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Abstract

In terms of the characteristics of multi-objective and interactions among optimization

objectives of the tubular permanent magnet linear generator with 120◦ phase belt toroidal

winding (120◦-TPMLG), a multi-objective optimization method is proposed to improve

the generators performances, which is based on the combination of response surface

method and the genetic algorithm. First, the sensitivity analysis of different structural

parameters on the performances of the 120◦-TPMLG is conducted to pick out the sensitive

structural parameters. Then develop those sensitive parameters as optimization variables

to establish the response surface equation of the generator performances including out-

put power (P), detent force (F), and the efficiency (η). Subsequently, based on the surface

equation, the genetic algorithm (GA) fitness function is proposed to conducted the global

optimization and the optimization results are finally obtained. To verify the effectiveness

of the proposed optimization method, the performances of the optimal 120◦-TPMLG

are analysed and compared with the initial one. The results show that the performances

including the detent force and power density of the 120◦-TPMLG are greatly improved,

which prove that the proposed multi-objective optimization method is effective for the

120◦-TPMLG.

1 INTRODUCTION

LINEAR generator can directly convert wave energy into elec-

trical energy without using intermediate transmission device,

so it is widely used in the direct-drive wave energy converter

(DD-WEC) systems. Presently, the major linear generator used

for the DD-WEC systems are the tubular permanent magnet

linear generators (TPMLGs), which inherits the merits of high

winding utilization rate and high efficiency [1, 2]. Unfortunately,

common TPMLGs used in DD-WEC system have the problem

of low power density due to their low operation speed [3, 4]. To

alleviate this problem, a TPMLG with 120◦ phase belt toroidal

windings (120◦-TPMLG) is proposed. Its analysis results show

that the 120◦-TPMLG has the advantages that high-power den-

sity and high-efficiency [5]. However, the 120◦-TPMLG pos-

sess multiple structural parameters, and the interaction or even

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
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conflict among these structural parameters would have strong

impact on generator performances in the optimization process.

Consequently, it is full of challenges to design and optimize a

feasible 120◦-TPMLG, where the generator performances can

not only be comparable and competitive with those of the tradi-

tional toroidal windings TPMLG (T-TPMLG), but the perfor-

mances can also realize the advantage of high-power density.

In the process of the generator optimization, due to the same

variable may have various sensitivity degrees on the generator

performances, the design conflicts always exist among different

generator performances [6, 7]. It will bring about the compu-

tation complexity and design randomicity on the 120◦-TPMLG

to large extent. To solve the problem, the comprehensive sen-

sitivity analysis methods have been successfully used to gen-

erator optimization process, which can pick out the sensitive

structural parameters and realize the fast optimization of those
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SI ET AL. 353

parameters by effectively evaluating the sensitivity of the mul-

tiple structural parameters on the generator performances [8,

9]. In [10], the sensitivity analysis method is used to effectively

evaluate the sensitivity of the structural parameters and select

the sensitive structural parameters in the optimization process

of the V-shape flux-modulated permanent-magnet motor. And

then the surface response method (RS method) is adopted to

optimize those sensitive parameters, where the analytical model

between the design objectives and design parameters can be

developed to realize the fast search of the best parameter com-

bination. Nevertheless, only two related design parameters can

be optimized at the same time. When several structural param-

eters are selected to be optimized, it is difficult to consider the

interaction and mutual conflict among all the selected optimiza-

tion parameters simultaneously [11]. Therefore, how to opti-

mize multiple design parameters at the same time, as well as

effectively realize the optimal designs, are becoming a hot issue

and new challenge in the field of motor optimization.

With the fast development of the numerical analysis method,

the aforementioned optimization problem can be solved by

means of the intelligent optimization algorithms, such as genetic

algorithm, particle swarm optimization algorithm, and differ-

ence evolution algorithm [12–14]. In [15], Gao Jian adopted the

genetic algorithm to optimize the surface-mounted permanent

magnet synchronous motor, where multiple design parameters

can be concurrently optimized to obtain the best combination

of parameters. In [16], Jin Hwan Lee proposed a modified par-

ticle swarm optimization algorithm to optimize the permanent

magnet synchronous machine, where the motor performances

can be effectively improved in the case of more design vari-

ables. However, the aforementioned two optimization method

have the demerits of time-consuming and spoor-efficiency due

to multiple design variables. In [17], Xiaoyong Zhu pick out

the sensitive parameters of the double-rotor flux-switching per-

manent magnet machine (DFPM) using the sensitivity analysis

method, and then adopted the genetic algorithm to optimize

those parameters, which greatly improve the motor optimiza-

tion efficiency and realize design objectives of high-toque capa-

bility, low-torque ripple, and low-magnetic coupling between the

inner and outer motors. However, the establishment and com-

puter analysis of the genetic algorithm fitness function are very

complicated and time consuming [18]. To address those prob-

lem, a new multi-objective optimization method for the 120◦-

TPMLG is proposed, where the sensitivity analysis method, RS

method, and the genetic algorithm are co-applied to conduct

the generator optimization. This method can not only decrease

the computation complexity and save computational time, but

also establish the genetic algorithm fitness function quickly and

accurately. Moreover, it can optimize multiple design parameters

at the same time.

The main purpose of this paper is to propose a multilevel

optimization design method to improve the generator perfor-

mances including the power density, efficiency, and detent force.

The remainder of this paper is organized as follows. First,

the structure of the 120◦-TPMLG is introduced in Section 2.

In Section 3, the sensitivities of the key structural parame-

ters on the optimization objectives are evaluated quantitatively.

FIGURE 1 The structure of the 120◦-TPMLG. (a) Components view of

the 120◦-TPMLG. (b) Section views of the 120◦-TPMLG

Based on the result of sensitivity analysis, four sensitive struc-

tural parameters are selected as the optimization variables. In

Section 4, the RS method and the genetic algorithm are co-

applied to conduct the multi-objective optimization for the

120◦-TPMLG. And then, the optimal parameter combination is

obtained. In Section 5, the performances of the optimal 120◦-

TPMLG are analyzed as well compared with the initial one.

Finally, the conclusion is drawn in Section 6.

2 OPTIMIZATION VARIABLE AND
OPTIMIZATION OBJECTIVE

2.1 Structure of the 120◦-TPMLG

The 120◦-TPMLG is proposed to improve the power density

for DD-WEC system. Its structure is depicted in Figure 1.

As shown in Figure 1, the structure of the 120◦-TPMLG con-

sists of a primary part (stator) and a secondary part (mover).

The primary part, which includes a stator yoke and 120◦ phase

belt toroidal windings (120◦-TWs), is fixed. The secondary part,

which is made up of permanent magnets (PMs) with quasi-

Halbach magnetization and back iron, is connected to the buoy.

As the secondary part moves vertically along with the buoy, the

magnetic flux generated by the PMs passes the 120◦ -TWs, and

the induction electromotive force is obtained.

To illustrate the structural characteristics of the 120◦-

TPMLG, the windings configuration of the generator is

described and shown in Figure 2. The symbols A, B, C repre-

sent the incoming line ends of the windings, and the symbols X,

Y, Z represent the outgoing line ends of the windings.
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FIGURE 2 Windings configuration of the 120◦-TPMLG

FIGURE 3 Vector diagram of synthetic EMF of the 120◦-TPMLG

FIGURE 4 The equivalent circuit diagram of the 120◦-TPMLG

As shown in Figure 2, the stator yoke of 120◦-TPMLG is

provided with 12 annular slots along the axial direction, and

each slot is embedded with an independent single-layer toroidal

winding, which increases the heat dissipation area and improves

the thermal performance. Besides, the incoming line ends of the

windings of the 120◦-TPMLG is not only located on the same

side of the stator yoke, but also have the same orientation, which

will lead a high winding coefficient and improve the no-load

EMF.

To further illustrate the merits of the winding configuration,

the vector diagram of synthetic electromotive force and the

equivalent circuit diagram of the 120◦-TPMLG are described

and shown in Figures 3 and 4, respectively. The symbols RLA,

RLB, and RLC represent the inner resistance of the three-phase

windings, and the symbols RA, RB, and RC represent the resis-

tance of the three-phase loads.

According to the Figures 3 and 4, it can be observed that the

synthetic EMF of phase A, B, and C are all on the one side of

the stator yoke, and synthetic EMF of phase X, Y, and Z are all

on the other side of the stator yoke due to the special layouts

of the 120◦-TWs. It should be noted that there has no space

FIGURE 5 Geometric parameters of the 120◦-TPMLG

TABLE 1 Candidate variables and their variation ranges

CANDIDATE VARIABLES INITIAL VALUE Variation range

HPM/mm 3.5 3.5∼4.5

τr/mm 21.3 19.6∼23

Hb/mm 9.5 9∼11

Ys/mm 12 11∼13

δ/mm 4 3.5∼4.5

ts/mm 11 10∼12

ωs/mm 3.7 2.7∼4.7

L/mm 5.8 3.8∼7.8

vector misalignment of coil-EMF, which can effectively increase

the EMF and further improve the power density.

2.2 Optimization variables

The geometric parameters of the 120◦-TPMLG are shown in

Figure 5.

According to the existing design experience of the conven-

tional TPMLGs, eight key structure parameters are selected to

be the candidate variables for optimization, which are PM thick-

ness (HPM), PM length for r direction (τr), back-iron thickness

(Hb), stator yoke thickness (Ys), air gap width (δ), stator tooth

width (ts), slot opening width (ωs), auxiliary tooth width (L),

respectively [19]. The initial value and their reasonable variation

ranges of those parameters are listed in the Table 1.

2.3 Optimization objectives

Considering the operation condition of the low direct-drive

speed, the output power and the efficiency of the 120◦-TPMLG

need to be maintained at a desirable degree. Hence, the out-

put power and the efficiency are considered as the optimiza-

tion objectives. In addition, similar to other linear generators,

the 120◦-TPMLG always suffers from large detent force, which

may inevitably lead to the mechanical vibration, acoustic noise,

and even cause operating failures, especially in low-speed and

direct-drive applications. Thus, the low detent force is one of the

important optimization objectives in the generator optimization

process. Therefore, the output power, the efficiency, and the

detent force are selected to be the optimization objectives in

this paper.
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FIGURE 6 Sensitivity indices of the optimization variables to the three

optimization objectives

3 COMPREHENSIVE SENSITIVITY
ANALYSIS

To explicitly reflect the influence of each optimization variable

on the optimization objectives, the sensitivity index is intro-

duced based on sensitivity analysis. The corresponding sensi-

tivity index S(xi) can be given by [20]:

S (xi ) =
V

(
E
(

f (xi ) ∕xi

))

V
(

f (xi )
) (1)

where f(xi) is the optimization objective. E(f(xi)/xi) is the aver-

age value of f(xi) when xi is constant, and V(E(f(xi)/xi)) is the

variance of E(f(xi)/xi).

Based on the Equation (1), the sensitivity of optimization

variables to the three optimization objectives are calculated and

shown in Figure 6.

From the Figure 6, as one can see that the same variable may

have different sensitive values on various objectives, and thus

leading to the difficulty in the evaluation and selection of sensi-

tive optimization variables. To address the problem, a compre-

hensive sensitivity Scom is introduced and defined as follows:

Scom = 𝜆P|SP (xi ) | + 𝜆F|SF (xi ) | + 𝜆𝜂|S𝜂 (xi )% (2)

where the Sp(xi) is the sensitivity of the output power, SF (xi)

is the sensitivity of the detent force, Sη(xi) is the sensitivity of

the efficiency. λP, λF, and λη are the weight coefficients of the

output power, the detent force, and the efficiency, respectively.

Considering the application background of the 120◦-TPMLG,

the power density and the detent force are more important than

the efficiency to satisfy the requirements. Consequently, λP and

λF are set as 0.4, which are higher than the weight coefficients

of the efficiency (λη = 0.2).

The comprehensive sensitivity results are obtained and listed

in Table 2.

To clearly evaluate the sensitive degrees of the structural

parameters on the performances of the 120◦-TPMLG, the

structural parameters whose sensitive values higher 0.2 are

defined the sensitive structural parameters [21]. Based on the

comprehensive sensitivity analysis results in Table 2, it can be

TABLE 2 Sensitive values of design variables

Optimization objectives

Candidate

variables

SP (xi)

λP = 0.4

SF (xi)

λP = 0.4

Sη (xi)

λP = 0.2

Sensitivity

(Scom)

HPM 0.2748 0.2090 0.2477 0.2431

τr 1.9490 2.5608 1.1420 2.0323

Hb -0.0009 0.0024 -0.0369 0.0087

Ys -0.0001 0.0147 0.0240 0.0107

δ -1.0727 0.1460 0.2812 0.5437

ts -0.6559 0.0521 0.1291 0.3090

ωs 0.0084 0.3016 0.0225 0.1285

L 0.0794 0.3193 0.0661 0.1727

observed that the HPM, τr, g, and ts are the sensitive struc-

tural parameters. Consequently, the four structure parameters

are selected to be the optimization variables.

4 MULTI-OBJECTIVE OPTIMIZATION

4.1 Establishment of the objective function

The RS method, as a statistical tool, can be used to build an

analytical model by finding the relationship between the design

variables and response through statistical fitting method based

on the observed data from system [22]. The response can be

obtained from real experiments or computer simulation. To

build the analytical model between the optimization objectives

and the optimization variables, this method is adopted in this

paper and the finite element analysis (FEA) is used as numeri-

cal experiments to provide the response. And the optimization

objectives including the output power, the efficiency, and the

detent force are the responses, which are changed by the opti-

mization variables variation.

To find a suitable approximation for the true relationship

between optimization objectives and the set of independent

optimization variables. Usually, a low-order polynomial of the

independent variables is employed [23]. Thereby a first or

second-order model is used. To predict an accurate curvature

response, the second order polynomial is chosen in this paper,

as follows:

f (x ) = 𝛽0 +

2∑

i=1

𝛽ixi +

2∑

i=1

𝛽iixi
2 +

2∑

i=1,i< j

𝛽ijxixj + 𝜀 (3)

where β is the coefficient to be determined, ε is the fitting error,

xi is the optimization variable.

Among the numerous approaches available for construction

of a second order model, the central composite design (CCD)

is the most popular and efficient one, which is used to build

the response surface model in this paper [24]. The optimiza-

tion variables are studied at three levels represented in coded
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TABLE 3 Test optimization variables levels of the design variable

Factor level

Optimization

variables -1 0 1

HPM 3.5 mm 4.0 mm 4.5 mm

τr 19.6 mm 21.3 mm 23.0 mm

δ 3.5 mm 4.0 mm 4.5 mm

ts 9.0 mm 10.0 mm 11.0 mm

TABLE 4 Experimental design and results

Factor level Objectives

No τr HPM g ts P (W) F (N) η (%)

1 -1 -1 -1 -1 1164.68 406.23 90.94

2 1 -1 -1 -1 1278.64 783.56 90.95

3 -1 1 -1 -1 1380.75 814.09 90.95

4 1 1 -1 -1 1485.29 1428.56 90.96

5 -1 -1 1 -1 931.55 165.84 90.92

6 1 -1 1 -1 1042.79 374.94 90.94

7 -1 1 1 -1 1168.11 351.95 90.94

8 1 1 1 -1 1270.17 784.54 90.95

9 -1 -1 -1 1 1270.40 312.60 91.06

10 1 -1 -1 1 1435.05 493.70 91.08

11 -1 1 -1 1 1595.82 344.60 91.08

12 1 1 -1 1 1749.45 984.42 91.10

13 -1 -1 1 1 954.58 189.54 91.05

14 1 -1 1 1 1095.92 246.20 91.06

15 -1 1 1 1 1274.9 219.76 91.07

16 1 1 1 1 1422.23 524.33 91.08

17 -1 0 0 0 1240.55 221.42 91.01

18 1 0 0 0 1375.44 603.00 91.02

19 0 -1 0 0 1163.02 202.95 91.00

20 0 1 0 0 1441.71 591.54 91.03

21 0 0 -1 0 1458.64 573.68 91.02

22 0 0 1 0 1179.29 249.67 91.01

23 0 0 0 -1 1302.82 547.71 90.98

24 0 0 0 1 1365.31 252.66 91.07

25 0 0 0 0 1316.05 369.36 91.02

form by 1, 0 and 1. And the experiment consists of 25 tests are

conducted for the four optimization variables according to the

CCD theory. The experimental data are obtained by computer

simulations in this paper. The test optimization variables levels

are shown in Table 3, and the experimental design and results

are shown in Table 4.
Based on the experimental results, the estimated regression

coefficients are calculated and the three response surface mod-
els including the output power, the detent force, and the effi-

ciency are obtained and shown in Equations (4)–(6):

P = −3182.37 + 244.02𝜏r + 539.01HPM + 232.4𝛿 − 70.62ts ∼

+ 6.44𝜏rts + 49.98HPMts − 50.79𝛿ts − 6.34𝜏r
2 − 95.8HPM

2

(4)

F = 11265.14 − 900.8𝜏r𝛿 + 183.95HPM − 1694.21𝛿 + 246.26ts

+ 85.83𝜏rHPM − 59.79𝜏r𝛿 − 16.59𝜏rts − 167.88HPM𝛿

− 102.19HPMts + 99.96𝛿ts + 25.03𝜏r
2 + 257.15𝛿2

(5)

𝜂 = 90.28 + 4.19 × 10−3𝜏r + 0.02HPM − 0.01𝛿 + 0.06ts (6)

4.2 Multi-objective optimization

During the optimization process, the improvement of power

density and the efficiency often leads to the undesirable increase

of detent force. So, a tradeoff design is often required. To

realize a tradeoff among the power density, the efficiency and

the detent force, and obtain the optimal combination of the

optimization variables accurately, the multi-objective genetic

algorithm method (MOGA) is applied in this part [25]. The

genetic algorithm (GA) fitness function is proposed based on

the response surface analytical model equation of the opti-

mization objectives, which can be expressed as the follow

equation:

f (xi ) = 𝜆P
P′

P (xi )
+ 𝜆F

F (xi )

F ′
+ 𝜆𝜂

𝜂′

𝜂 (xi )
(7)

where xi is the main optimization variables of the 120◦-

TPMLG, P, F and η are the initial values of the output power,

the detent force, and the efficiency, respectively, while P(xi),

F(xi) and η(xi) are the three optimized values.

To achieve the desired performance of the three optimization

objectives and obtain relatively high efficiency of the seeking

optimization, some special constraints are defined as follows:

By using the MOGA, a series of feasible design points is

sought out effectively, which is shown in Figure 7.

According to the objective functions and constraints in

Table 5, two feasible design points are selected to be the can-

didate design points of the optimal 120◦-TPMLG, namely can-

didate design 1 and candidate design 2. The corresponding val-

ues of the optimization variables and optimization objectives of

the 120◦-TPMLG are listed in Table 6. It can be observed from

the table that the maximum output power can reach 1292.60 W

in candidate design 1, which is 6.39% higher than that in can-

didate design 2. The minimum detent force can achieve 162.94

N in candidate design 2, which is 19.93% low than that in can-

didate design 1. The efficiency of the candidate design 1 and

candidate design 2 are almost same, which is about 91.05%.

Considering a compromise between the output power, the effi-

ciency and the detent force, candidate design 2 is chosen to

be the final optimized design for the 120◦-TPMLG, where



SI ET AL. 357

FIGURE 7 Feasible design points after optimization

TABLE 5 Special constraints of the 120◦-TPMLG

ITEMS Constraints

P P > 1.2 kW

F F < 200 N

Η η > 90%

Rate speed 0.4 m/s

Rate load 40 Ω

TABLE 6 Optimization results

Candidate design

Items

Candidate

design 1

Candidate

design 2

Optimization variables HPM 3.8 mm 3.7 mm

τr 21.1 mm 21 mm

δ 4 mm 4.1 mm

ts 11 mm 11 mm

Optimization objectives Pout 1292.60 W 1214.86 W

F 195.41 N 162.94 N

η 91.05% 91.05%

τr, HPM, g, and ts are 21 mm, 3.7 mm, 4.1 mm and 11 mm,

respectively.

5 PERFORMANCES ANALYSIS

To verify the effectiveness of the proposed optimization

method, the optimal generator model of the 120◦-TPMLG

(optimal generator) are constructed based on optimal structural

parameters in the Table 7, and its performances are analysed

and compared with those of the initial design model of the

120◦-TPMLG (initial generator) by the finite element analysis

software of Magnet. To ensure the accuracy of the calculation

TABLE 7 Comparison of value of the optimization variable

Generator type
Optimization

variables Initial generator Optimal generator

HPM 3.5 mm 3.7 mm

τr 21.3 mm 21 mm

δ 4 mm 4.1 mm

ts 11 mm 11 mm

FIGURE 8 Analysis of detent force of the two generators

results, the time step is set to 1 ms. Besides self-adaptive mesh

refine is adopted, and the maximum element size of the mesh is

set to 3 mm.

5.1 Performance analysis at a constant
speed

In general, the speed of the translator is assumed to be a con-

stant value, that is, 0.4 m/s, to facilitate the analysis of the gen-

erators. The detent force, no-load EMF, voltage, output power,

losses and efficiency of the two generators on the speed of

0.4 m/s are investigated and compared in this section.

The detent force of the two generators is analysed and com-

pared in Figure 8.

As shown in Figure 8, we can find that the maximum detent

force for the optimal generator is decreased to 162.94 N from

213.70 N for the initial generator, which represents 31.15%

detent force is reduced through optimization.

The no-load EMF of the two generators are shown and com-

pared in Figure 9.

As shown in Figure 9, it can be seen that the amplitude of

the three phase EMF of the optimal generator are higher than

that of the initial generator. The corresponding spectral analysis

results are shown in Figure 10.

As shown in Figure 10, the three-phase EMF fundamental

amplitudes of the optimal generator are 216.53, 195.32, and

212.85 V, which increase about 1.52%, 3.87%, and 0.11% than

that of the initial generator, respectively. The total harmonic dis-

tortion of the phase B and phase C EMF is decreased by 0.07%
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FIGURE 9 Analysis of the three-phase no-load EMF

FIGURE 10 Spectral analysis of three-phase no-load EMF

FIGURE 11 Analysis of the voltage

and 0.21% than that of the initial generator. Nevertheless, the

total harmonic distortion of phase C EMF of the optimal

generator is undesirable increase by 0.71% than that of the initial

generator.

The performances with different resistance loads are analysed

and compared with that of the initial generator to investigate the

load characteristics of the optimal generator. The voltage of the

two generators is analysed and compared in Figure 11.

As shown in Figure 11, it can be observed that the voltage of

the optimal generator is higher than that of the initial generator

on the same resistor loads. When the resistance load is 40 Ω,

FIGURE 12 Analysis of the output power and power density. (a) Output

power; (b) power density

the voltage of the optimal generator is 179.90 V, which is 1.20%

higher than that of the initial generator. Therefore, the optimal

generator has a higher voltage than the initial generator.

The output power and the power density of the two genera-

tors are shown and compared in Figure 12.

As shown in Figure 12, the output power and the power

density of the two generators have a downward trend with the

increase of the resistance loads, and the output power and the

power density of the optimal generator are higher than that of

the initial generator under the same resistance loads. When the

resistance load is 40 Ω, the output power and power density of

the optimal generator is 1214.87 W and 35.15 kW/m3, which

is 2.53% and 2.09% higher than that of the initial generator,

respectively. Therefore, the performance of the optimal gener-

ator is better than that of the initial generator in terms of the

output power and the power density.

Ignoring the mechanical loss and stray loss, the generator

losses usually include the iron loss and copper loss of the arma-

ture windings, which have a large effect on generation efficiency

of the generator. The generation efficiency can be calculated as:

𝜂 =
Pout

Pout + PCu + PFe
(8)

where η is the generation efficiency, Pout is the output power,

PCu is the copper loss and PFe is the iron loss;

The performances of losses and efficiency of the two gener-

ators under different loads are shown in Figure 13.

As shown in Figure 13, when the resistance loads increased,

the losses of the two generators decreased, the generation
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FIGURE 13 Analysis of losses and efficiency. (a) Losses; (b) efficiency

efficiency increased. When the resistance load is 40 Ω, the total

losses of the optimal generator is 2.67% higher than that of

the initial generator. Nevertheless, the efficiency of the optimal

generator is only 0.02% lower than that of the initial generator

due to that the output power of the optimal generator is higher

2.57% than that of the initial generator, which means that the

efficiency of the generators is almost the same before and after

optimization.

According to the analysis above, it can be observed that,

through optimization, the performances of the 120◦-TPMLG

have a notably improvement in term of detent force, which is

decreased by 31.15%. Besides, the other performance including

output power, and power density also have a slight improve-

ment, in which the output power is increased by 2.53% and the

power density is increased by 2.09%.

5.2 Performance analysis at a sinusoidal
speed

The above analysis is conducted at the constant speed of

0.4 m/s for the purpose of simplicity. Nevertheless, on the real

oceanic condition, the speed of waves is approximate sinusoidal

speed, which is relative to the wave height H and angular fre-

quency ω [26]. According to the condition of the Yellow Sea,

where the wave height A = 0.2 mm and the wave period T = 2

s, the speed of the 120◦-TPMLG can be expressed as:

v (t ) = 0.628 cos (6.28t ) (9)

The no-load EMF of the two generators on the sinusoidal

speed of v(t) = 0.628cos(6.28t) is analysed and compared in

Figure 14.

FIGURE 14 Analysis of No-load EMF at the sinusoidal speed

FIGURE 15 Analysis of output power at the sinusoidal speed

According to the Figure 14, it can be seen that the three-phase

no-load EMF peak value of the optimal generator are 319.45 V,

299.82 V and 321.57 V, which is 0.87%, 5.37% and 1.03% higher

than that of the initial generator, respectively. Consequently, the

optimal generator has a higher three-phase no-load EMF than

the initial generator at the sinusoidal speed.

The output power of the two generators at the sinusoidal

speed is analysed and compared in Figure 15.

As shown in Figure 15, the instantaneous output power of

the optimal generator is higher than that of the initial gener-

ator. And the average power and the maximum instantaneous

power of the optimal generator is 1402.84 and 2782.22 W, which

are 1.87% and 1.41% higher than that of the initial generator,

respectively. Therefore, the optimal generator has a higher out-

put power than the initial generator at the sinusoidal speed.

According to the analysis above, it can be observed that

the performance of the 120◦-TPMLG is slightly improved in

term of output power at the sinusoidal speed after optimization,

in which the average power and the maximum instantaneous

power are increased by 1.87% and 1.41%, respectively.

5.3 FEA credibility and 120◦-TWs
reasonableness validation

The proposed 120◦-TPMLG can be converted from the PMRG,

where the main dimensions of the 120◦-TPMLG is confirmed

by utilizing the measurement relationship between the PMRG

and TPMLG [19]. Therefore, to verify the credible of the above

finite element analysis method and the reasonable of the pro-

posed winding configuration (120◦-TWs), a PMRG prototype
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FIGURE 16 Prototype of the 120◦-PMRG

FIGURE 17 Test platform

FIGURE 18 Comparison of the no-load EMF of the FEA and the

experiment at constant velocities

with the same 120◦-TWs (120◦-PMRG) can be used in the

experiment. Figure 16 shows the prototype of the 120◦-PMRG,

which includes the pedestal, rotor, stator yoke and 120◦-TWs.

The corresponding test platform for the generator is shown in

Figure 17.

When the120◦-PMRG runs at a constant velocity, its no-load

EMF can be obtained as shown in Figures 18 and 19. Figure 18

shows the comparison of the no-load EMF waveform of the

FEA and the experiment at the constant linear velocity of 1k

rpm. Figure 19 shows the comparison of the no-load EMF of

the FEA and the experiment at different constant velocities.

It can be seen from Figures 18 and 19 that the EMF obtained

by FEA agrees with the experimental ones, which demonstrate

the FEA method used to analyze the performance is accurate

and the 120◦-TWs is reasonable. Therefore, the analysis results

obtained by the same analysis method (FEA) are credible in this

paper.

FIGURE 19 Comparison of the no-load EMF of the FEA and the

experiment at different velocities

6 CONCLUSION

In this paper, a new multi-objective optimization method is pro-

posed for the 120◦-TPMLG, where the RS method and the

genetic algorithm are co-applied to realize the fast search of the

best structural parameter combination. To verify effectiveness

of the proposed multi-objective optimization method, the per-

formances of the optimal generator is analysed and compared

with that of the initial generator. It is demonstrated by the com-

parison results that the power density is increased by 2.09%, the

detent force is desirably decreased 31.15%, and the efficiency of

are almost constant under rated condition (v = 0.4 m/s, R = 40

Ω). Therefore, the proposed optimization method is effective

for the 120◦-TPMLG.
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