ratio slightly increased. Moreover, D has increased and L decreased.

Table 3.compares the motor parameters, d-axis and g-axis reactance, torque, PM
volume and efficiency of the two designs. It can be seen that the optimization reduces
the PM volume by 15.3% and increases the torque by 13% while both Xy and Xq
increase. Besides, it is shown that efficiency slightly decreased. However, this reduction
in efficiency is not too important and it doesn’t affect the operational performance of
motor. Generally speaking, this optimization provides considerable advantages for the
optimized motor over the typical one in terms of initial cost, volume and performance.
Different tuning in variables constraints would avoid reduction in efficiency, but on that
condition torque could not be increased too high.
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Figured. Objective function versus iteration

Table2. Optimal values of design variables

Dimension/Parameter Value
D (mm) 75

L (mm) 60

Iy (MmM) 0.55
q; 0.8

Table3. Specifications of Typical and Optimized Motor

Xs(Q) X (Q) Vm(cm® T (Nm) Efficiency (%)
Typical motor 39.05 21.02 757 3.36 89.26
Optimized motor  41.53  24.3 6.41 3.7968 89.009

5. Conclusions

This paper presented an optimum design for a five-phase surface-mounted permanent
magnet synchronous motor. After that, a design optimization is performed on a surface-
mounted PMSM in search for proper dimensions of motor and its magnets to achieve a
reduced total loss and magnet volume and a high torque. The design optimization leads
to a motor with more than 15.3% reduction in magnet volume and 13% increase in the
torque with respect to the original motor. This shows that the motor can be designed
more efficiently with better operational performance.

Future works may be devoted to optimization of such motors with other optimizing
algorithm or with other objective functions.
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Appendix A

Typical motor specifications used as a basis for comparison

Parameter Description Value
Pout Output Power 550 W
Vi Rated Voltage 220V

P Number of poles 4
Ng Rated Speed 1500 rpm
Is Phase Current 1.4 A
f Drive Frequency 50 Hz
D Stator Inner Diameter 67.5 mm
L Motor Axial Length 66.1 mm
Dout Stator Outer Diameter 121 mm
hyi Stator yoke height 8.8 mm
hg Slot height 18 mm
I Permanent Magnet Length 0.7mm
a; Pole arc to pole pitch ratio 0.75
g Air Gap Length 0.9 mm
Bav Average flux density 05T
ac Specific electric loading 22000 A/m
B, Remanent flux density 12T
Bs Saturation flux density 15T
Tp Pole Pitch 52.9 mm
Kw Winding factor 0.95
Nph Stator Turns per Phase 343
Zgjot Number of Conductors per Slot 171
Rs Stator Resistance per Phase 450
Appendix B

Dimensions and parameters of the motor
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