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Abstract

:

In general, high-speed machines should be designed to satisfy electromagnetic and mechanical characteristics. In this study, the design of high-speed permanent magnet synchronous generator with two different shaft materials considering overhang effect and mechanical characteristics was performed. It was confirmed that the leakage magnetic flux generated by the two shaft materials electromagnetically affects the high-speed generator. Additionally, it is important to accurately predict the natural frequency mode and critical speed to prevent damage and vibration of the rotating body owing to scattering during high-speed rotation. Therefore, the mechanical characteristics of the designed model were analyzed. In this study, we propose a design method that considers both the electromagnetic effects and mechanical characteristics. Subsequently, verification was performed through experiments and comparisons for the validity and reliability of the proposed design method.
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1. Introduction


With the advancement of manufacturing technologies, permanent magnet (PM) machines are widely adopted in various industrial fields, such as machines using PMs with high coercive force and residual magnetic flux density. Machines rotating at high speed have the advantage of miniaturization and cost reduction through the application of a direct-drive system connected directly to the shaft of an electric machine without using a gear system [1,2,3,4,5]. Moreover, it has the advantage of high device output and efficiency according to the power conversion device development [6,7]. Owing to these advantages, they are adopted in various fields such as turbine generators, machine tools, and electric vehicle propulsion motors [8,9,10]. However, as the high-speed machine rotates at such a great speed, there exists the issue of damage and loss of the rotor caused by centrifugal force [11,12]. To prevent damage to the rotor, the scattering of PMs is prevented through the sleeve, and with the use of materials having excellent mechanical rigidity for the shaft [13,14]. However, the choice of the shaft material has a significant influence on the electromagnetic and mechanical characteristics of high-speed machines [8].




2. Structure of PMSG


In this study, a high-speed permanent magnet synchronous generator (PMSG) with two different shaft materials, that considers the overhang effect and mechanical characteristics, was designed as shown in Figure 1. Since PM operates at high temperature, a samarium cobalt (Sm2Co17) magnet with excellent temperature characteristics was used.



Furthermore, a sleeve was used to prevent the PM from scattering as it rotated at high-speed, and Inconel 718 material was used for the sleeve [15,16]. Table 1 shows the design requirements of the generator.




3. High-Speed PMSG Characteristics with STS420-J2 Shaft Material


3.1. Mechanical Characteristics


In high-speed rotating machines, there exists the problem of damage and loss of the rotor caused by the centrifugal force. Therefore, it is essential to consider it in the design. Generally, a sleeve is used to prevent PMs from scattering of high-speed rotating machines thus avoiding damage [17]. The thickness of the sleeve was selected considering the electrical characteristics and mechanical stress of the machines. The sleeve thickness of the rotor used in this study was selected as 4 mm, based on the electromagnetic and mechanical conditions. Additionally, it is crucial to accurately predict the natural frequency mode of a rotating body for high-speed machines.



Critical speed causes high-frequency vibration as the vacuum space rapidly increases due to resonance, causing shaft displacement, vibration, and damage to bearings and systems directly [18,19]. Therefore, the critical speed of the rotating body must be accurately predicted, and the equation of motion of the rotating body can be calculated as: [20]


   m e   q ¨    +    g e   q ˙    +    k e  q   =    f e   



(1)




where    m e    is the mass,    g e    is the gyroscopic,    k e    is the stiffness matrix,  q  is the displacement, and    f e    is the vector component of the force. The rotating body can be classified into rigid body mode and bending mode according to its shape, and the design should be developed avoiding the bending mode as much as possible. Generally, the resonant frequency at the critical speed is predicted using the Campbell diagram.



With the rotational speed as the horizontal axis and the natural frequency as the vertical axis, the intersection of the rotational speed and the natural frequency can be identified as the resonance area. Figure 2 shows the critical velocity analysis result of the STS420-J2 shaft material through FEM using the value derived from Equation (1). Consequently, the critical speed closest to the rated speed was 41873 rpm. Since modal analysis directly affects the electromagnetic and mechanical vibration of a rotating machine, it is important to check the natural frequency and mode shape. Figure 3 shows the results of modal analysis when rotating at rated speed. At the rated speed of 36,000 rpm, the resonant frequencies are 1173 Hz and 1188.1 Hz in the 1st and 2nd modes respectively, and the resonant frequency intersection occurs at 3295 Hz and 3352 Hz in the 3rd and 4th modes. Frequency means the natural vibration frequency according to each mode, and rigid body mode and bending mode occur at similar frequencies. Therefore, the frequency is derived differently according to the rigid body mode and the bending mode. However, as a result of the analysis, it was confirmed that there was no problem in the design of the rotating body because there was no bending mode intersection at the rated speed.




3.2. Influence of Shaft Material on Electromagnetic Characteristics


After ensuring the mechanical stability of the PMSG rotating at high speed, a design that satisfies the rated requirement output of 100 kW and line-to-line voltage of 380 Vrms was developed. Subsequently, to verify the validity and reliability of the designed generator, a high-speed PMSG was manufactured, and an experiment was conducted. Figure 4 and Table 2 shows a comparison of the FEM and experimental results of the manufactured high-speed generator.



As a result of the comparison, there was an error rate of approximately 9.19% in the case of line-to-line voltage and approximately 23.4% in phase current, leading to an end result that does not fulfill the rated output and voltage. Therefore, in this study, the causes of incompatibility with the requirements were analyzed. In general, the voltage drop of a generator is mainly caused by an increase in inductance and a decrease in magnetic flux owing to demagnetization of the magnet. However, it was confirmed that the PM used in the designed generator had no problem even if it was used at the required rated operating temperature because the maximum operating temperature was 300 °C. Therefore, an analysis of the generator inductance characteristics was performed. It was observed from the comparison between the inductance derived through the 3D FEM of the fabrication model and the inductance measured before heat treatment of the rotating body that the error rate was very well matched at approximately 1%. However, as shown in Table 3, by measuring the inductance after heat treatment of the rotating body, it was confirmed that the inductance increased by approximately 22%.



This is because the paramagnetic characteristics are transformed into ferromagnetic characteristics during the heat treatment process in the assembly of the rotor. Therefore, as shown in Figure 5, a large leakage magnetic flux occurs at both ends of the shaft, which causes an increase in the synchronous reactance as the inductance increases [21]. The synchronous reactance component is located in the denominator term as follows Equations (2) and (3).


   V t    =    E  p h        R  l o a d  2    +    X  l o a d  2         R s    +    R  l o a d      2  +      X  p h      2       



(2)






   I  p h     =      E  p h            R  p h     +    R  l o a d      2    +        X  p h      2       



(3)







As the synchronous reactance increases, the voltage drop and current decrease. This voltage drop and current decrease cause an output reduction, as follows:


   P  o u t     =   3   ⋅    V t    ⋅    I  p h    



(4)




   V t    is the terminal voltage,    I  p h     is the phase current,    E  p h     is the back EMF,    R  p h     is the phase resistance,    R  l o a d     is the load resistance, and    X  p h     is the synchronous reactance (including self, mutual, and leakage reactance).





4. High-Speed PMSG Characteristics with Inconel 718 Shaft Material


4.1. Electromagnetic Characteristics


Previously, PMSG using the STS420-J2 shaft material was confirmed to have a problem in that the requirements were not satisfied because of the inductance leaking into the shaft as it was transformed into ferromagnetic characteristics during the heat treatment process of the rotating body. Therefore, a design that satisfies the requirements was performed using Inconel 718, which has a non-magnetic characteristic for the shaft material. The magnetic flux leakage through the shaft after the heat treatment of the rotor was confirmed through FEM. This is shown in Figure 6, and it was confirmed that magnetic flux leakage through the shaft hardly occurred.




4.2. Mechanical Characteristics


After considering the electromagnetic characteristics of PMSG with Inconel 718 shaft material, mechanical characteristics analysis was performed using the same method as that for PMSG constructed with STS420-J2 material. As a result of the critical speed analysis of Inconel 718, as shown in Figure 7, the critical speed is about 52,106 rpm, which is more stable than the STS420-J2 material because of its favorable mechanical rigidity. In the case of modal analysis, as shown in Figure 8, when operating at the rated speed, the 1st resonant frequency was 1897.4Hz, the 2nd resonant frequency was 1931.8Hz, and the 3rd resonant frequency was 5550.9Hz and 5730.9Hz. Therefore, it was confirmed that there is no problem in the design of the rotating body because the shaft rotating body made of Inconel 718 also has no bending mode intersection at the rated speed.





5. Experimental Verification


To verify the validity and reliability of the PMSG presented in the previous section, a system for performance evaluation was constructed, as shown in Figure 9. The performance evaluation method of generator includes a method employing a dynamo or back-to-back system. However, because the generator designed in this study has a large capacity and high rotational speed, it is difficult to establish a performance evaluation using dynamo. Therefore, by constructing a back-to-back system, two rotor types of PMSG experiments were performed. Figure 10 shows the results of the FEM analysis when the Inconel 718 rotor is loaded and the comparison result of the line-to-line voltage and phase current characteristics measured during the experiment.



In the case of the Inconel 718 rotor, it has a nonmagnetic characteristic even after heat treatment for coupling the rotor. In addition, since there is no magnetic flux leakage to the shaft, the error rate of the line voltage is about 1.96% and the error rate of the phase current is about 1.89%, so it was possible to obtain a result satisfying very similar electromagnetic characteristics and requirements.




6. Conclusions


In this study, the design was initially executed considering the electromagnetic and mechanical characteristics of the STS420-J2 shaft PMSG, which is less expensive, but has paramagnetic characteristics. However, through heat treatment of the rotor, the paramagnetic characteristics of STS420-J2 were transformed into ferromagnetic characteristics, and the magnetic flux leaked to the shaft, increasing the leakage inductance. This increase in inductance caused a voltage drop and a decrease in the current of the generator while increasing the synchronous reactance, resulting in unsatisfactory performance. Subsequently, the shaft material was changed to Inconel 718, and the design and analysis were performed by applying the same design method. It was confirmed that Inconel 718 has a non-magnetic characteristics, and magnetic flux leakage to the shaft does not occur even when heat treatment of the rotor is performed. The experiment was conducted using a back-to-back system. As shown in Table 4, it was confirmed that the rated output, line-to-line voltage, phase current, phase resistance, and inductance were in agreement with the analysis, and the validity and reliability of the design method were verified.



In this paper, a high-speed PMSG was designed using two different shaft materials considering the overhang effect and mechanical properties. Table 5 shows the material properties and cost of the designed PMSG. For the STS420-J2 material, due to its paramagnetic properties, one more analysis to predict the synchronous reactance after heat treatment is required. STS420-J2 material has lower rigidity than Inconel 718 material. However, considering the cost of about 14 times lower, the overall manufacturing cost can be reduced. In the case of Inconel 718, it has superior rigidity compared to STS420-J2 and has non-magnetic properties, so there is almost no error in analysis and experimentation. However, Inconel 718 is expensive and increases the overall manufacturing cost. As a result, STS420-J2 material is advantageous in terms of cost, while Inconel 718 material has high reliability, which is considered advantageous for PMGS design.
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Figure 1. Shape of high-speed generator according to shaft material. 
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Figure 2. Critical speed analysis of STS420-J2 shaft rotor. 
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Figure 3. Modal analysis of STS420-J2 shaft rotor. 
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Figure 4. Line to Line voltage and phase current characteristics of STS420-J2 shaft material at load. 
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Figure 5. Leakage magnetic flux of STS420-J2 shaft material. 
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Figure 6. Leakage magnetic flux of Inconel 718 shaft material. 
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Figure 7. Critical speed analysis of Inconel 718 shaft rotor. 
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Figure 8. Modal analysis of Inconel 718 shaft rotor. 
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Figure 9. Test bed and rotor assembly of high-speed PMSG. 
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Figure 10. Line to Line voltage and phase current characteristics of Inconel 718 shaft material at load. 
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Table 1. Design requirement condition.






Table 1. Design requirement condition.





	Parameters
	Value





	Rated power
	100 [kW]



	Rated speed
	36000 [rpm]



	Rated Line to Line voltage
	380 [Vrms]



	Thickness of sleeve
	4 [mm]



	Operation temperature
	180 [°C]



	Material of PM
	Sm2Co17
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Table 2. Comparison of STS420-J2 Shaft Material FEM and Experiment Results.
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	Parameters
	FEM Value
	Experiment Value
	Percentage Error





	Output power
	103.7 [kW]
	72.2 [kW]
	30.37%



	Phase current
	155.47 [Arms]
	119.05 [Arms]
	23.42%



	L-L voltage
	385.11 [Vrms]
	349.71 [Vrms]
	9.19%



	Efficiency
	96.72 [%]
	95.62 [%]
	1.13%
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Table 3. Comparison of FEM and experiment inductance measurements.
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	Parameters
	Value





	3D FEM
	386.96 [μH]



	Experiment (Before heat treatment)
	383.06 [μH]



	Experiment (After heat treatment)
	472.85 [μH]
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Table 4. Comparison of Inconel 718 Shaft Material FEM and Experiment Results.
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	Parameters
	FEM Value
	Experiment Value
	Percentage Error





	Output power
	108.13 [kW]
	105.18 [kW]
	2.72%



	Phase current
	150.9 [Arms]
	148.04 [Arms]
	1.89%



	L-L voltage
	418.3 [Vrms]
	410.1 [Vrms]
	1.96%



	Efficiency
	96.74 [%]
	96.24 [%]
	0.5%



	Phase resistance
	6.15 [mΩ]
	6.14 [mΩ]
	0.16%



	Inductance
	161.2 [μH]
	172.2 [μH]
	6.82%
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Table 5. Mechanical characteristics and cost depending on the materials.
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	Materials
	Yield Strength

[Mpa]
	Poisson’s

Ratio
	Cost

[kg/USD]





	Inconel 718
	1100
	0.284
	71.4



	STS420-J2
	740
	0.27
	5.0



	Sm2Co17 (YXG-30)
	35
	0.24
	97.5
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Damped Natural Frequency [rpm]

70000

2
S
S
S

0

Critical Speed
2822epm

10000 20000 30000 40000 50000 60000
Rotating Speed [rpm]|





media/file4.png
Damped Natural Frequency [rpm]

60000

50000

40000

30000

20000

10000

Critical Speed
41.873rpm

Critical Speed

4,365rpm
Critical Speed
2,919rpm

Mode 2

Mode 1

0

10000 20000 30000 40000
Rotating Speed [rpm|

50000





media/file18.png
. Back to Back System fy ¢!

,..A

T






media/file3.jpg
Y

&

§

Critical Speed
4365rpm

20000

2.919rpm

:

e

o

10000 20000 30000 40000 50000
Rotating Speed [rpm]

Damped Natural Frequency [rpm]





media/file19.jpg
450

[sway] yusaan) aseyq

450

csss 22 s
EBEEREE
TESRRREE .
5 o=

5. E

E E

Srfug

R

RS-

_Q_A
RN
R
S§RERZR

o
[swap] a3eyoA -1

18.0k  24.0k 30.0k 36.0k

K 12.0k
Spoeed [rpm]

6.0





media/file7.jpg
Now W s
S G 2
s S & 8

L-L Voltage [Vrms]

——FEM

O Experiment o
——FEM =
A Experiment

Spoeed [rpm]

L L L L Y
6.0k 12.0k 18.0k 24.0k 30.0k 36.0k

Phase Current [Arms]|





media/file10.png
B [T]
0.005

0.0025

- Leakage Flux





media/file14.png
70000
60000
50000
40000

30000

10000

0

Damped Natural Frequency [rpm]

Critical Speed

52,106rpm Mode 4

20000

Mode 3

Critical Speed
4,186rpm

2,822rpm

Mode 2

. L L L 1 MoleT]
10000 20000 30000 40000 50000 60(
Rotating Speed [rpm|





media/file11.jpg
7% Leakage Flux





media/file6.png





media/file15.jpg
1" Mode
1897.4 Hz

3" Mode
5550.9 Hz

2" Mode
1931.8 Hz






nav.xhtml


  applsci-11-07670


  
    		
      applsci-11-07670
    


  




  





media/file16.png
2" Mode
1931.8 Hz

4™ Mode
5730.9 Hz

3" Mode
5550.9 Hz






media/file2.png
Shaft
- (STS420J2)

Shaft * |
(Inconel 718)





media/file20.png
S
w
<

[swry] Judaan) aseyq

450

S [ ] S 9 S
S v o v, © U o 9O
A S o T o B o I o I B N ¥ T
T T T T T T T T

- - ]
= =

e @

E E

Tt Pt -
=252
=i
R =

_o_A |
S OO o © © o <o <
S v O w S W S W
<+ (32 T o T o\ | (o B ] —
[suap] o8eypoA T-1

12.0k 18.0k 24.0k 30.0k 36.0k

6.0k

Spoeed [rpm]





media/file5.jpg
2" Mode
1188.1 Hz

1" Mode
1173.0 Hz

3" Mode
3295.7 Hz






media/file1.jpg
Shaft
(STS42002)

Shaft | |
(Inconel 718)





media/file12.png
0
I™! Leakage Flux





media/file9.jpg
BT]
0.005

0.0025






media/file0.png





media/file8.png
L-L Voltage [Vrms]

400 -

350

300
250

200
150
100

50

——FEM
O Experiment O

——FEM

A Experiment

23.4%

n " 1 " 1 " 1 L 1 L 1 0
6.0k 12.0k 18.0k 24.0k 30.0k 36.0k

Spoeed [rpm]

Phase Current [Arms]





media/file17.jpg
Rotor Assembly
(STS420J2)






