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Development of accurate motor simulator using multi-scale/ multi-physics model
order reduction
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1. Multiscale MOR (model order reduction) A material scale MOR method was
incorporated into the machine scale MOR method. First, we formulated a method that incorporates the
homogenization method for laminated iron cores into finite element magnetic field analysis, and
developed a method to reduce it using the CLN method.

2. Multiphysics MOR The CLN method was extended to the induction heating problem. We also developed
a MOR method for stepping motors and succeeded in coupled analysis with the equation of motion.

3. Induction motor MOR A behavior model of the induction motor was derived using the CLN method.
Through coupled analysis with the control system, we achieved high-speed, high-precision analysis of
transient phenomena during startup. We also developed a nonlinear MOR method for induction motors

that takes magnetic saturation into account using the parameterized CLN method.



1)

Cauer ladder network CLN

CLN

CLN

2)

3)




4)

@)

Re(Y) (S/m)

Current(A)

200, 05 s 2 25 3
Time(s) <104
©
4
0™ Hom 2" Hom
)

physics A

GA(sla

QR AT
G Al

CLN

10°

10! 10% 10* 10t
f (Hz)

CLN

w

EEF
GA(S)

e

R
b
R
ey

1]

Gp(s)
G

Hom.

£ (Hz)

)
215
2 5599 5 Y] "5 =
Z19f &£ | 6°/°°|‘ .{,400('1 lfoo‘ :6°/ i; ,6€°°
Q L A A p
S v \op \Q.O'o ‘{J’ \QPP
e

0 L
05 1 15 2 25 3
Time(s) x10™
(d)
RM
2
1

CLN



FEM Linear vy v I (ig) FEM Lincar ( T -l (%))
2y P T I 5 300
- % !ﬂi /\. _ /\
it / 3 N J <
\/\f\;;o\/\/\
S L ¥ \ AW AR /
Y Vo V‘ -500
1 g 3 4 5 6 1] 1 2 3 5 ]
Time (s) %1073 Time (s) %107
@ (b)
5 MOR FEM
Linear lis] lio]
40 ‘ ‘
——FEM L =emem Oy =m0y e o 30
£a0f £
= <
020 o
=) 3
o g
2 10 2
0 ; : 0
0 0.02  0.04 0.06 0.08 0.1 0.08 0.09 0.1
Time t (s) Time t (s)
@ (b)
6 MOR FEM L MOR
a i a» as
@)
CLN CLN
CLN
7
|
—~ 50 ——CLN - Truncg. ———— FE‘ —CLN —Trunc. - FE
o __0.02 Y
o
~ £
E Z 0.01
> 0 =
-
> o O
: 2
< 5 -0.01
g -50 °
Js) -0.02
o
-0.03
0 0.5 1 1.5 2 0 1 2
Time t (s) Time t (s)
@ (b)
7 FE
CLN  CLN Trunc.
4)
CLN



25 ©FEM - L%oy 0, 40y 25 © FEM L0y -0, %0,
T 20
£
T 15
2 10
O
s 5f /
'_
ol /{M
-5
0 20 40 60 80 100
Frequency f (Hz)
)
FEM
MOR a ; a» as
(5) CLN
CLN
CLN /

CLN



18 18 2 17

Takahashi Yasuhito Fujiwra Koji Sugahara Kengo Matsuo Tetsuji 58

Reduced Order Modeling Based on Multiport Cauer Ladder Network for Space Harmonics of Air-Gap 2022

Flux Density in Cage Induction Motor

IEEE Transactions on Magnetics 8203306
DOl

10.1109/TMAG.2022.3148418

Tobita Miwa Matsuo Tetsuji 58

Nonlinear Model Order Reduction of Induction Motors Using Parameterized Cauer Ladder Network 2022

Method

IEEE Transactions on Magnetics 8205504
DOl

10.1109/TMAG.2022.3171743

Shimonishi Toru Mifune Takeshi Matsuo Tetsuji 58

Frequency-Domain Model Order Reduction of Electromagnetic Field in Induction Motor 2022

IEEE Transactions on Magnetics 8206404
DOl

10.1109/TMAG.2022.3188062

Tobita M. Matsuo T. 13

A model order reduction of hysteretic eddy-current fields in electric machines using Cauer 2023

ladder network method

AIP Advances 25208

DOl
10.1063/9.0000417




Eskandari Hamed Matsuo Tetsuji

57

Comparison Study of First-Order Approximations of Nonlinear Eddy-Current Field Using Cauer 2021

Ladder Network Method

IEEE Transactions on Magnetics 6300704
DOl

10.1109/TMAG.2021.3060503

Eskandari Hamed Gyselinck Johan Matsuo Tetsuji 57

Eddy-Current Field Analysis in Laminated Iron Cores Using Multi-Scale Model Order Reduction 2021

IEEE Transactions on Magnetics 6301004
DOl

10.1109/TMAG.2021.3064410

Kuriyama Kenta Mifune Takeshi Matsuo Tetsuji 57

Multiport Model Order Reduction With Multiple Expansion Points 2021

IEEE Transactions on Magnetics 6301505
DOl

10.1109/TMAG.2021.3065024

Tobita Miwa Eskandari Hamed Matsuo Tetsuji 41

Model order reduction of nonlinear eddy-current field using parameterized CLN 2021

COMPEL - The international journal for computation and mathematics in electrical and electronic 967 980

engineering

DOl
10.1108/COMPEL-02-2021-0065




Tobita Miwa Matsuo Tetsuji 59

Nonlinear Model Order Reduction of a Variable Reluctance Stepper Motor Using the Parameterized 2023

Cauer Ladder Network Method

IEEE Transactions on Magnetics 8200604
DOl

10.1109/TMAG.2022.3232701

Takahashi Yasuhito Fujiwara Koji Sugahara Kengo Matsuo Tetsuji 59

Model Order Reduction of Cage Induction Motor With Skewed Rotor Slots Using Multiport Cauer 2023

Ladder Network Method

IEEE Transactions on Magnetics 8201004
DOl

10.1109/TMAG.2023.3240478

Nagamine Hideaki Hiruma Shingo Mifune Takeshi Matsuo Tetsuji 59

Error Estimation of the Cauer Ladder Network Method Based on Eigenfunction Expansion 2023

IEEE Transactions on Magnetics 7001604
DOl

10.1109/TMAG.2023.3246596

Eskandari Hamed Kaimori Hiroyuki Matsuo Tetsuji 60

Second-Order Approximation of Nonlinear Eddy-Current Problems by a Cauer Ladder Network 2024

IEEE Transactions on Magnetics 6300604

DOl
10.1109/TMAG.2023.3310575




Nagamine Hideaki Hiruma Shingo Mifune Takeshi Matsuo Tetsuji 60

Henrici-Pfluger-Type Error Estimators for the Cauer Ladder Network Representation 2024

IEEE Transactions on Magnetics 7200404
DOl

10.1109/TMAG.2023.3306785

Sugahara Kengo Tanimoto Naoto Takahashi Yasuhito Matsuo Tetsuji 60

Cauer Ladder Network With Constant Basis Functions for Eddy Current Problems Involving 2024

Conductor Movement

IEEE Transactions on Magnetics 6300404
DOl

10.1109/TMAG.2023.3304725

Nagamine Hideaki Hiruma Shingo Mifune Takeshi Matsuo Tetsuji 60

Truncation Error Formula for Multi-Port Cauer Ladder Networks 2024

IEEE Transactions on Magnetics 7201208
DOl

10.1109/TMAG.2024.3387309

Matsuo Tetsuji Takahashi Yasuhito Sugahara Kengo 60

Reduced Representation of Spatial Harmonics for Motor Model Order Reduction Using Block Arnoldi 2024

Method

IEEE Transactions on Magnetics 8200504

DOl
10.1109/TMAG.2023.3302859




Matsuo Tetsuji Ozeki Toshihiro Hiruma Shingo Mifune Takeshi 60

Port Reduction of Multiport Cauer Ladder Network 2024

IEEE Transactions on Magnetics 7200704
DOI

10.1109/TMAG.2023.3322286

Eskandari Hamed Gyselinck Johan Matsuo Tetsuji 58

Nonlinear Multi-Scale Model Order Reduction of Eddy-Current Problems 2022

IEEE Transactions on Magnetics 6300305

DOl
10.1109/TMAG.2021.3080301

40 0 16

CLN

2022

Cauer Ladder Network

2022




2022

CLN

2022

Hideaki Nagamine, Shingo Hiruma, Takeshi Mifune, Tetsuji Matsuo

Convergence Analysis of the Cauer Ladder Network Method using Eigenfunction Expansion

20th Biennial IEEE Conference on Electromagnetic Field Computation

2022

Miwa Tobita, Tetsuji Matsuo

Nonlinear Model Order Reduction of a Variable Reluctance Stepper Motor

20th Biennial IEEE Conference on Electromagnetic Field Computation

2022




Shunya Kato, Kengo Sugahara, Yasuhito Takahashi, Tetsuji Matsuo

Induction Heating Analysis with Cauer Ladder Netowork Method

20th Biennial IEEE Conference on Electromagnetic Field Computation

2022

Yasuhito Takahashi, Koji Fujiwara, Kengo Sugahara, Tetsuji Matsuo

Model Order Reduction of a Cage Induction Motor with Skewed Rotor Slots Using Multiport Cauer Ladder Network Method

20th Biennial IEEE Conference on Electromagnetic Field Computation

2022

M. Tobita, T. Matsuo

A Model Order Reduction of Hysteretic Eddy-current Fields in Electric Machines Using Cauer Ladder Network Method

67th Annual Conference on Magnetism and Magnetic Materials

2022

Henrici-Pfluger CLN

2023




CLN

2023

CLN T.E.A.M. 28

2023

2023

CLN

2021




CLN

2021

FP-CLN

2021

T. Shimonishi, T. Mifune, T. Matsuo

Frequency Domain Model Order Reduction of Electromagnetic Field in Induction Motor

23th Conference on Computation of Electromagnetic Fields

2022

M. Tobita, T. Matsuo

Nonlinear Model Order Reduction of Induction Motors Using Parameterized CLN Method

23th Conference on Computation of Electromagnetic Fields

2022




Y. Takahashi, K. Fujiwara, K. Sugahara, T. Matsuo

Reduced Order Modeling Based on Multiport Cauer Ladder Network for Space Harmonics of Air-gap Flux Density in Cage Induction
Motor

MMM/ Intermag Conference

2022

Cauer Ladder Network

2022

CLN

2022

CLN

2022




CLN

2020

2020

CLN

2020

M. Tobita, H. Eskandari, T. Matsuo

Model Order Reduction of Nonlinear Eddy-current Field Using Parameterized CLN

19th International IGTE Symposium on Numerical Field Calculation in Electrical Engineering

2020




H. Eskandari, T. Matsuo

Comparative Study of First-Order Approximation of Nonlinear Eddy-Current Field Using CLN Method

19th Biennial IEEE Conference on Electromagnetic Field Computation

2020

H. Eskandari, J. Gyselinck, T. Matsuo

Multi-scale Model Order Reduction of Eddy-Current Field on Laminated-Core Devices

19th Biennial IEEE Conference on Electromagnetic Field Computation

2020

K. Kuriyama, T. Mifune, T. Matsuo

Multi-port Model Order Reduction with Multiple Expansion Points

19th Biennial IEEE Conference on Electromagnetic Field Computation

2020

CLN

2020




CLN

2020

CLN

2020

CLN

2020

Fixed-Point Harmonic Balance

2023




Kengo Sugahara, Naoto Tanimoto, Yasuhito Takahashi, Tesuji Matsuo

Cauer Ladder Network Representation with Constant Basis Functions for Eddy Current Problems Involving Conductor Movement

24th International Conference on the Computation of Electromagnetic Fields

2023

Hamed Eskandari, Hiroyuki Kaimori, Tetsuji Matsuo

Second Order Approximation of Nonlinear Eddy-Current Problems by a Cauer Ladder Network

24th International Conference on the Computation of Electromagnetic Fields

2023

Tetsuji Matsuo, Yasuhito Takahashi, Kengo Sugahara

Reduced Representation of Spatial Harmonics for Motor Model Order Reduction Using Block Arnoldi Method

24th International Conference on the Computation of Electromagnetic Fields

2023

Hideaki Nagamine, Shingo Hiruma, Takeshi Mifune, Tetsuji Matsuo

Henrici-Pfluger type error estimators for the Cauer ladder network method

24th International Conference on the Computation of Electromagnetic Fields

2023




Tetsuji Matsuo, Toshihiro Ozeki, Shingo Hiruma, Takeshi Mifune

Port Reduction of Multiport Cauer Ladder Network

24th International Conference on the Computation of Electromagnetic Fields

2023

2024

(Kengo Sugahara)

(50718963) (34419)

(Yasuhito Takahashi)

(90434290) (34310)







