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ψαϛτ
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ЀрЪ˔КрЕϒχ Ẑ
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ⱳ ᾚ(Reduced Order Modeling)
Ṑᵣᶘ ʾ ᶘ Ϭ ΰθЂкϿ˔ЕЯДзрϽ

ᵼЯДи  ⱲʺṌ χᶆЀрЪ˔ЯДиϬ ΰθιΪπψ‰ ᴻ
σЯДиτσμοΰϘΞ

EV Battery 

Cooling System

https://jp.mathworks.com/help/physmod/hydro/ug/sscfluids_ev_battery_cooling.html
https://jp.mathworks.com/help/physmod/hydro/ug/sscfluids_ev_battery_cooling.html
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ⱳ ᾚ(Reduced Order Modeling)
Ṑᵣᶘ ʾ ᶘ Ϭ ΰθЂкϿ˔ЕЯДзрϽ

ᵼЯДи  ⱲʺṌ χᶆЀрЪ˔ЯДиϬ ΰθιΪπψ‰ ᴻ
σЯДиτσμοΰϘΞ

EV Battery 

Cooling System

ЂкϿ˔ЕЯДи( ΠЯДи)Ϭ
ΰθЄЬвй˔Єдр ᴻχ ᾚ

https://jp.mathworks.com/help/physmod/hydro/ug/sscfluids_ev_battery_cooling.html
https://jp.mathworks.com/help/physmod/hydro/ug/sscfluids_ev_battery_cooling.html
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⇔ ЯДиχЂкϿ˔ЕЯДзрϽ
ⱳ ᾚ(Reduced Order Modeling)

Á ⇔ ЯДиτ ΰοӟᴞχЂкϿ˔ЕЯДи
( ЯДи)Ϭ⌠ ΰЄЬвй˔Єдр ᴻ ᾚϒ

ЯДиЌϱФ

ᵼ ЯДи

ü MAPЦ˔Іᴟ

ü ὓЯДиᴟ

ᵼᵃ ЯДи

ü Deep LearningЯДиᴟ( ʿLSTMχ )

Á Simulink πṌ χ ⇔ЯДиτ ΰοᴠ ♯ᾓϬ
“Μ ṜЯДиτ σД˔ЌϬ︡ ʻ

GPR,RBF χᵕṑЯДи
SVM, Convex Hull χẽᵦЯДи

Lookup table χMAP

LSTM χDeep LearningЯДи

Deep LearningЯДиᴟ

ὓЯДиᴟ

MAPЦ˔Іᴟ

Simscape, Third Party τϢϥ
⇔ ЯДи

ЂкϿ˔ЕЯДзрϽ
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Deep Learningˢ ᶘ )ЯДиᴟ
м˔ϼТк˔(ᵵ )

ᴠ ♯ᾓχם☼
ᵼᶘ Д˔Ќχ︡

DNNχᾁ
ᵼКАЕм˔ϼϬᶘ

ᶘ ệχ ᴣ
ᵼᶘ ↄϙКАЕм˔ϼπχ

ρ ᴣ

β ʿᶘ ↄϙχКАЕ
м˔ϼπ Ϭ“Ξάρ

Дϰ˔ФКАЕм˔ϼ
ДЃϱЗ˔πDNNϬ⌠

LSTM

ᾓὓᵊם ( (DoE)Ϭ
ΰʺ τḩβϥʺ
ОжЮ˔Ќχ ὓ

ᶘ ↄϙχКАЕм˔ϼϬ
SimulinkУкАϼρΰο

)ᶘ Д˔ЌⱲḧ-RMSE

ᶘ ↄϙχ™ṑἷИв˔жиКАЕм˔ϼ
Ϭ► ΰοInputτ βϥᴂ Ϭ

ᶘ ↄϙχКАЕм˔ϼψʺMAT ТϮϱи
Ϙθψ MATLAB ḩ ΤϣϱрЪ˔Е

Stateful Predict block

Deep Learning ToolboxDeep Learning ToolboxDeep Learning Toolbox

https://jp.mathworks.com/products/deep-learning.html
https://jp.mathworks.com/products/deep-learning.html
https://jp.mathworks.com/products/deep-learning.html
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ЂкϿ˔ЕЯДзрϽχ

ὝὩάὴὩὶὥὸόὶὩὪὅόὶὶὩὲὸȟὛὕὅ

É

▼ɇ

Neural

State Space

˹Ив˔жиODE
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Neural State Space ρψˁ

ɇ

Model: idNeuralStateSpace object

Estimator: nlssest

Live Task  

Deep Learning Toolbox

System Identification Toolbox

● █●ȟ◊
◐ ▌●ȟ◊

State Space

(ODE)

σжϱЈрІʿ
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EVНАГз˔ЄІГЭτ βϥNeural State Spaceχ

⇔σФжрЕЯДи

Ом˔ЕйϱрЯДи
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Voltage

Temperature

Current

SOC

Training Data

Test Data

EVНАГз˔ЄІГЭτ βϥNeural State Spaceχ
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EVНАГз˔ЄІГЭτ βϥNeural State Spaceχ
https://www.mathworks.com/videos/reduced-order-modeling-using-neural-state-space-1666078100484.html

https://www.mathworks.com/videos/reduced-order-modeling-using-neural-state-space-1666078100484.html
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ᾝ π►Πϥ Ὲ ὓʿ
ᴂ ρ Ὲᴂ Ω ᴟ
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ψαϛτ

ЈАЄдрχ יּ

¸ PIDσςχТϰ˔ЖНАϼ ῈṀϬ ὓΰοΜϥ ʺọ χΚϥ

¸ Ὲ τ ΰΨσΜΥʺᾝ π Ὲ ὓϬβϥ χΚϥ

¸ Ὲ ὓϬΰθΜΥʺ ᾋΥ ΨοᴡΤϣ◐ϛοΜΜΤ ΤϣσΜ

ЈАЄдрπΣ ΠΰθΜάρ

¸ ᴂ τϢϤФжрЕϬ βϥ

¸ Ω ᴟϯиЁзЇЭϬ Μθꜛ Ͽϱр ʾם βϥ
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ϯЅϴрЍ

Á ὂ

Áםᾓ σ ᴂ τϢϤФжрЕϬ

ïFrequency Response EstimatorУкАϼ

ïЯДи ἹᴟṀ

ÁΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрΩ ᴟ

ïᴂ ϷФГϰЫϱЃ˔



16

ϯЅϴрЍ

Á ὂ

Áםᾓ σ ᴂ τϢϤФжрЕϬ

ïFrequency Response EstimatorУкАϼ

ïЯДи ἹᴟṀ

ÁΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрΩ ᴟ

ïᴂ ϷФГϰЫϱЃ˔
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₈ῇʺ▀ỘᵦτΣΜοˮ ῈὉ ὓ˯χ ᶤψԁ ρ τσϥ

Á Ὲ ΰ ʾᵫ Ῥ ⌡ᾚ

ï ╛ᴟβϥ ῈὉτʺ‰ ʾ‰ ᴟΤνל σᵫ ΥẐϛϣ

Ϧϥ

Á ⱳ τΰΪθᴣ

ï /Ђ˔РІχ‰ ᴟϬםᾝβϥ σ ῈṪ ΥẐϛϣϦϥ

Á ЄІГЭ ῈῬᶘΥ ằβϥᵔὨ︣ χ

ï ὓϞם τΣΪϥ ᵔὨˢ ʿ Ӳⱱʺם ЀІЕ⌡

ᾚˣχ︣ ρΰοʺЄІГЭ ῈῬᶘ♪ χ―Π ϞϯФк˔Ў

Ϭ ήδϥ

Á ᵓʾזּ τΣΪϥ ΰ

ï ῈὉ ὓψΚϣϠϥ▀ỘτΣΜο ᴦὧσ ∕πΚϤʺּז

ᵓʾ τΣΪϥήϣσϥϯС˔иΥ ρσϥ

ῈὉ ὓχᴿ Ὲχ Ӭ ψ

Á ᾗΰΜ Ẑ

ïṛ ʺ ʺ

ï Ὧ

Á ЄІГЭχ ╛ή

ïЀрЪ˔КрЕ ᴥ

ï › Ϊ ᴥ

ï ╛σ ῀⌠

ï ╛σ Ἱ

Á НжνΦʾ ᶎם

ïḕẽ ᴟʺ ʺ

ᴟ

ï ʾḕẽʾὊↄχᵒ

∕
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ῈὉ ὓχЂϱϼиϬˮ ΨʺᾍΨἣϤ β˯άρΥᴿ

Ὲ ЯДиᶍ и˔Ф Ẑᶍ и˔Ф

ῈὉ Ṱ

Ὲ ᵔ

Ὧ Ṱ

Ὲ ꜠ ὓ

Ὲ ›

ᴣʾᾁ

Ὲ
ЯДиᴟ

ᾁ ὓ

Ὲ χ ᵔ

ʾ (Ⱳḧ/ ᴂ )

ʾ ˢ ⌠ ˣ

ῈὉχЯДиᴟ

ʾ ῈṀʾϯиЁзЇЭ

ʾ ῈὉ  ʾI/O

Ὲ χ / ›

ʾϿϱрχ ξΪ

ʾ Ὧ ΰ

ʾ Ὧχ

ᶆῬ χᴿ

ῈὉχЄЬвй˔Єдр

ʾ Ὲ ᴣʾᾁ

︣ὖτ ΨЯДиᴟ

︢ ʾ™ χΰ

ϯиЁзЇЭχᶈ

︣ὖτ Ψᵔ

ἷ⌠Ộχ῟ ᴟ

♯“┬῏χ⌡ᾚ

Ὲ χΰ

ЯДи ΰ

ЯДиḛ ᴟ

ὓ Д˔Ќᶨ

ЗйАЅʾ
ЛϳМϳχ

ῈὉ ὓχ

ʾ Ὲ ꜠/ϯиЁзЇЭρ χ
ʾ ῈὉχ ϥ ΜϬ

ᶆῬ χᴿ
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ᶆῬ Ϭ◦כβϥˮБ˔и˯Ϭᶨ πΦϘβ

Ὲ ЯДиᶍ и˔Ф Ẑᶍ и˔Ф

ῈὉ Ṱ

Ὲ ᵔ

Ὧ Ṱ

Ὲ ꜠ ὓ

Ὲ ›

ᴣʾᾁ

Ὲ
ЯДиᴟ

ᾁ ὓ

Ὲ χ ᵔ

ʾ (Ⱳḧ/ ᴂ )

ʾ ˢ ⌠ ˣ

ῈὉχЯДиᴟ

ʾ ῈṀʾϯиЁзЇЭ

ʾ ῈὉ  ʾI/O

Ὲ χ / ›

ʾϿϱрχ ξΪ

ʾ Ὧ ΰ

ʾ Ὧχ

ῈὉχЄЬвй˔Єдр

ʾ Ὲ ᴣʾᾁ

ЗйАЅʾ
ЛϳМϳχ

ῈὉ ὓχ

ʾ Ὲ ꜠/ϯиЁзЇЭρ χ
ʾ ῈὉχ ϥ ΜϬ

ЯДи ἹᴟṀ

ЫК˔Ѕа˔

ᴂ ϷФГϰЫϱЃ˔

PID Ṁ

ῈЄІГЭ Ṁ

ḇ ϯЗжϱЃ˔

УкАϼжϱУжз

ϯФзʾṐ

ЯДиʾзДв˔Ђ˔

ЄІГЭ

ОжЮ˔Ќ Ṁ

ϯФзʾṐ



20

ᶆῬ τΣΪϥ ῈὉ ὓЊзв˔Єдрχ

Ὲ ЯДиᶍ и˔Ф Ẑᶍ и˔Ф

ῈὉ Ṱ

Ὲ ᵔ

Ὧ Ṱ

Ὲ ꜠ ὓ

Ὲ ›

ᴣʾᾁ

Ὲ
ЯДиᴟ

ᾁ ὓ

Ὲ χ ᵔ

ʾ (Ⱳḧ/ ᴂ )

ʾ ˢ ⌠ ˣ

ῈὉχЯДиᴟ

ʾ ῈṀʾϯиЁзЇЭ

ʾ ῈὉ  ʾI/O

Ὲ χ / ›

ʾϿϱрχ ξΪ

ʾ Ὧ ΰ

ʾ Ὧχ

ῈὉχЄЬвй˔Єдр

ʾ Ὲ ᴣʾᾁ

ЗйАЅʾ
ЛϳМϳχ

ῈὉ ὓχ

ʾ Ὲ ꜠/ϯиЁзЇЭρ χ
ʾ ῈὉχ ϥ ΜϬ

Д˔Ќᶨ τϢϥ Ὲ
χЯДиᴟρ ΰ

1

ЯДиχḛ ᴟʾ ⱳᾕᴟ
Ϭ ḇ τ︣ὖτם

2

Ὲ Ϟ ῈὉχ Ϭ
Simulink ЯДиπ Ψᵔ

3

Б˔иχжϱУжзУкАϼπ
ῈὉϬ︣ὖτ ΨЯДиᴟ

4

ῈṀχꜛ Б˔иπ
Ῥ ⌡ᾚʾ Ὲ ΰ Ϭ

5
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▀ꜛ ΥἋכּ ЀрЕк˔ж˔τ βϥϺазУй˔Єдр
ⱲḧϬ ΰʺ ϹІ Ϭᵠ

ᴿ
ϵрЅр ϹІχ⌡ᾚʺΣϢόʺϺазУй˔ЄдрⱲḧ
τϢϥAFR ЀрЕк˔ж˔χ ᵫ χᴥ

ᵔὨ├

ЯДиЦ˔ІДЃϱрτ Optimization Toolbox ρ Simulink 

Design Optimization Ϭ► βϥάρπʺЀрЕк˔ж˔
ϬΩ ᴟΰʺОжЮ˔Ќ˔χϺазУй˔ЄдрϬꜛ ᴟ

Ὣᴮ
Á NOxΣϢό CO χ Ϭ ӟ ⌡ᾚ

ÁϺазУй˔ЄдрⱲḧϬ 90% 

ÁϺазУй˔Єдр χӗל ᴟ

ˮ ▀ψʺ τϩθϤʺЯДиЦ˔ІДЃϱрϬ

Μοᵫ Ϭᴥ ΰ Ϭᵠ βϥ ΰΜ Ϭ

┤ΰοΦϘΰθʻζχ πʺMATLAB ρ Simulink χ

Ω ᴟ Ϭ ΰʺṌ χ AFR ЀрЕк˔ж˔χ

ᵠ τϢϤ ϹІϬ⌡ᾚήδϥάρΥπΦϘΰ

θʻ˯

- ▀ꜛ ᴥʺזᶴ꜠ᵓּכּ  ◗♃

▀ϯиГϰЫ

Link to user story

https://www.mathworks.com/company/user_stories/nissan-improves-emission-performance-and-reduces-calibration-time-for-air-fuel-ratio-controllers.html
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ϯЅϴрЍ

Á ὂ

Áםᾓ σ ᴂ τϢϤФжрЕϬ

ïFrequency Response EstimatorУкАϼ

ïЯДи ἹᴟṀ

ÁΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрΩ ᴟ

ïᴂ ϷФГϰЫϱЃ˔
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ᴂ χṁ

ˮ ᴂ ˯ψʺ ᾙ τ βϥЄІГЭχ ᴂ χάρʻ

ἹЄІГЭτ ᾙ u(t)Ϭ βϥʻ

όὸ ὃÓÉÎ‫ὸ

y(t)ψʺӟᴞχϢΞτσϥʻ

ώὸ ὃÓÉÎ‫ὸ —
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ᴂ χṁ

Ϭ Πϥρʺ ˢAy / Auˣρӡ ₯ˢɗx ψ ᴟβϥʻ

Μ ‰Μ

(Ú
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ᴂ χṁ

ᶆ έρχ ʺӡ ₯χ Ϭ︡ϦωʺФжрЕχ Υ Τϥʻ
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ᴂ Υ ΤϥρᴡΥΜΜχΤ

ÁФжрЕχ Υ ᵔπΦϥ

ÁФжрЕχ ḩ Ϭ πΦϥ

ïSystem Identification ToolboxϬ ΜοЄІГЭ ᴦ

Á ḩ ЯДиϬ►μοЄЬвй˔ЄдрπΦϥ

Á Ὲ Ϭ ΜοΩ σ ῈϿϱрϬ πΦϥ

43

2
2 ++

+

ss

s
t

y
(t

)

Data to Model

ФжрЕτ βϥᴬᶘ ꜡ϬⱱμοΜσΨοϜʺ ήΠ ΤϦω
Ὲ ὓπΦϥϢΞτσϤϘβ˂
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ἹЄІГЭπψˁ

ΜΨνΤχ ἹЄІГЭπψʺ χ ự πψ ἹπΚϥρᾋσβά
ρΥπΦϥʻζΞπΚϦωʺ έρτ ᴂ Ϭ“Μʺ ӽ χ
Ϭ ϚάρϜπΦϥʻ

x1

x2

ếΜ Ἱ ϬⱱνЄІГЭ
ˢ Πω τ ᴟβϥЄ
ІГЭσςˣψʺ
Ϭ ϥάρψπΦϘδϭΥʺ
ᶪϣΤτ Υ ᴟβϥЄІ
ГЭπΚϦωʺộ τ
βϥάρΥπΦϘβʻ
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ϯЅϴрЍ

Á ὂ

Áםᾓ σ ᴂ τϢϤФжрЕϬ

ïFrequency Response EstimatorУкАϼ

ïЯДи ἹᴟṀ

ÁΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрΩ ᴟ

ïᴂ ϷФГϰЫϱЃ˔
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►ΞБ˔иχ κӡ

ῈὉ Ṱ

Ὲ ᵔ

Ὧ Ṱ

Ὲ ꜠ ὓ

Ὲ ›

ᴣʾᾁ

Ὲ
ЯДиᴟ

ᾁ ὓ

Ὲ χ ᵔ

ʾ (Ⱳḧ/ ᴂ )

ʾ ˢ ⌠ ˣ

ῈὉχЯДиᴟ

ʾ ῈṀʾϯиЁзЇЭ

ʾ ῈὉ  ʾI/O

Ὲ χ / ›

ʾϿϱрχ ξΪ

ʾ Ὧ ΰ

ʾ Ὧχ

ῈὉχЄЬвй˔Єдр

ʾ Ὲ ᴣʾᾁ

ЯДи ἹᴟṀ

ЫК˔Ѕа˔

ᴂ ϷФГϰЫϱЃ˔

PID Ṁ

ῈЄІГЭ Ṁ

ḇ ϯЗжϱЃ˔

УкАϼжϱУжз

ϯФзʾṐ

ЯДиʾзДв˔Ђ˔

ЄІГЭ

ОжЮ˔Ќ Ṁ

ϯФзʾṐ
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ӌΞЊзв˔Єдр

ῈὉ Ṱ

Ὲ ᵔ

Ὧ Ṱ

Ὲ ꜠ ὓ

Ὲ ›

ᴣʾᾁ

Ὲ
ЯДиᴟ

ᾁ ὓ

Ὲ χ ᵔ

ʾ (Ⱳḧ/ ᴂ )

ʾ ˢ ⌠ ˣ

ῈὉχЯДиᴟ

ʾ ῈṀʾϯиЁзЇЭ

ʾ ῈὉ  ʾI/O

Ὲ χ / ›

ʾϿϱрχ ξΪ

ʾ Ὧ ΰ

ʾ Ὧχ

ῈὉχЄЬвй˔Єдр

ʾ Ὲ ᴣʾᾁ

Д˔Ќᶨ τϢϥ Ὲ
χЯДиᴟρ ΰ

1

ЯДиχḛ ᴟʾ ⱳᾕᴟ
Ϭ ḇ τ︣ὖτם

2

Ὲ Ϟ ῈὉχ Ϭ
Simulink ЯДиπ Ψᵔ

3

Б˔иχжϱУжзУкАϼπ
ῈὉϬ︣ὖτ ΨЯДиᴟ

4

ῈṀχꜛ Б˔иπ
Ῥ ⌡ᾚʾ Ὲ ΰ Ϭ

5
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Á SISOχЄІГЭτ ΰο ᴂ χ
Υᴦ

Á Ṑ ϬЀ˔Ж ΰοםṐτם ᴦ

Á Υ ἹπΚμοϜ ᾓᴦם

ᴂ Ṁ, Frequency Response Estimator

‹τ βϥᴂ Ϭὓ ΰʺ ᵔ Ϭ“μο Ϭὓ▄βϥʻ

Ѐ˔Ж
ꜛ C or CPP

ם
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˲ДЯ˳Quanser ñQUBE ïServo 2ò Ϭ Μθ

Á QuanserּזχòQUBE ïServo 2òρΜΞ ◓ Ϭ Μϥ

Á ◓ ϬᵰΰʺЄрФиσד Ϭ︡Ϥ ΪϥάρπDCЯ˔Ќ˔χϙχЄ
ІГЭτβϥάρΥπΦϥ

ψ ◓χםᾓ πΚϥΥʺ ₈ᵕψ ◓Ϭᵰΰοד Ϭ︡Ϥ Ϊϥ
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ṐτϢϥם ᴂ
https://www.mathworks.com/videos/model-based-design-improves-power-electronics-and-motor-drive-systems-

development-efficiency-1699973729138.html

https://www.mathworks.com/videos/model-based-design-improves-power-electronics-and-motor-drive-systems-development-efficiency-1699973729138.html
https://www.mathworks.com/videos/model-based-design-improves-power-electronics-and-motor-drive-systems-development-efficiency-1699973729138.html
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˲╥―˳DCЯ˔Ќχ ᴣᵕ

ἤἭἵἮ

ἠ Ἐ

ἔ

ἤἩ

ἢ

ἢἩ

ἕἮ

ἱ

Еиϼ

DC
Я˔Ќ

Ḉ
ᴻ

Ό ϱрЍϼЌрІ

ӊ

ᶑ

╗

ᴻЕиϼ

ẄṞ
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χ ‹

Á Sinestream

ïΚϥԁ χ ‹Ϭ τ ΰοΜΨ

Sinestreamψʺ χ
έρτᶎםτ Ϭ ϥάρΥ
πΦϥΥʺ χθϛχםᾓⱲ
ḧΥ Ψσϥʻ
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Sinestream ‹ϢϤϜ ΜⱲḧπ πΦϥ ‹

Á Ўа˔Ф

ï Υ ˑτ ᴟΰοΜΨ ‹

Á PRBS

ï2 νχ χḧπ Ϥ ϩϥШмϱЕЛϱЇχϢΞσ ‹
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Sinestream ‹ϢϤϜ ΜⱲḧπ πΦϥ ‹

Á φ›ϩδ

ï χ ʺ Ϭⱱν ‹χ φ›ϩδ

ὃÓÉÎ‫ὸ
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ϯиЁзЇЭ

‰ Т˔зϵ Ḋχ ‹ρ ‹χ Ϭὓ▄βϥάρπ βϥʻ

Ὑ
ὊὊὝώ ὸ

ὊὊὝό ὸ
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ЄІГЭ

ᴂ χД˔ЌΤϣ ḩ Ϭ ϥʻ

ὦί ὦ

ὥί ὥί ὥ
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ϯЅϴрЍ

Á ὂ

Áםᾓ σ ᴂ τϢϤФжрЕϬ

ïFrequency Response EstimatorУкАϼ

ïЯДи ἹᴟṀ

ÁΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрΩ ᴟ

ïᴂ ϷФГϰЫϱЃ˔
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ˢMIMOˣЄІГЭτ ΰο ᴂ Ϭ“Ξ

/

/

ФкАЕ

ᵔ

ᵔ ︣
ἹᴟЯДи

Ὲ χ

ἹⱲ ЯДи

ЯДи ἹᴟṀ
Simulink Control Design

ᵔ ФкАЕ

Ӫχ ‹

ЯДи Ἱᴟ

ὼ ὃὼ ὄό
ώ ὅὼ Ὀό

►Μςάϧ

Á Ὲ χ ᶊχ Ӄ

Á ῈὉχ ʾӗ χ Ӄ

ДЮзАЕ

Á Ṑ ϬЀ˔Ж ΰοם
Ṑם βϥάρΥπΦσΜ
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˲ДЯ˳ֶẆꜗ ṍЯ˔Ќ˔χ ᴂ χ

⌠ ˮd, q꞊ ӊ˯τ βϥ Ὲ ˮd, q꞊ ʺᵕ ˯χ Ϭ ϥʻ

https://mathworks.com/help/slcontrol/ug/frequency-response-estimation-for-pmsm-model.html

https://mathworks.com/help/slcontrol/ug/frequency-response-estimation-for-pmsm-model.html
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ϯЅϴрЍ

Á ὂ

Áםᾓ σ ᴂ τϢϤФжрЕϬ

ïFrequency Response EstimatorУкАϼ

ïЯДи ἹᴟṀ

ÁΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрΩ ᴟ

ïᴂ ϷФГϰЫϱЃ˔
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Ὲρψ

Á Ὲ χ Ϭ τựξΪϥʺϘθψᴦ σϣԁ ήδϥάρ

ᾢΥ50mphσχπʺ
ύμθϤ50π “ΰϢΞ
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ςΞβϦω50mphτσϥΤ

50
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ꜛ τ τ ήδϥὓ▄ϯиЁзЇЭ
ӟᴞχϢΞσἹ꜠ϬТϰ˔ЖНАϼ Ὲρᾦϐ

₈χ ρ ρχ₯ Ϭᾋϥ

ϯϼЈи ϙ₅ϙ ϬὨϛʺ ϙ₅Ϛ

ⱳχ Ϭᾋϥ Ÿ ϒ
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Тϰ˔ЖНАϼ Ὲ

◙

Ὲ

⌠

K

₯ τ ΰοϿϱрKϬᶝΪ▄ΰʺ
ζϦϬ ⌠ ρΰο βϥʻ

KϬ ︣Ψ ΰοʺ
Ϛᴂ Ϭ θΜ˂
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˲╥―˳ Ὲ ᴣ

Á Ὲ Υ Μ ˹ ◙ τСАЌз πΦϥ

Á ϢΨ ΜϣϦϥ ᴣ ψʺІГАФᴂ Ϭᾋϥ

κϡΞςϢΜ
ӗ ΰοΜϥΥʺ
◙ Υ Μ

ӗ ΥϢΨσΜΥʺ
◙ Υ Μ

Ўв˔ИрϽ Ўв˔ИрϽ

˲ ˳◙ τḁ βϥʺ σ Ὲψάχ τ ∕ΰσΜ
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ϯЅϴрЍ

Á ὂ

Áםᾓ σ ᴂ τϢϤФжрЕϬ

ïFrequency Response EstimatorУкАϼ

ïЯДи ἹᴟṀ

ÁΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрΩ ᴟ

ïᴂ ϷФГϰЫϱЃ˔
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►ΞБ˔иχ κӡ

ῈὉ Ṱ

Ὲ ᵔ

Ὧ Ṱ

Ὲ ꜠ ὓ

Ὲ ›

ᴣʾᾁ

Ὲ
ЯДиᴟ

ᾁ ὓ

Ὲ χ ᵔ

ʾ (Ⱳḧ/ ᴂ )

ʾ ˢ ⌠ ˣ

ῈὉχЯДиᴟ

ʾ ῈṀʾϯиЁзЇЭ

ʾ ῈὉ  ʾI/O

Ὲ χ / ›

ʾϿϱрχ ξΪ

ʾ Ὧ ΰ

ʾ Ὧχ

ῈὉχЄЬвй˔Єдр

ʾ Ὲ ᴣʾᾁ

ЯДи ἹᴟṀ

ЫК˔Ѕа˔

ᴂ ϷФГϰЫϱЃ˔

PID Ṁ

ῈЄІГЭ Ṁ

ḇ ϯЗжϱЃ˔

УкАϼжϱУжз

ϯФзʾṐ

ЯДиʾзДв˔Ђ˔

ЄІГЭ

ОжЮ˔Ќ Ṁ

ϯФзʾṐ
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ӌΞЊзв˔Єдр

ῈὉ Ṱ

Ὲ ᵔ

Ὧ Ṱ

Ὲ ꜠ ὓ

Ὲ ›

ᴣʾᾁ

Ὲ
ЯДиᴟ

ᾁ ὓ

Ὲ χ ᵔ

ʾ (Ⱳḧ/ ᴂ )

ʾ ˢ ⌠ ˣ

ῈὉχЯДиᴟ

ʾ ῈṀʾϯиЁзЇЭ

ʾ ῈὉ  ʾI/O

Ὲ χ / ›

ʾϿϱрχ ξΪ

ʾ Ὧ ΰ

ʾ Ὧχ

ῈὉχЄЬвй˔Єдр

ʾ Ὲ ᴣʾᾁ

Д˔Ќᶨ τϢϥ Ὲ
χЯДиᴟρ ΰ

1

ЯДиχḛ ᴟʾ ⱳᾕᴟ
Ϭ ḇ τ︣ὖτם

2

Ὲ Ϟ ῈὉχ Ϭ
Simulink ЯДиπ Ψᵔ

3

Б˔иχжϱУжзУкАϼπ
ῈὉϬ︣ὖτ ΨЯДиᴟ

4

ῈṀχꜛ Б˔иπ
Ῥ ⌡ᾚʾ Ὲ ΰ Ϭ

5
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Ω ᴟṪ

Optimization Toolbox

Ω ᴟϯиЁзЇЭϬ Μο ῈϿϱрϬꜛ

ṟІГАФᴂᴞᾢ

Ͽϱр ᾢʺớ
ʺӗ

σς

ᴂ

▫ ṰУкАϼ

Ⱳḧ
ᴂ

Ὲ ◙

▫

ꜛ

ᴂ ϷФГϰЫϱЃ˔
Simulink Design Optimization

ЯДиОжЮ˔Ќ
ˢм˔ϼІЧ˔І ˣ

Ὣᴮ

Á ОжЮ˔Ќ

Á ᴂ ᴦ♪ᴟ

Á Ω ᴟ “ ệйЪ˔Е

‰ зІЌ˔Еʺ
ᴟτϜ ᴂ

►Μςάϧ

Á Ὲ ▫ Ὠϛ

Á Ὲ ▫ Ϭ βϥ
Ὲ χ ›
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˲ДЯ˳ Quanser ñQUBE ïServo 2ò χ Ϧ♁ϛ Ὲ

ᴞτΰΜθ Ϥ◓χ Ϭ ΠσΥϣʺ Ϥ◓χӡ Ϭ Ὲβϥʻ

ϦϬӪ꜡δγτϞϥρʺ
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Тϰ˔ЖНАϼ ῈϬςχϢΞτ ὓβϥΤ

◙

Ὲ

⌠

K

Á ◙

ïЯ˔Ќ˔ᶑ

ï Ϥ◓ᶑ

Á Ὲ

ïЯ˔Ќ˔ᶑ

ï Ϥ◓ᶑ

ïЯ˔Ќ˔ᶑ

ï Ϥ◓ᶑ

Á ⌠

ïЯ˔Ќ˔ ӊ

Á Ͽϱр

ïˁ

ᴟ Υ πΦ
οΜϥχπΚϦωʺ

Ὲτᶨ ΰ
ϘΰϡΞʻ
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ᴂ ϷФГϰЫϱЃ˔π ΰθὫᴮ Ω ᴟτΤΤμθⱲḧʿ 45
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˲╥―˳ᴂ ϷФГϰЫϱЃ˔Ϭם“ΰθPCχ
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ΰθϿϱрϬ►μοםṐ♯ᾓ
https://www.mathworks.com/videos/model-based-design-improves-power-electronics-and-motor-drive-systems-

development-efficiency-1699973729138.html

https://www.mathworks.com/videos/model-based-design-improves-power-electronics-and-motor-drive-systems-development-efficiency-1699973729138.html
https://www.mathworks.com/videos/model-based-design-improves-power-electronics-and-motor-drive-systems-development-efficiency-1699973729138.html
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Ṑ♯ᾓם

angle_ref: ᶑ ◙ [rad]

semsor_sim(1): Я˔Ќ˔ᶑ
ˢЄЬвй˔Єдрˣ[rad]

semsor_exp(1): Я˔Ќ˔ᶑ
ˢםṐˣ[rad]

semsor_sim(2): Ϥ◓ᶑ ˢЄ
Ьвй˔Єдрˣ[rad]

semsor_exp(2): Ϥ◓ᶑ ˢם
Ṑˣ[rad]

volt_sim: ӊ◙ꜘ ˢЄЬв
й˔Єдрˣ[V]

volt_exp: ӊ◙ꜘ ˢםṐˣ[V]
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Ὣᴮχ―╔

Á Κϥ ФжрЕЯДиΥ ᶎπΚϦωʺФжрЕЯДиτ ΰο ΰ
θϿϱрϬζχϘϘםṐτ πΦϥ

Á ФжрЕЯДиΥ ᶎπΚϦωΚϥϕς ΜΥʺ Ὲ τϢμοψʺḁ
σ ϬẐϛϥ ψσΜ

Á ΩῇχϿϱр ψםṐπ“Ξ ΥΚϥΥʺΩ ΤϣםṐπϞϥϢϤϜʺ
Ⱨ τЄЬвй˔Єдрπ θϤϬ ΪοΣΨ Υ῟ Υ Μ
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ϿϱрІϾЅв˔зрϽPID Ὲ

ἹЄІГЭϬ χ ӽέρτỸ ΰʺζχ ӽτΣΜοΩ σPIDϿϱ
рϬ βϥʻ ӽḧψ Ἱ ḧσςπὌΩʻ

x1

x2

P1

I1

D1

ρ

ί

ί

P2

I2

D2

ρ

ί

ί

P3

I3

D3

ρ

ί

ί

P4

I4

D4

ρ

ί

ί
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Ϙρϛ



62

Ϙρϛ

Á Frequency Response EstimatorУкАϼϬ►μοʺםṐΤϣФжрЕЯД
иϬ πΦϥ

Á ЄІГЭχ ›ψʺЯДи ἹᴟṀϬ►μοЄІГЭ π
Φϥ

Á ᴂ ϷФГϰЫϱЃ˔Ϭ►μοʺΩ ᴟϯиЁзЇЭτϢϥ ῈϿϱрχ
ΥπΦϥ

MATLABϬ►Πωʺ Ὲ τḩβϥ ᾋΥσΨοϜʺ
βΩτ Ὲ ὓϬ◐ϛϣϦϘβ˂
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ⱳχІГАФ
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ФжрЕτ βϥ ᾋψʺΚμθ ΥϢΜ

ʿ ᾋΥΚϦωʺϢϤ ΜФжрЕЯДиϬ῟ τ⌠Ϧϥ

Á ꜠ΤϣЯДзрϽ

Á И˔Їτ›ϩδο ⇔ χ

Á ОжЮ˔Ќ˔χ θϤξΪ

Á χЈϷз˔Υ►Πϥ

ù
ù
ù
ù

ú

ø

é
é
é
é

ê

è

++

+
++

+

=

1

3
23

1

)(

2

2

23

ss

s
ss

s

sH

CAD/CAE

ễᴬ

ЫиЎ ЖЮϱр
ЄЬвй˔ЄдрЯДи

http://www.google.com/imgres?imgurl=http://www.simpleeffects.com/blog/wp-content/uploads/textbooks.gif&imgrefurl=http://www.simpleeffects.com/blog/?cat=9&paged=2&usg=___ibBjBjka3MxnqwitVLfmWdaSOE=&h=350&w=353&sz=67&hl=en&start=7&sig2=0oPU5gcGbr-q-A80Z6lZqg&itbs=1&tbnid=jI4zW06BsxNDRM:&tbnh=120&tbnw=121&prev=/images?q=textbook&hl=en&gbv=2&tbs=isch:1&ei=J4IQTLCSC9fKcLrf_dYH
http://img.brothersoft.com/screenshots/softimage/0/2d-3d_cad_import_vcl-29580-1.jpeg
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Ὲ τ βϥ ᾋψʺΚμθ ΥϢΜ

ʿ ῈὉ ὓỘ Ϭ῟ ᴟπΦʺϢϤ‰ σל ῈϬםᾝπΦϥ

Á ᾥ Ὲ

ï ῈЄІГЭχӗ ᵔ ʺϿϱрӡ

Á ᾝ Ὲ

ï χ ῈṀ ὓʺЈрЂ˔πὓ πΦσΜ ϬзϯиЌϱЭ ˢϸи

ЫрТϰиЌ˔ˣ

Á кНІЕ Ὲ

ïЯДиᴟ῏₯ϬẨ ΰʺ Ὲ Ϭ

Á ЯДи Ὲ

ïPID ῈπψםᾝπΦσΜ Ὲᴂ Ϭםᾝ
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Ɫ
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MathWorks ῈὉ ὓБ˔иԁ
ᵵ

1 Control System Toolbox Ἱ Ὲ ˢᾥ /ᾝ ˣτṁξΨ ῈὉχЯДзрϽʾᵔ ʾ ὓ

2 System Identification Toolbox УжАϼЩАϼІˢЄІГЭ ˣʺϽй˔ЩАϼІЯДзрϽ

3 Robust Control Toolbox ᶎΤήϬϜνФжрЕτ βϥкНІЕ ῈὉᵔ ʾ ὓ

4 Model Predictive Control Toolbox ЯДи Ὲχ ὓʾЄЬвй˔Єдр

5 Fuzzy Logic Toolbox ТϮЅ˔кЅАϼὉχ ὓʾЄЬвй˔Єдр

6 Simulink Control Design Simulink ЯДиϬṞ ρΰθ ῈὉᵔ ʾ ὓ
ʾ Frequency Response EstimatorУкАϼ
ʾ ῈЄІГЭ Ṁ

7 Simulink Design Optimization Simulink ЯДиχОжЮ˔Ќꜛ
ʾОжЮ˔Ќ˔ Ṁ
ʾᴂ ϷФГϰЫϱЃ˔

Ἱ Ὲ

Ω ᴟ

8 Predictive Maintenance Toolbox ḗ♪ʾ ΰΪϯиЁзЇЭχ ὓʾ ᴣ

9 Reinforcement Learning Toolbox ếᴟᶘ τϢϥ ├ˢPolicyˣχ ὓʾᶘ



68

Ей˔ИрϽ

Á SimulinkτϢϥ Ὲ ὓ

ïhttps://mathworks.com/learn/training/control-system-design-with-simulink.html

https://mathworks.com/learn/training/control-system-design-with-simulink.html
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MATLAB/Simulink ḩ Ϭᾁ┤
https://www.mathworks.com/academia/books.html

https://www.mathworks.com/academia/books.html
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Ὲ Ϭ ếπΦϥ

ЀрГрБ

⁬ʿ MATLAB/SimulinkτϢϥ ῈῬᶘ ʼ (2020)
https://www.mathworks.com/academia/books/introduction-to-control-engineering-with-matlab-simulink.html

ʿ ψαϛο ῈῬᶘϬᶘϐ τΩיּ σʺϩΤϤϞβΜ πβʻ
ṓὉρṐᵣ ᶘὉϬ ρΰοʺ Ϟ Ϭ τ βϥρρϜτʺ
ϞϽжТϬ Ψ Μοʺ ᵔΰϞβΜϢΞᵔ ϬῬ ήϦοΜϘβʻ

, ʿ ῈὉ ὓ ʼЀкЗּז (2022)
https://www.mathworks.com/academia/books/control-system-design.html

ʿ ЯЛχ ΦϬДЃϱрβϥθϛχ ϬϘρϛθ ῈῬᶘχễᴬ πβʻ
ῈῬᶘχІЧЄазІЕρΰοχ Ϭ τνΪθΜʺ τ μοΜϥ ῈῬᶘχ
꜡Ϭ ΰθΜʺꜝ σ Ϭ︣ᾕτΣΜοΣΦθΜʺζϭσ τΣββϛπβʻ

⁬, ᴎ ʿ MATLAB/Simulink τϢϥϩΤϤϞβΜ ῈῬᶘ 2 , 

(2022)
https://www.mathworks.com/academia/books/understanding-control-engineering-with-matlab-simulink.html

ʿ ṓʾṐᵣὉχ Ϭ ρΰʺ ḩ τṁξΨⱲḧᴂ / ᴂ τϢϥ
ᵔ ιΪπσΨʺἇ σЀрЕк˔жχ ὓ Ϭ αοʺˮ ῈῬᶘ˯Ϭ
ᵔπΦϘβʻᶆ χ τψ MATLABʺSimulinkʺControl System Toolboxʺ

Symbolic Math Toolbox Ϭ ΰθם ΥΚϤϘβʻ

https://www.mathworks.com/academia/books/introduction-to-control-engineering-with-matlab-simulink.html
https://www.mathworks.com/academia/books/control-system-design.html
https://www.mathworks.com/academia/books/understanding-control-engineering-with-matlab-simulink.html
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Ὲ Ϭ ếπΦϥ

ЀрГрБ

Ί ʿ ArduinoρMATLABπ ῈὉ ὓϬψαϛϢΞ! 2 ʼTechShare (2022)
https://www.mathworks.com/academia/books/getting-started-in-control-system-design-with-arduino-and-matlab.html

ʿ ψʺ ῈὉ ὓϬάϦΤϣᶘϐ χθϛχ πβʻ
Arduino®ϬЦ˔Іτΰθӗᴣσ ῈםᾓϺАЕϬ►μοʺם∑τ ῈὉ ὓϬ
ᾓΰσΥϣᶘϐάρΥπΦϘβʻם∑τꜛ π Ὲ χᵕ ϞЮϸṐ Ϭ⌠ ΰʺ

ꜛ⌠χЀрЕк˔ж˔π ῈβϥάρϬ ᾓπΦϘβʻ

MATLAB EXPO
῝ᵫІжϱЖ

ם Τϣᶘϐ˂ ЯДиϬᶨ ΰθЯ˔Ќ ῈὉᵫ
https://www.mathworks.com/content/dam/mathworks/mathworks-dot-com/images/events/matlabexpo/jp/2016/g1-motor-control-system-

development.pdf

https://www.mathworks.com/academia/books/getting-started-in-control-system-design-with-arduino-and-matlab.html
https://www.mathworks.com/content/dam/mathworks/mathworks-dot-com/images/events/matlabexpo/jp/2016/g1-motor-control-system-development.pdf
https://www.mathworks.com/content/dam/mathworks/mathworks-dot-com/images/events/matlabexpo/jp/2016/g1-motor-control-system-development.pdf
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ếᴟᶘ τϢϥ Ὲχםᾝ
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ếᴟᶘ Ϭ Μο ◓Ϭ θδϥ Ὲ
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ếᴟᶘ ψ ︣σ Ὲ Ϭʺ♯“┬῏ΰσΥϣ βϥ▫ ϙ

Ὲ
ˢḕẽˣ

Á ῈὉχ‰ ᴟʾ ᴟ

ïꜛ χᶍ

ïḕẽ ᴟϞ ᶎם ϒχ ᴂ

ï‰Μ Ὲ χ

Á Ὲ ὓχꜛ ᴟʾ ᴟ

ï ╛σ Ὲ Ϭꜛ τᶍ

ï Ὲ χ™ ˢ™ᶘ ˣ

ếᴟᶘ ϒχṍ

ЀрЕк˔ж
ˢϵ˔ЅϴрЕˣ

ῈᴒΤϣβϥρʺẕớχ Ὲχ◒

◙ ЈрЂᴣ

ˢ◙ χ ӂˣ
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ếᴟᶘ ЀрЈФЕ
ʿꜛ ֫ Ὲχ ›

Á כּ ЀрЕк˔жψςχϢΞτ ϥΤϬᶘ βϥ

ï (agent)

Á LIDARϞϸЮжΤϣχЈрЂ˔

ï (state, observation)

Á Ϟּכ ӡ Ϭ ᾝβϥ

ï (environment)

Á ІГϯзрϽʺУй˔ϺʺІкАЕи◙

ï (action)

Á (state)Τϣⱳχ(action)Ϭ βϥ

ï (policy)

Á жАФЌϱЭϞ ῟ σςχΩ ᴟ

ï (reward)

Á ếᴟᶘ χϯиЁзЇЭτϢϤʺЪзЄ˔ψЕжϱ
&ϵж˔π  ήϦϥ

AGENT

Reinforcement 

Learning 

Algorithm

Policy

ENVIRONMENT

ACTION

REWARD

STATE,

OBSERVATION

Policy update
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ếᴟᶘ ЀрЈФЕ
ʿꜛ ֫ Ὲχ ›

Á כּ ЀрЕк˔жψᶘ ῇχϯиЁзЇЭπ(state)

Τϣ(action)Ϭ ϥ

ï (policy)

Á ІГϯзрϽʺУй˔ϺʺІкАЕи◙

ï (action)

Á LIDARϞϸЮжΤϣχЈрЂ˔

ï (state, observation)

Á Ϟּכ ӡ Ϭ ᾝβϥ

ï (environment)

POLICY

ENVIRONMENT

ACTION
STATE,

OBSERVATION

Ϭ ṰβϥάρτϢϤʺάχᶘ ↄϙЪз
Є˔ψжАФЌϱЭρ ῟ ϬΩ ᴟβϥ

ᶘ ῇψʺᶘ ↄϙЪзЄ˔
χϙ
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Reinforcement Learning Toolbox

Á ếᴟᶘ χТк˔Ϭ τЂЪ˔Е
ïMATLABḩ / Simulink®ЯДиπ ᾝήϦθ
ḕẽρχϱрЌ˔Тϴ˔І

ïϵ˔ЅϴрЕ⌠ χθϛχКАЕм˔ϼ  ḕẽ

ïᶆ ϯиЁзЇЭϬ ằ
Á DQN / Double DQN

Á SARSA

Á REINFORCE

Á DDPG / TD3

Á A2C / A3C

Á PPO

Á SAC

ïЫиЎϵ˔ЅϴрЕτ ᴂ

ï χθϛχΩ ├χḩ ᴟ

ïйТϮйрІʾϯФзϾ˔ЄдрϬ ằ
Á https://www.mathworks.com/help/reinforcement-learning/examples.html

зз˔І

https://www.mathworks.com/help/reinforcement-learning/examples.html
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ếᴟᶘ χм˔ϼТк˔

Environment Reward Policy

representation

Training DeploymentAgent
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ḕẽ  ˢФжрЕЯДзрϽˣ

Environment Reward Policy

representation

Training DeploymentAgent
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SimscapeτϢϥЯДиᴟ

Á DCЯ˔Ќ˔τϢμο ℅Ϭᵕ ήδʺ Ϥ◓τ
ЕиϼϬ ΠϥЄІГЭπΚϥ

Á Simscape ElectricalÊ, Simscape MultibodyÊϬ
ΜοЯДиᴟΥᴦ
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ὓ

Environment Reward Policy

representation

Training DeploymentAgent
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ὓ

Á ḩ Ϭ ꜠πᾁ ΰʺSimulinkЯДиᴟ

ὶȡ  — — ό

1

2

3

ύὬὩὶὩ ό †

ṍ ТжϽ

꜠ӟᵰτϜʺStateflowϬ Μ
ο ӱϯиЁзЇЭϬ ὓ
ΰʺ βϥάρϜᴦ
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ЪзЄ˔ʺϵ˔ЅϴрЕ 

Environment Reward Policy

representation

Training DeploymentAgent
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ϵ˔ЅϴрЕ 

ЂЪ˔ЕήϦϥϯиЁзЇЭ

REINFORCE
(Policy Gradients)

rlPGAgent

SARSA

rlSARSAAgent

Q-Learning

rlQAgent

DQN 

Double DQN

rlDQNAgent

DDPG

rlDDPGAgent

A2C /A3C

rlACAgent

PPO

rlPPOAgent

TD3

rlTD3Agent

SAC

rlSACAgent
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ᶘ

Environment Reward Policy

representation

Training DeploymentAgent
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ᶘ (Ω ᴟ)

Á ᶘ χם“

trainingStats = train( agent,env,trainOptions ) ;
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ם

Environment Reward Policy

representation

Training DeploymentAgent
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ᶘ ↄϙχ КАЕм˔ϼϬ ᵫβϥ

ᶘ ↄϙКАЕм˔ϼ

T
e
n
s
o
rR

T
A

R
M

 

C
o

m
p
u

te
c
u
D

N
N

M
K

L
-

D
N

N

NVIDIAּזGPU

NVIDIAּזGPU

IntelּזXeon, 

Xeon Phi

ARMּזMali, 

Cortex-A

GPU Coder

Coder

MATLAB Coder

G
e
n
e
ra

l

ԁ σCPU

₈ᵕχ КАЕм˔ϼπΚϦωʺ
ςχЌϱФχжϱУжзπϜЀ˔Ж

βϥάρΥπΦϥ
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Ṑᾁם ˢRapid Code Prototyping, RCPˣ

PC Τϣ Raspberry Pi Ϭϵϼ
ІЌ˔ЗиЯ˔Жם“ʺẉό

ḗ♪ΰοΜϥ

Raspberry Pi ρ QUBE ï Servo 2 ψ
SPI τϢϤ

◙ ρЈрЂ˔ Ϭ Ϊ β
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Ṑχם ⌠
https://www.mathworks.com/videos/the-practical-application-of-deep-learning-and-reinforcement-learning-

for-control-and-vehicle-design-1631201875485.html


