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ABSTRACT: The rotor of PMa-BSynRM, with its multi-layer barriers and permanent magnet, poses a challenge in the design process as
both torque system and suspension force system performance need to be considered comprehensively. To solve this problem, a multi-
objective optimization method for the rotor structure of PMa-BSynRM is proposed in this paper. Firstly, the harmonic characteristics of
PMa-BSynRM air gap magnetic field are analyzed based on the magnetic potential and magnetic permeability method. The expression
for suspension force under the coupled magnetic field is derived by combining Maxwell tensor method. This analysis reveals the rela-
tionship between magnetic field characteristics and suspension force, providing guidance for subsequent optimization design. Secondly,
through the analysis of the rotor structure, the macroscopic parameters related to the micro and detailed geometric optimization of the
PMa-BSynRM rotor are proposed. Based on these macroscopic parameters, the response surface method and dual-population-based
co-evolutionary algorithm (DPCA) are applied to realize a compromise among the optimization objectives. Finally, the proposed opti-
mization method is comprehensively analyzed through simulation analysis and prototype experiment. The simulation and experimental
results demonstrate a reduction of 51% in optimized torque ripple and 74% in suspension force ripple, as well as a decrease of 3.2° in
the suspension force error angle. After optimization, the performance of the motor torque and suspension force system is significantly
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improved, thus verifying the effectiveness and superiority of the proposed optimization method.

1. INTRODUCTION

Bearingless motors have received great attention due to the
advantages of no friction, no pollution, high reliability,
and long service life, so it has broad application prospects in
bioengineering, semiconductor industry, aerospace, and other
fields [1-3]. In recent years, bearingless motor technology has
been developed rapidly, and many traditional motors achieve
the function of bearingless motors, such as bearingless perma-
nent magnet synchronous motor (BPMSM), bearingless syn-
chronous reluctance motor (BSynRM), and bearingless induc-
tion motor (BIM) [4—-6]. PMa-BSynRM inherits the advantages
of permanent magnet assisted synchronous reluctance motor
and bearingless motor (PMa-SynRM) [7]. Not only can it make
full use of the reluctance torque, has high power factor and
power density, but also has the advantages of no friction and
wear, low vibration and noise.

However, similar to the PMa-SynRM motor, the complex
rotor structure of multi-layer barriers and permanent magnets
poses a major design challenge. For PMa-SynRM, the research
focus of this kind of motor is to optimize the magnetic field dis-
tribution by changing the structure of the rotor, and then weaken
the torque ripple to make the torque output stable. In [8], the
torque ripple reduction methods are proposed with the asym-
metric rotor and shifted end-slots. In [9, 10], a comprehensive
design procedure is proposed, and the nonlinear behaviors of
the rotor iron ribs and the effect of the permanent magnets on
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the structural design are all taken into account with the pro-
posed iterative design procedure targeting the achievement of a
desired power factor.

For PMa-BSynRM, although the rotor structure is similar to
PMa-SynRM, some design concepts can be borrowed. How-
ever, for PMa-BSynRM, the influence of rotor structure on sus-
pension performance must be considered in the design process,
which puts forward more requirements for design. In addition,
the influence of the rotor structure on the torque system is some-
times contradictory with that on the suspension force system, so
it is necessary to use the multi-objective optimization theory to
design the PMa-BSynRM.

At present, the commonly used multi-objective optimization
algorithms for motors can be divided into the Taguchi optimiza-
tion method [11], finite element model (FEM) based search al-
gorithm [12], and surrogate model based search algorithm [13].
Taguchi optimization method is an optimization method based
on orthogonal experiment and signal to noise ratio. The prin-
ciple of the Taguchi method is that an orthogonal experiment
is designed, and the best combination of design parameters is
selected according to the experimental results. However, the
Taguchi optimization method is a local optimization algorithm,
and the search value is the local optimal value rather than the
global optimal value, so it has a high requirement for the expe-
rience of motor design.

Finite element analysis (FEA) is the most popular numerical
analysis method, which can be used to establish accurate mo-
tor models. It is a very effective multiobjective optimization
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method by combining FEA with an intelligent optimization al-
gorithm, that is, the FEM call is inserted in the intelligent opti-
mization process, and constraints are calculated by a computer
script. Genetic algorithm (GA), particle swarm optimization
(PSO) and their multi-objective versions, fast non-dominated
sorting genetic algorithm (NSGA-II), and multi-objective par-
ticle swarm optimization (MOPSO) are often applied to ma-
chine optimization. The problem with this approach is that
the entire optimization process is a computationally challenging
task owing to massive function evaluations based on FEM calls.
Hence, an indirect optimization method known as a surrogate
model is used, that is, through a small amount of finite element
data, a mathematical model can be fitted to the FEM. The com-
monly used surrogate models include response surface model
(RSM) [14, 15], Kriging model [16, 17], radial basis function
model [18], etc.

At present, the research of multi-objective optimization de-
sign largely relies on computing technology to obtain the opti-
mal design, which provides a large number of design schemes to
choose from through the combination and calculation of many
parameters. While optimal design can be achieved, the cor-
relation between design parameters and performance enhance-
ment mechanisms is often ignored, resulting in a reliance on the
inherent level of computing power to efficiently obtain multi-
objective optimization results. Therefore, it is necessary to
study the multi-objective optimization of motor from the per-
spective of performance generating mechanism, so as to pro-
vide effective guidance for optimal design and achieve satis-
factory design efficiency.

The primary innovation that this paper lies is the impact of
PMa-BSynRM air gap magnetic field harmonics on suspension
performance, while identifying the specific harmonic order that
influences suspension force performance. By designing the pa-
rameters of the rotor structure, the concept of macroscopic pa-
rameters is proposed, which makes the physical meaning of pa-
rameters clearer and simplifies the initial design. Combining
the advantages of NSGA-II and MOPSO algorithms a multi-
objective optimization method of DPCA is proposed.

The remainder of the paper is organized as follows. In Sec-
tion 2, the basic structure of PMa-BSynRM and the mathemati-
cal model of suspension force are introduced, and the influence
of harmonic magnetic field on the performance of suspension
force is analyzed. The macroscopic parameter design method
and multi-objective optimization method based on RSM and
DPCA are presented in Section 3. In Section 4, the proposed
optimization method is verified by FEA method and prototype
experiment. In Section 5, the conclusion is drawn.

2. MOTOR STRUCTURE AND OPERATION MODEL

2.1. Structure of the PMa-BSynRM

The three-dimensional finite element model of the PMa-
BSynRM motor and the two-dimensional cross-section of the
stator and rotor are shown in Fig. 1. PMa-BSynRM is mainly
composed of stator, rotor, permanent magnet, torque winding,
and suspension force winding. There are two sets of windings
in the stator slot, the torque winding with pole pairs p,, = 2
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FIGURE 1. Topology of the PMa-BSynRM.

and suspension winding with pole pairs p; = 1. The rotor is a
three-layer U-shaped barrier structure with a rib in the middle
of the barrier to enhance the rotor strength. Permanent magnets
are embedded in the barrier to assist excitation to improve the
power factor and power density of the motor.

2.2. Modeling of the Suspension Force

For PMa-BSynRM, when the number of poles of torque wind-
ing and suspension force winding meets the requirements, and
the current frequencies of torque winding and suspension force
winding are the same, the stable suspension force with control-
lable direction can be obtained by controlling the current phase
of suspension winding. The following is a further explanation
of the suspension principle of PMa-BSynRM combined with
the mathematical model of suspension force.

The air gap magnetic field of PMa-BSynRM is established
through the combined effects of permanent magnets, torque
windings, and suspension force windings. The magnetomotive
force (MMF) can be expressed as

fs = F COS(wtfpsﬁf )\) (1

{fm = F,, cos(wt — pp8 — 1)
where F,, and p are the fundamental component and initial
phase angle of the MMF of the torque winding and PM; Fj
and A are the fundamental component and initial phase angle
of the MMF of the suspension force winding; w is the current
frequency; @ is the spatial angle between any point in the air
gap and the x axis. The air gap flux density can be written as

B (0,t) =

B;s(6,t) =
where A(6) is the air gap permeability per unit area. The total
air gap flux density can be expressed as

Bs(0,1)

A(0) fm(0,1)

AB) (0.0 @

=B, cos(wt — ppmb — p)

3
+ Bs cos(wt — psf — A) ®)

According to Maxwell tensor method, the electromagnetic
force on the rotor surface can be expressed as

B(6,1)-dS _ Bi(6.1)

dF(0) =
©) 2410 210

(Irdf) “
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FIGURE 2. Effect of harmonic magnetic field on suspension force performance.

where [ is the effective core length of the motor, and r is the
rotor radius.

By substituting (3) into (4) and conducting orthogonal de-
composition, the electromagnetic force component in the x and
y axes can be expressed as

B2(6,t)Rl cos 6d0
240

dF,(0,t) = dF(0,t) - cosf =

(5)
B2(6, )Rl sin 09

240

dF,(0,t) = dF(0,t) - sinf =

Integrating (5) along the circumference, the expression for
the suspension force is

RIBy B
Frag = (R + ()2 = TH2MES )
Ho
mRIB); Bg
F,=———=cos(u— A\
50 (—=2A)
RIBy B @
_ mhibybs .
)= T = sin(n = )

The stable suspension force of the PMa-BSynRM can be
achieved by superimposing magnetic fields generated by the
torque winding and suspension force winding, as demonstrated
in (6). Furthermore, (7) reveals that the initial phase angle of the
magnetic field influences both the x-axis and y-axis suspension
forces, thereby altering the direction of the combined suspen-
sion force. Consequently, precise control over both magnitude
and phase of the suspension winding current enables directional
controllability of suspension forces.

2.3. Modeling of the Suspension Force

The mathematical model of the suspension force of PMa-
BSynRM under ideal conditions is given in the previous sec-
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tion. However, in practical cases, the stator slots and rotor bar-
rier can result in many harmonic magnetic fields in the air gap of
the PMa-BSynRM. These harmonic magnetic fields superposi-
tion with each other will produce a constant suspension force or
suspension force pulsation, as shown in Fig. 2, and then affect
the suspension performance of PMa-BSynRM. Therefore, this
section analyzes the conditions under which suspension force
or suspension force pulsation is generated by magnetic field su-
perposition, which has guiding significance for the subsequent
optimization of PMa-BSynRM suspension force performance.

For the stator winding MMF, due to the stator slot, the air
gap contains harmonic MMF, and the harmonic MMF gener-
ated by the torque winding and suspension force winding can
be expressed as

fw = Z Fr cos(wt — vpm — )
(3)
oo = Z Fyy, cos(wt — vpsh — \y)

where v =6k + 1,k = +1, +2 ...

Since the magnetic field of PMa-BSynRM is non-sinusoidal,
the magnetic potential of PM is also composed of a series of
harmonic MMF

foPM = Z Fopar cos(nwt — np.m0) 9)

wheren =2k+1,k=0,1,2...
The rotor surface of PMa-BSynRM is smooth, but because

the stator is slotted, the air gap permeability can be expressed
as

AO,t)=Ao+ > Agcos(kZ0) (10)

k=1,2,3

WWwWw.jpier.org



PIER C

Mao et al.

Combined with (8) to (10), the air gap flux density expression
of PMa-BSynRM can be written as

B(@,t) :f(gvt)A(gat)
:[fm(evt) + fs(97t)] Ao

+fmv(9,t)+fsv(9at)] AO (11)

+ [fm(0,0) + fo(0,8)] - > Agcos(kz0)

k=1,2,3

It can be seen from (11) that the internal harmonic magnetic
field of PMa-BSynRM is very complex. To make the conclu-
sion universal, the electromagnetic force generated on the ro-
tor surface under the action of any two radial magnetic fields,
By;a(0,t) and By (0, 1), is first assumed to be analyzed.

(12)

Bsa(0,t) = By co8(pal — wat — @a)
Bsp(0,t) = Bg cos(ppt — wst — ¢p)

The electromagnetic force generated by the coupling of these
two magnetic fields on the rotor can still be obtained by the
Maxwell tensor method.

/27r [Bsa(0,t) + Bss(0,1)]?
0

240

RIBs,Bsg /2”
= CoS |(wq —wp)t
e ), [(wa —wg)

as

Fsop =

(13)

+ (pa £ps £ 1)0+ pp — 0udb
Further, the calculation of (13) can be obtained

7RIB, By

cos — ©Va),
210 (v — Pa)

pa:pﬁil
Wo = Wp

Fsap = (14)

TRIB.Bs

Wo —wg)t + — Val,
210 [( 8)t +9p — Pal

pa:pﬁil
Wo F wg

As can be seen from (14), for harmonic magnetic fields with
different frequencies and orders of p, = pg £ 1, a radial elec-
tromagnetic force with a frequency of w,wg will be generated.
This force is part of the resultant suspension force and will
cause the suspension force to fluctuate at a frequency consis-
tent with the frequency of the generated electromagnetic force.
For the same frequency, a stable radial electromagnetic force
is generated when the order p, = ps £ 1. The direction of
the electromagnetic force is determined by the initial phase dif-
ference of the two harmonic magnetic fields. Therefore, to en-
hance the performance of PMa-BSynRM suspension force, re-
ducing the harmonic magnetic field with a pole pairs difference
of 1 in the air gap should be prioritized.
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3. OPTIMIZATION BY PROCESS

The optimization process of PMa-BSynRM rotor design is pre-
sented in this section, and the optimization flowchart is shown
in Fig. 3.

Start
| Analytical Model |

PR RRE======———nh
:Optimimtion Objectives || Variables [ [Constraints|,

Model Selection Design Design ]
I T I ] |
_____________ —————

| Sensitivity Analysis | Tpdat
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FIGURE 3. Flow chart of optimization process.

3.1. Optimization Model

1) Objectives Selection: For bearingless motor systems, the
most fundamental requirement is to achieve high quality torque
output while stably suspending the motor rotor. Therefore, the
optimization targets are selected as average torque T}, 4, torque
ripple 7.,,%, average suspension force F,4, and suspension
force ripple F;.;,%.

2) Variables Design: Parameter design is the premise of
PMa-BSynRM multi-objective optimization design. For multi-
layer barriers structure rotor, the traditional design method usu-
ally determines the rough structure of the barriers according
to experience and then optimizes some parameters. However,
in the process of designing PMa-BSynRM rotor structure, it is
necessary to consider the influence of rotor structure on the sus-
pension force performance, so it is difficult to learn from the
existing rotor structure. Therefore, a method of macroscopic
parameters is proposed. The proposed macroscopic parameters
have more obvious physical significance, and all parameters
can be optimized together, simplifying the difficulty of initial
design. It can also lay a foundation for further optimization.

The rotor structure of PMa-BSynRM is shown in Fig. 4. The
bridge thickness bt is determined by the mechanical strength of
the rotor. The barrier is a U-shaped symmetric structure. It can
be seen that each magnetic barrier needs five parameters: the in-
ner diameter of the U layer d, the inner thickness of the U layer
it, the outer thickness of the U layer ot, the U layer horizontal
width [, and the inclination angle of the U-shaped barrier 6. In
order to achieve better initial structural design, some degrees of
freedom need to be sacrificed. Let 6 represent a fixed value of
45° and let it equal oz. The thickness of magnets is determined
by the magnetic barrier, and the width of magnets [,,, is one of

Vg
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FIGURE 4. Parameters of the PMa-BSynRM rotor structure.

the design variables. The rotor macroscopic parameters design
method is as follows.

Step 1: Firstly, d; is determined according to the inner diam-
eter of the rotor. In order to give full play to the influence of
the magnetic barrier on the anisotropy of the rotor structure, d;
should be similar in size to rotor inner diameter.

Step 2: Determine [;; pay attention to the size should not be
too large; otherwise, it will lead to different areas of magnetic
barrier phase crossing. In order to facilitate the optimization
design, the barrier width coefficient k,, is defined: [y = h X
k., where h is the height from the bottom of the barrier to the
edge of the rotor, as shown in Fig. 4. After determining l;, by
decreasing factor a, lo =11 —a,l3 =1y — a.

Step 3: For the determination of ds and dg, it is necessary to
consider the thickness of each layer. The concept of insulation
ratio k; in [19] is used, but the construction method is different
for the convenience of calculation, and the thickness of each
layer is it = (R — dy1) x k¢/3. The position of the barrier of
other layers can be obtained from the recursion relation.

Step 4: The PM is defined by the definition of PM occupancy
kpas, permanent magnet length [,,1 = Iy X kpas, lino = lin1 —
a, lm3 = lnLQ — a.

3) Constraints Design: The limitation of certain crucial indi-
cators during the process of multi-objective optimization design
is imperative to ensure compliance with the specified require-
ments.

For bearingless motor system, it is necessary to ensure that
sufficient suspension force is generated to support stable sus-
pension operation of the rotor. Considering that the weight
of the rotor is 3.1 kg, that is, the gravity force on the rotor is
31 N. According to the FEA, the unstable stiffness value in y-
direction is 110.87 N/m, and the maximum unbalanced mag-
netic pull is 166.31 N. Therefore, combined with the design ex-
perience, the target value of suspension force is set as 250 N.

In addition, the error angle of the suspension force must be
guaranteed within an acceptable range. The angle between the
suspension force vector and interference force is called error
angle. If the error angle is greater than 17°, the phase margin
of the closed-loop system will reach —180°, resulting in system
instability [20]. Therefore, the PMa-BSynRM suspension force
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system should meet the following restrictions.

{Fy > 250
15)

¢€TT07" < 15

3.2. Sensitivity Calculation

To narrow the design space, the sensitivity analysis is required
before optimization. The sensitivity index of the optimization
parameters can be expressed as [15]:

gn_ |z AL/
m 321 NOP f Azz/zz

(16)

where z; represents the design variables, and f is the function
of optimization objectives.

According to (16), the sensitivity index calculation results
are given in Fig. 5. According to the traditional multi-objective
optimization algorithm, 3—4 parameters with the highest sen-
sitivity are usually selected for multi-objective optimization.
However, for permanent magnet assisted reluctance rotors, the
traditional optimization methods are difficult to achieve good
results due to the complex structure and numerous parameters.
In the following section, the results of multi-objective optimiza-
tion based on traditional methods and macro-parameters will be
compared and analyzed.

4 [P T B T e Fove [ o T: Too% W Bl Fin
> >2F
2z
£ RS
2 2F 2
Z 0 Z 0
g [5)
1% N HL
2+
1 1 1 1 1 1 1 1 1

lmz kw kl kPM d] a

Design variables

Iy I I5dydyds it 1
Design variables

ml

FIGURE 5. Results of sensitivity indices of the design variables to each
optimization objective.

3.3. Multi-Objective Optimization

After constructing macroscopic parameters, although the re-
duction in parameters simplifies the initial structural design
process, it also limits the design freedom and may not yield
a globally optimal solution. Therefore, a hierarchical optimiza-
tion approach is employed by combining multi-objective opti-
mization with single objective optimization.

Although the torque component of PMa-BSynRM is dom-
inated by reluctance torque, the improper design of PMs has
a great influence on the harmonic content of air-gap magnetic
field. Therefore, firstly, k1, ko, and k3 belong to level 1, whose
values can be obtained by the RSM. According to the optimiza-
tion results of level 1, univariate optimization is carried out on
the content of each layer of PMs.

1) DOE and RSM: Reasonable design of experiments (DOE)
is necessary to effectively select the FEA results to establish the
RSM, and the following requirements should be met: 1) Pro-
vide a reasonable distribution of data points and other informa-
tion over the whole area of the study. 2) Provide internal error

WWwWw.jpier.org
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estimators. 3) Provide correct estimates of model coefficients.
4) Provide appropriate robustness to outliers or missing data.
5) Ensure the simplicity of model parameter calculation.

Box-Behnken design (BBD) is used in this experiment. BBD
is a three-level design of response surface design combined
with factorial design and incomplete block design. Its impor-
tant characteristic is to estimate first-order, second-order, and
first-order polynomials with interaction terms with less exper-
imental times, which is an efficient response surface design.
Taking macroscopic parameter design as an example, the cor-
responding levels of each factor in this design are shown in Ta-
ble 1.

TABLE 1. Levels of significant design variables.

Control Factor —1 0 +1
A: ky 0.8 0.9 1
B: k. 04 05 06

C: a (mm) 2 4.5 7

D: d; (mm) 12 13 14

The macro parameter optimization variables are k,,, k¢, a,
and d1, and a total of 29 groups of experiments need to be done
using BBD for 4 factors and 3 levels experiment. The 29 groups
of data are analyzed in the FEM, and then the corresponding
relationship between the optimization objective and variables
are fitted by RSM. The polynomial models that RSM is often
used to fit include linear model, second-order model, and third-
order model. The expressions for the RSM are

q
Y= Zﬁzﬂ?i (17)
i=1
q q—1 ¢
= Z T7+ZZBM zj (18)
el i<i 7
q q—1 ¢
=1 i<j j
-1 q a—2q-1 ¢
DY Simirg(wi—ay)+ > > Y Bijpwiiek (19)
i<j J i<jj<k k

It is very important to select the appropriate model for multi-
objective optimization based on RSM. If the model is not suit-
able, it not only will fail to predict accurately but also may cause
serious errors. The choice of RSM can be judged by analysis
of variance. The more the correlation coefficient R? is close
to 1, the smaller the error between the fitted model and the ac-
tual model will be. Generally, improving the model order can
improve R2. Finally, T4vg and Fy,q are selected as quadratic
models, and 7’.;,% and F};,% as linear models. According to
the ANOVA, the R? values of four models are all higher than
0.9.

2) DPCA: After RSM is used to obtain the equation, multi-
objective optimization algorithm is needed to ensure that each
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optimization objective has better performance. NSGA-II and
MOPSO are the most commonly used multi-objective opti-
mization algorithms. NSGA-II passes information through ge-
netic operators, and MOPSO guides other particles through
globally optimal examples. The two algorithms have their
own advantages: NSGA-II has strong searching ability, and
MOPSO has fast convergence. This paper combines the two
algorithms to make full use of their respective advantages. The
algorithm flow is shown in Fig. 6.

| Initial population |

[ Non—domtnated sort fe—

| Populatio*n division |
D

NSGA-I MOPSO
population population

I_*_l

Population consolidation,
non-dominated sequencing

v
| Adaptive variation |

| Output Pareto frontier |

End

FIGURE 6. Flowchart of the DPCA.

The DPCA is based on the non-dominated ordering of
NSGA-II, which divides the initial, non-dominated ordering
population into two halves. The top half of the population
with good Pareto rank is the elite population, and NSGA-II’s
strong searching ability is used to explore other Pareto solution
sets in the region and find out the non-dominant solution. The
lower half of the group with poor Pareto level uses MOPSO
algorithm to learn the elite population.

In order to verify the effectiveness of the DPCA algorithm,
ZDT1, ZDT2, ZDT3, and ZDT4 of ZDT series test func-
tions [21] are selected as test functions in this paper for com-
parative analysis. The Pareto frontiers (PFs) of these test func-
tions are known and have different shapes, which provides the
necessary conditions for quantifying the performance of the
algorithm. The PFs obtained by using the DPCA algorithm,
MOPSO algorithm, and NSGA-II algorithm on the ZDT test
function are shown in Fig. 7. The population is set to 150,
the maximum archive size set to 100, and the maximum iter-
ation set to 200. When solving ZDT1, ZDT2, and ZDT3 prob-
lems, the optimized solution distribution of the proposed algo-
rithm is well distributed, and the whole PF of the problem can
be covered successfully. For the ZDT4 problem, the DPCA
overcomes the shortcoming that the traditional algorithm can-
not converge quickly to the true PF. The solution set generated
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TABLE 2. Index of optimal solution of ZDTs series functions obtained through different algorithms.

Algorith
Test Function  Evaluation Indicator oriim

DPCA MOPSO NSGA-II

ZDTI IGD 3.6752E-03  8.3109E-03  3.4481E-03

GD 3.2851E-04 7.2531E-04 1.3198E-04

D2 IGD 4.4308E-03  6.0469E-03  5.5800E-03

GD 2.6570E-03  4.4328E-04 3.4207E-04

ZDT3 IGD 4.2971E-03  1.4091E-02  9.1634E-03

GD 2.2206E-04  7.1132E-04  1.1492E-03

ZDT4 IGD 3.6510E-03  5.2800E-01  1.6416E-00

GD 5.2198E-05 4.5351E-02  1.4987E-01
. ZDT1 - ZDT1 s ZDT1 problem. It can be seen from Table 2 that only IGD and GD in
058 L et - e o et ZDT1 of DPCA are slightly inferior to NSGA-II, while IGD
< gj o6k L6 and GD indexes in ZDT2, ZDT3, and ZDT4 are significantly
oak 8‘2‘ 2‘2‘ superior to the other three algorithms. DPCA has a clear
YRR ()0 R YT 0 TR R advantage on the ZDT series benchmark problem and shows
i i h superior performance on more objective problems. Of course,
1 ZDT2 L ZDT2 i ZDT2 the algorithm cannot be expected to get the best value on every

sk . TrucPF L © TruePF 1 - TruePF test problem.

o 06 NRPeA ool OPsO wotl Nl The PFs of the four optimization objectives are shown in
3‘2‘: 04 o4f Fig. 8. The obtained Pareto optimal solution can be divided
py R L T into four regions: A, B, C, and D. Region A has small torque

0 02 0406 08 1 0 020406 08 1 0 02 0406 08 1 . . .
1 f fi ripple, suspension force ripple, and large torque, but the sus-
7DT3 7DT3 7DT3 pension force is too small. Although the suspension force in
! p— ! f— ! —— region D is very large, the oth.er three indexes are not as good

“ 051 \ * DPCA QO.S i \ * MOPSO QO'S B \ * NSGA-II as those in other regions. Considering that although the suspen-
or \ or \ \ or \ sion force in area B is not as good as that in area C, the other
er .‘ er I\ T .‘ three indexes are all better than that in area C, so the point in
1602040608 1 1o 02040608 1 o 0204 0608 1 area B is finally selected as the final result.
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FIGURE 7. Optimal soluti distribution figure of diff Ig
rithms obtained on test functions ZDT1, ZDT2, ZDT3 and ZDT4. 007

by DPCA successfully converges to the true PF, and the solu-
tion set is uniformly distributed.

To further quantitatively elaborate the practical benefits
brought by the proposed method, the generation distance (GD)
and inverted generational distance (IGD) values of the three
algorithms on 4 multi-objective test problems are listed in
Table 2. GD and IGD are often used as evaluation indexes of
multi-objective optimization algorithms, reflecting the ability
of algorithms to find true PFs [22]. To reduce the influence of
random factors in the multi-objective optimization algorithm
on the performance analysis of the algorithm, the values
listed in Table 2 are the average of the statistical results of
30 independent runs of the same algorithm on the same test
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0.05

FIGURE 8. Pareto frontier.

4. VERIFICATION

4.1. Simulations Results

The proposed method is verified by the FEM. In the proposed
macroscopic parameters, k., and k; determine the overall shape
of the magnetic barrier. Firstly, the performance under different
k. and k; values is simulated to verify the rationality of the
selection range in Table 1.
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The selection of the barrier shape parameter plays a crucial
role in PMa-BSynRM, as reluctance torque constitutes the pri-
mary component of the overall torque. In Figs. 9(a) and (b),
it can be seen that with the increase of k,, and k., the torque
rises first and then decreases, which is due to the increase in
the difference between the inductances of d and ¢ axes, and
the saturation of the rotor magnetic circuit caused by excessive
magnetic barrier.

The variation trend of suspension force performance with
macroscopic parameters is shown in Figs. 9(c) and (d). As for
the performance of suspension force, it is not sensitive to the
shape of magnetic barrier because it mainly depends on the su-
perposition of magnetic fields of two sets of windings in the sta-
tor. However, when the barrier part is larger, it will inevitably
lead to a larger rotor reluctance, resulting in a substantial de-
crease in suspension force. Its variation trend is not the same as
the torque. Therefore, it is necessary to rely on multi-objective
optimization algorithm to achieve the compromise of two kinds
of performance.

In order to verify whether the macroscopic parameters de-
signed in this paper are reasonable. The multi-objective opti-
mization design method based on macroscopic parameters is
compared with the traditional method. The traditional method
selects several parameters with the highest sensitivity among
many parameters for optimization. According to the previous
sensitivity analysis, the optimization parameters selected in the
traditional method are [, l5, do, and it.

The suspension force and torque performance of PMa-
BSynRM after optimization are shown in Fig. 10 and Fig. 11.
Compared with the initial motor, based on the optimization re-
sults of the traditional method, F7,, is increased by 9%, Fi.;,%
reduced by 21%, 14,4 reduced by 1%, and T.;,% reduced by
39%. The optimization results based on the proposed method
show that F,, 4 is decreased by 3%, F}.;,% decreased by 51%,
Ty increased by 9%, and T:.;,% decreased by 74%. The
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FIGURE 10. The radial suspension force waveforms in the x- and y-
direction. (a) Initial motor. (b) Optimization by traditional method.
(¢) Optimization by proposed method.

T:p% and F;.;,% based on proposed method are significantly
reduced, and only the suspension force falls slightly, because
when the final optimization results are chosen, the lower
torque ripple and suspension force ripple are preferred. In
addition, it can be seen that the maximum suspension force
error angles of the initial motor, the traditional method, and the
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FIGURE 12. Experiment platform, (1) prototype, (2) eddy current sensor. (3) AC
voltage regulator, (4) DC power supply, (5) power driver board, (6) DSP board, (7)
interface circuit board.
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FIGURE 13. Vector control block diagram of the PMa-BSynRM.

proposed method are 6.7°, 4.9°, and 3.5°, respectively, which
also proves the rationality of the optimization.

4.2. Experimental Results

The prototype of the optimal rotor is manufactured. The rotor
radial displacements are measured by eddy current sensors, and
the experimental platform takes TMS320F28335 as the core.
The experimental platform is shown in Fig. 12. One end of
the PMa-BSynRM is supported by a three-degree-of-freedom
aligning ball bearing, and the other end is equipped with an aux-
iliary bearing. There is a 0.25 mm auxiliary mechanical bearing
clearance between the auxiliary bearing and the shaft, which
can realize two-degree-of-freedom suspension. In the experi-
ment, torque control system adopts maximum torque per am-
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pere (MTPA) control. Suspension force control system adopts
displacement current double closed loop control. The control
system diagram is shown in Fig. 13.

The performance of PMa-BSynRM motor is tested and com-
pared with the simulation results. The no-load back EMF wave-
form of the torque winding is measured, as shown in Fig. 14.
The measured back EMF waveform exhibits excellent sinu-
soidal characteristics and demonstrates strong agreement with
the simulation results.

The speed and displacement waveforms of PMa-BSynRM
under the acceleration experiment from 1000r/min to
3000 r/min are shown in Fig. 15. The acceleration process is
completed after 130 ms. Due to the coupling of the torque
system and the suspension force system, the torque mutation
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caused by rotor acceleration will cause rotor vibration, and
the maximum vibration amplitudes of the rotor in the z-
and y-directions are 53 um and 58 um, respectively. Due
to the influence of unbalanced vibration, the rotor vibration
amplitude increases with the increase of speed [7]. When
the rotor is 10001/min, the rotor vibration amplitudes in
z- and y-directions are 22 um and 23 pum, while when the
rotor is 3000 r/min, the rotor vibration amplitudes in z- and
y-directions are 31 um and 34 um, respectively. It can be
seen that during the experiment, the vibration amplitude of
the rotor is much smaller than the air gap between the rotor
and the auxiliary bearing, and stable suspension operation is
realized. When the phase current amplitude is 7.4 A, the output
electromagnetic torque of the PMa-BSynRM is shown in
Fig. 16. The electromagnetic torque is about 3 N-m, the torque
ripple about 10%, and the error between the experimental
results and the simulation results is 3.1%, which verifies the
correctness of the FEA results.

ég _0_.3N~m
=2 IMAARAAAARAAAAAAA]
S WVVVVUVIVVUVVV VUV VY

Time (50 ms/div)

FIGURE 16. Torque experimental result.

5. CONCLUSION

A macroscopic parameters variables design method is proposed
for a PMa-BSynRM rotor structure. The influence of parame-
ters on the structure becomes more evident through the con-
struction of macroscopic parameters, aiding in determining the
range of optimization variables. This allows for greater par-
ticipation of parameters in multi-objective optimization algo-
rithms and improves the global nature of the optimization al-
gorithm. On the basis of macroscopic parameters, combin-
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FIGURE 15. Acceleration experiment.

ing RSM and DPCA, a multi-objective optimization method
of PMa-BSynRM is proposed. After multi-objective opti-
mization, the average torque and average suspension force of
PMa-BSynRM are improved, and suspension force pulsation
and torque pulsation are reduced, indicating significant per-
formance enhancement. Compared with the original motor,
the proposed optimization method can reduce F;;;,% by 51%,
T:ip% by 74%, and the suspension force error angle is only
3.5°, which is lower than the original error angle of 6.7° and
the traditional optimization method error angle of 4.9°. It is
shown that the PMa-BSynRM achieves better performance in
torque and suspension force system. The experimental results
show that the torque of the PMa-BSynRM is about 3 N-m, the
pulsation about 10%, and the error of the finite element results
is less than 5%, which verifies the rationality of the simulation
results. The simulated and experimental results verify the ra-
tionality of the parameter design and the effectiveness of the
optimization method.
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