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x+ = f (x)
<latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit><latexit sha1_base64="GvHYg8H6p0KIuuO40+aQJVMuvlk="></latexit>

Kg = g ◦ f
<latexit sha1_base64="xBLlhKoAWOYfdAyznEySKesmQtk="></latexit><latexit sha1_base64="K40M/LNmo0xFlsfrN9s5HmWACR8="></latexit><latexit sha1_base64="K40M/LNmo0xFlsfrN9s5HmWACR8="></latexit>

Linear operator
<latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit><latexit sha1_base64="wzcaWM4DYmoz2nNXyG20Q9spjfY="></latexit>

Nonlinear system
<latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit><latexit sha1_base64="ygo6KMURHgL2co+feedVHzjnnrQ="></latexit>
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Modal analysis
<latexit sha1_base64="qedy1f6b6ZUsA+qUUQfh4L2uaDQ="></latexit><latexit sha1_base64="qedy1f6b6ZUsA+qUUQfh4L2uaDQ="></latexit><latexit sha1_base64="qedy1f6b6ZUsA+qUUQfh4L2uaDQ="></latexit>
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Linear operator
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Prediction! Control
<latexit sha1_base64="LS8SfCr6Fs1BHQmpd1jYzJptjD8="></latexit><latexit sha1_base64="LS8SfCr6Fs1BHQmpd1jYzJptjD8="></latexit><latexit sha1_base64="LS8SfCr6Fs1BHQmpd1jYzJptjD8="></latexit>

using linear techniques
<latexit sha1_base64="4+2uGpgJ4auHO42VExZBHfLguLo="></latexit><latexit sha1_base64="4+2uGpgJ4auHO42VExZBHfLguLo="></latexit><latexit sha1_base64="4+2uGpgJ4auHO42VExZBHfLguLo="></latexit>
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xk+1

xk

zk

zk+1

f

Nonlinear

zk+1 = Azk
<latexit sha1_base64="NqedJGLqzzxK+q9xEefWMewiSzI="></latexit><latexit sha1_base64="NqedJGLqzzxK+q9xEefWMewiSzI="></latexit><latexit sha1_base64="NqedJGLqzzxK+q9xEefWMewiSzI="></latexit>

A
<latexit sha1_base64="WdbtykEbEbkycp0vZwiXYRUOOu8="></latexit><latexit sha1_base64="WdbtykEbEbkycp0vZwiXYRUOOu8="></latexit><latexit sha1_base64="WdbtykEbEbkycp0vZwiXYRUOOu8="></latexit>

Linear dynamics
<latexit sha1_base64="wlov9ZXQkzYjYTo7KhSfbU3Edso="></latexit><latexit sha1_base64="wlov9ZXQkzYjYTo7KhSfbU3Edso="></latexit><latexit sha1_base64="wlov9ZXQkzYjYTo7KhSfbU3Edso="></latexit>

Nonlinear embedding
<latexit sha1_base64="QAY0yMOMfN8hfI29eJYlS0V1xDY="></latexit><latexit sha1_base64="QAY0yMOMfN8hfI29eJYlS0V1xDY="></latexit><latexit sha1_base64="QAY0yMOMfN8hfI29eJYlS0V1xDY="></latexit>

z = ψ(x)
<latexit sha1_base64="nvvl4yEPbghQXuxDJR/iXLzRwlg="></latexit><latexit sha1_base64="TNCRbgoZnS5o0PaX/LMbd+RxcMw="></latexit><latexit sha1_base64="TNCRbgoZnS5o0PaX/LMbd+RxcMw="></latexit>
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A
<latexit sha1_base64="WdbtykEbEbkycp0vZwiXYRUOOu8="></latexit><latexit sha1_base64="WdbtykEbEbkycp0vZwiXYRUOOu8="></latexit><latexit sha1_base64="WdbtykEbEbkycp0vZwiXYRUOOu8="></latexit>

Linear dynamics
<latexit sha1_base64="wlov9ZXQkzYjYTo7KhSfbU3Edso="></latexit><latexit sha1_base64="wlov9ZXQkzYjYTo7KhSfbU3Edso="></latexit><latexit sha1_base64="wlov9ZXQkzYjYTo7KhSfbU3Edso="></latexit>

C
<latexit sha1_base64="kLSm8AHsK9jAbxIZyKlwgZhP1qI="></latexit><latexit sha1_base64="kLSm8AHsK9jAbxIZyKlwgZhP1qI="></latexit><latexit sha1_base64="kLSm8AHsK9jAbxIZyKlwgZhP1qI="></latexit>

Linear projection
<latexit sha1_base64="poIiXX9sxZMy4N86l8TuAjg2JnQ="></latexit><latexit sha1_base64="poIiXX9sxZMy4N86l8TuAjg2JnQ="></latexit><latexit sha1_base64="poIiXX9sxZMy4N86l8TuAjg2JnQ="></latexit>

Nonlinear embedding
<latexit sha1_base64="QAY0yMOMfN8hfI29eJYlS0V1xDY="></latexit><latexit sha1_base64="QAY0yMOMfN8hfI29eJYlS0V1xDY="></latexit><latexit sha1_base64="QAY0yMOMfN8hfI29eJYlS0V1xDY="></latexit>

⇠(xk) ⇡ Czk
<latexit sha1_base64="5GbLZVARCQphV19MHPc0UYXJWMs="></latexit><latexit sha1_base64="5GbLZVARCQphV19MHPc0UYXJWMs="></latexit><latexit sha1_base64="5GbLZVARCQphV19MHPc0UYXJWMs="></latexit>

⇠ = vector of “observables”
<latexit sha1_base64="MILByBhfHV6Rbqnfyp0En2n7itE="></latexit><latexit sha1_base64="MILByBhfHV6Rbqnfyp0En2n7itE="></latexit><latexit sha1_base64="MILByBhfHV6Rbqnfyp0En2n7itE="></latexit>

z = ψ(x)
<latexit sha1_base64="nvvl4yEPbghQXuxDJR/iXLzRwlg="></latexit><latexit sha1_base64="TNCRbgoZnS5o0PaX/LMbd+RxcMw="></latexit><latexit sha1_base64="TNCRbgoZnS5o0PaX/LMbd+RxcMw="></latexit>

(e.g. point measurements of velocity)
<latexit sha1_base64="teKdO5/76rUxpEIKzyOzdv/z+OI="></latexit><latexit sha1_base64="teKdO5/76rUxpEIKzyOzdv/z+OI="></latexit><latexit sha1_base64="teKdO5/76rUxpEIKzyOzdv/z+OI="></latexit>
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ŷk = Czk
<latexit sha1_base64="STlUNn0NvZ4bqGpRbLk341hjiII="></latexit><latexit sha1_base64="I06FX5kQQ4iMUpSKCE11P5Ezr5E="></latexit><latexit sha1_base64="I06FX5kQQ4iMUpSKCE11P5Ezr5E="></latexit>

zk+1 = Azk
<latexit sha1_base64="ruCCK3E8VAHcRB3BC7VesHJRMoI="></latexit><latexit sha1_base64="JmtV0KIVaaM5VzojsN8sWXHwcWQ="></latexit><latexit sha1_base64="JmtV0KIVaaM5VzojsN8sWXHwcWQ="></latexit>

ŷk ≈ ξ(xk)
<latexit sha1_base64="p0PzNFC/EddANSAZX4xpDlQYGL8="></latexit><latexit sha1_base64="p0PzNFC/EddANSAZX4xpDlQYGL8="></latexit><latexit sha1_base64="p0PzNFC/EddANSAZX4xpDlQYGL8="></latexit>

z0 = ψ(x0)
<latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit>
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ŷk = Czk
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Nonlinear feedback control & estimation using linear techniques
<latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit><latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit><latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit><latexit sha1_base64="K3eYmt3/0QgsnxPLp/qGBFEtb5Q="></latexit><latexit sha1_base64="CppwBhtG1MWhcXEE69z7U/7OCF8="></latexit><latexit sha1_base64="CppwBhtG1MWhcXEE69z7U/7OCF8="></latexit><latexit sha1_base64="ySac9KTb4Eywy29S+p8Kha2kn3c="></latexit><latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit><latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit><latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit><latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit><latexit sha1_base64="QP6dz74izR0K4QtN50cxZW9N9Uo="></latexit>

[Surana & Banaszuk, 2016]
<latexit sha1_base64="tCYGEoj2XO/U6Lng3Sy9VXNVYhU="></latexit><latexit sha1_base64="tCYGEoj2XO/U6Lng3Sy9VXNVYhU="></latexit><latexit sha1_base64="tCYGEoj2XO/U6Lng3Sy9VXNVYhU="></latexit>

Mature & well understood
<latexit sha1_base64="puJEBqE3ef/QzYgFBlm2mu22rqQ="></latexit><latexit sha1_base64="puJEBqE3ef/QzYgFBlm2mu22rqQ="></latexit><latexit sha1_base64="puJEBqE3ef/QzYgFBlm2mu22rqQ="></latexit>

Fast computation (linear algebra / convex optimization)
<latexit sha1_base64="jUF1N2k1Kma3oVkPcplnIsJPids="></latexit><latexit sha1_base64="jUF1N2k1Kma3oVkPcplnIsJPids="></latexit><latexit sha1_base64="jUF1N2k1Kma3oVkPcplnIsJPids="></latexit>

Rapid deployment in applications
<latexit sha1_base64="WdqzuWdj9hmRQZEvMwoqOB6xPSU="></latexit><latexit sha1_base64="WdqzuWdj9hmRQZEvMwoqOB6xPSU="></latexit><latexit sha1_base64="WdqzuWdj9hmRQZEvMwoqOB6xPSU="></latexit>

ŷk ≈ ξ(xk)
<latexit sha1_base64="p0PzNFC/EddANSAZX4xpDlQYGL8="></latexit><latexit sha1_base64="p0PzNFC/EddANSAZX4xpDlQYGL8="></latexit><latexit sha1_base64="p0PzNFC/EddANSAZX4xpDlQYGL8="></latexit>

) State estimation
<latexit sha1_base64="g4MGgnAAgB0wx8SSYMTSYXuG4RI="></latexit><latexit sha1_base64="g4MGgnAAgB0wx8SSYMTSYXuG4RI="></latexit><latexit sha1_base64="g4MGgnAAgB0wx8SSYMTSYXuG4RI="></latexit>

z0 = ψ(x0)
<latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit>

) Model predictive control! this talk
<latexit sha1_base64="Ycb/llWJYp+11OUyVF228xymrFw="></latexit><latexit sha1_base64="Ycb/llWJYp+11OUyVF228xymrFw="></latexit><latexit sha1_base64="Ycb/llWJYp+11OUyVF228xymrFw="></latexit>
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<latexit sha1_base64="STlUNn0NvZ4bqGpRbLk341hjiII="></latexit><latexit sha1_base64="I06FX5kQQ4iMUpSKCE11P5Ezr5E="></latexit><latexit sha1_base64="I06FX5kQQ4iMUpSKCE11P5Ezr5E="></latexit>

zk+1 = Azk
<latexit sha1_base64="ruCCK3E8VAHcRB3BC7VesHJRMoI="></latexit><latexit sha1_base64="JmtV0KIVaaM5VzojsN8sWXHwcWQ="></latexit><latexit sha1_base64="JmtV0KIVaaM5VzojsN8sWXHwcWQ="></latexit>

ŷk = ξ(xk)
<latexit sha1_base64="AnKfp6nK499O9r3bndgF9dzAVT4="></latexit><latexit sha1_base64="AnKfp6nK499O9r3bndgF9dzAVT4="></latexit><latexit sha1_base64="AnKfp6nK499O9r3bndgF9dzAVT4="></latexit>

When can we predict exactly?
<latexit sha1_base64="TfKhhwdOzWAdNvUDtf3QNhtXxUM="></latexit><latexit sha1_base64="TfKhhwdOzWAdNvUDtf3QNhtXxUM="></latexit><latexit sha1_base64="TfKhhwdOzWAdNvUDtf3QNhtXxUM="></latexit>

z0 = ψ(x0)
<latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit>
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<latexit sha1_base64="STlUNn0NvZ4bqGpRbLk341hjiII="></latexit><latexit sha1_base64="I06FX5kQQ4iMUpSKCE11P5Ezr5E="></latexit><latexit sha1_base64="I06FX5kQQ4iMUpSKCE11P5Ezr5E="></latexit>

zk+1 = Azk
<latexit sha1_base64="ruCCK3E8VAHcRB3BC7VesHJRMoI="></latexit><latexit sha1_base64="JmtV0KIVaaM5VzojsN8sWXHwcWQ="></latexit><latexit sha1_base64="JmtV0KIVaaM5VzojsN8sWXHwcWQ="></latexit>

&
<latexit sha1_base64="iptNX7e4GXT118DGYko+6UnrhVg="></latexit><latexit sha1_base64="iptNX7e4GXT118DGYko+6UnrhVg="></latexit><latexit sha1_base64="iptNX7e4GXT118DGYko+6UnrhVg="></latexit>

ŷk = ξ(xk)
<latexit sha1_base64="AnKfp6nK499O9r3bndgF9dzAVT4="></latexit><latexit sha1_base64="AnKfp6nK499O9r3bndgF9dzAVT4="></latexit><latexit sha1_base64="AnKfp6nK499O9r3bndgF9dzAVT4="></latexit>

equality if and only if
<latexit sha1_base64="0eUR6bM+G+tzf6ZWnjB8l5OGCNo="></latexit><latexit sha1_base64="0eUR6bM+G+tzf6ZWnjB8l5OGCNo="></latexit><latexit sha1_base64="0eUR6bM+G+tzf6ZWnjB8l5OGCNo="></latexit>

When can we predict exactly?
<latexit sha1_base64="TfKhhwdOzWAdNvUDtf3QNhtXxUM="></latexit><latexit sha1_base64="TfKhhwdOzWAdNvUDtf3QNhtXxUM="></latexit><latexit sha1_base64="TfKhhwdOzWAdNvUDtf3QNhtXxUM="></latexit>

This talk: Assume  given
<latexit sha1_base64="BJ4mB7EwI2RGFSCI6d5bhmUi6KI="></latexit><latexit sha1_base64="BJ4mB7EwI2RGFSCI6d5bhmUi6KI="></latexit><latexit sha1_base64="BJ4mB7EwI2RGFSCI6d5bhmUi6KI="></latexit>

z0 = ψ(x0)
<latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit><latexit sha1_base64="iSASHZ7+L1nRIsycgHc/F0FkYoo="></latexit>

⇠ 2 span{ 1, . . . , N}
<latexit sha1_base64="eXFl8aJl0EC4facEr8zE4zr81ZY="></latexit><latexit sha1_base64="eXFl8aJl0EC4facEr8zE4zr81ZY="></latexit><latexit sha1_base64="eXFl8aJl0EC4facEr8zE4zr81ZY="></latexit>

span{ 1, . . . , N} is Koopman invariant
<latexit sha1_base64="EnZBH7/O5pQyZyHjgtNRk8sjvJc=">AAAF3nicdZTNbhMxEMe30EAJXy0cuaxIKnFoq6QSQhwqKlDToNKqVA2tlI0i2ztJrPpjZXvTFGvPcEFceQGehisceBvsJKXZbWpppdn5/2bG49k1ThjVplb7u3Dr9mLpzt2le+X7Dx4+ery88uSTlqki0CKSSXWKkQZGBbQMNQxOEwWIYwYn+Oyd10+GoDSV4thcJNDhqC9ojxJknKu7/KYacWV1gkQW2SjRtFtfi1gsjV4bvx </latexit><latexit sha1_base64="EnZBH7/O5pQyZyHjgtNRk8sjvJc=">AAAF3nicdZTNbhMxEMe30EAJXy0cuaxIKnFoq6QSQhwqKlDToNKqVA2tlI0i2ztJrPpjZXvTFGvPcEFceQGehisceBvsJKXZbWpppdn5/2bG49k1ThjVplb7u3Dr9mLpzt2le+X7Dx4+ery88uSTlqki0CKSSXWKkQZGBbQMNQxOEwWIYwYn+Oyd10+GoDSV4thcJNDhqC9ojxJknKu7/KYacWV1gkQW2SjRtFtfi1gsjV4bvx </latexit><latexit sha1_base64="EnZBH7/O5pQyZyHjgtNRk8sjvJc=">AAAF3nicdZTNbhMxEMe30EAJXy0cuaxIKnFoq6QSQhwqKlDToNKqVA2tlI0i2ztJrPpjZXvTFGvPcEFceQGehisceBvsJKXZbWpppdn5/2bG49k1ThjVplb7u3Dr9mLpzt2le+X7Dx4+ery88uSTlqki0CKSSXWKkQZGBbQMNQxOEwWIYwYn+Oyd10+GoDSV4thcJNDhqC9ojxJknKu7/KYacWV1gkQW2SjRtFtfi1gsjV4bvx </latexit>

Constructing good  :
<latexit sha1_base64="CLfQB2XaEqXNwsSRl6mRYTpeiuk="></latexit><latexit sha1_base64="CLfQB2XaEqXNwsSRl6mRYTpeiuk="></latexit><latexit sha1_base64="CLfQB2XaEqXNwsSRl6mRYTpeiuk="></latexit>

[Korda, Mezić, in preparation]
<latexit sha1_base64="8E2avFs93mjYrcL0m2kHZXheXWY="></latexit><latexit sha1_base64="8E2avFs93mjYrcL0m2kHZXheXWY="></latexit><latexit sha1_base64="8E2avFs93mjYrcL0m2kHZXheXWY="></latexit>



Extended dynamic mode decomposition
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LS problem min
A∈RN×N

K∑

i=1

∥ψ(x+i )− Aψ(xi)∥
2
2

(xi)
K
i=1Data (x+i )

K
i=1 x+i = f (xi)

ψ = [ψ1, . . . ,ψN ]
⊤Basis functions

[Williams et al., 2015]

min
C∈RN×N

K∑

i=1

∥ξ(xi)− Cψ(xi)∥22
<latexit sha1_base64="zfCvsAdL8tdbrIb45VMCu8euJzc="></latexit><latexit sha1_base64="2Q66uru18ydUJZqkBdNzSDMsjgw="></latexit><latexit sha1_base64="2Q66uru18ydUJZqkBdNzSDMsjgw="></latexit>

LS problem

Milan Korda
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Control

M. Korda, I. Mezić. Linear predictors for nonlinear dynamical systems: Koopman operator meets model 
predictive control. Automatica, 2018

(Joint work with Igor Mezić)
<latexit sha1_base64="IzgZ8r/UucQxB6N3steNsw0Tgbg="></latexit><latexit sha1_base64="IzgZ8r/UucQxB6N3steNsw0Tgbg="></latexit><latexit sha1_base64="IzgZ8r/UucQxB6N3steNsw0Tgbg="></latexit>



Linear predictor

Milan Korda 13

z0 = �(x0)

� : Rn � RN , N � n

z+ = Az + Bu

x̂ = Cz

x+ = f (x, u)
x1, x2, . . .

x̂1, x̂2, . . .

u0, u1, . . .
<latexit sha1_base64="/xYerpLQfFWwP2p9s16x5sewUco="></latexit><latexit sha1_base64="/xYerpLQfFWwP2p9s16x5sewUco="></latexit><latexit sha1_base64="/xYerpLQfFWwP2p9s16x5sewUco="></latexit> x0

<latexit sha1_base64="Tdl+K2wpxEIPGnEP53ssLwsGzss="></latexit><latexit sha1_base64="QPf9AqgO7ycPDKkQG7rleBS7wJk="></latexit><latexit sha1_base64="QPf9AqgO7ycPDKkQG7rleBS7wJk="></latexit>



Koopman operator for controlled systems
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x+ = f (x, u), x � Rn, u � Rm



Koopman operator for controlled systems
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χ+ = F (χ) :=

[
f (x,u(0))
Su

]

x+ = f (x, u), x � Rn, u � Rm

=⇒
• Shift operator (Su)(i) = u(i + 1)

<latexit sha1_base64="6vv6PHhlLjam3Mq3hlpUWFfdE5I="></latexit><latexit sha1_base64="6vv6PHhlLjam3Mq3hlpUWFfdE5I="></latexit><latexit sha1_base64="6vv6PHhlLjam3Mq3hlpUWFfdE5I="></latexit>

(ui)�i=0 =: u
Space of all 
control sequences

• Extended state � := (x,u) 2 X := Rn ⇥ `(Rm)
<latexit sha1_base64="t5FkqOiq38a6FbZtA65icVATW9o="></latexit><latexit sha1_base64="t5FkqOiq38a6FbZtA65icVATW9o="></latexit><latexit sha1_base64="t5FkqOiq38a6FbZtA65icVATW9o="></latexit>



Koopman operator for controlled systems
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χ+ = F (χ) :=

[
f (x,u(0))
Su

]

Koopman operator

x+ = f (x, u), x � Rn, u � Rm

� : X � R

=⇒

K� = � � F

• Shift operator (Su)(i) = u(i + 1)
<latexit sha1_base64="6vv6PHhlLjam3Mq3hlpUWFfdE5I="></latexit><latexit sha1_base64="6vv6PHhlLjam3Mq3hlpUWFfdE5I="></latexit><latexit sha1_base64="6vv6PHhlLjam3Mq3hlpUWFfdE5I="></latexit>

(ui)�i=0 =: u
Space of all 
control sequences

• Extended state � := (x,u) 2 X := Rn ⇥ `(Rm)
<latexit sha1_base64="t5FkqOiq38a6FbZtA65icVATW9o="></latexit><latexit sha1_base64="t5FkqOiq38a6FbZtA65icVATW9o="></latexit><latexit sha1_base64="t5FkqOiq38a6FbZtA65icVATW9o="></latexit>



Linear predictors from Koopman - EDMD
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Data (χi)
K
i=1 (χ+i )

K
i=1 χ+i = F (χi)

�(�) = [�1(�), . . . ,�N�(�)]
�

min
A∈RNφ×Nφ

K∑

i=1

∥φ(χ+i )−Aφ(χi)∥
2
2LS problem



Linear predictors from Koopman - EDMD
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Data (χi)
K
i=1 (χ+i )

K
i=1 χ+i = F (χi)

�(�) = [�1(�), . . . ,�N�(�)]
�

min
A∈RNφ×Nφ

K∑

i=1

∥φ(χ+i )−Aφ(χi)∥
2
2LS problem

⇒

linear operator

φi(x,u) = ψi(x) + Li(u)Predictor linear in u



Linear predictors from Koopman - EDMD
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Data (χi)
K
i=1 (χ+i )

K
i=1 χ+i = F (χi)

�(�) = [�1(�), . . . ,�N�(�)]
�

min
A∈RNφ×Nφ

K∑

i=1

∥φ(χ+i )−Aφ(χi)∥
2
2LS problem

⇒

linear operator

φi(x,u) = ψi(x) + Li(u)Predictor linear in u

Without loss of generality
φ(x,u) = [ψ1(x), . . . ,ψN(x),u(0)

⊤]⊤
<latexit sha1_base64="iKDrnu8W3Q0Merqsd9vlUdUUOPs="></latexit><latexit sha1_base64="iKDrnu8W3Q0Merqsd9vlUdUUOPs="></latexit><latexit sha1_base64="iKDrnu8W3Q0Merqsd9vlUdUUOPs="></latexit>



Linear predictors from Koopman - EDMD

20

Data (χi)
K
i=1 (χ+i )

K
i=1 χ+i = F (χi)

�(�) = [�1(�), . . . ,�N�(�)]
�

min
A∈RNφ×Nφ

K∑

i=1

∥φ(χ+i )−Aφ(χi)∥
2
2LS problem

⇒

linear operator

φi(x,u) = ψi(x) + Li(u)Predictor linear in u

Without loss of generality

min
A∈RN×N,B∈RN×m

K∑

i=1

∥ψ(x+i )− Aψ(xi)− Bui(0)∥
2
2

φ(x,u) = [ψ1(x), . . . ,ψN(x),u(0)
⊤]⊤

<latexit sha1_base64="iKDrnu8W3Q0Merqsd9vlUdUUOPs="></latexit><latexit sha1_base64="iKDrnu8W3Q0Merqsd9vlUdUUOPs="></latexit><latexit sha1_base64="iKDrnu8W3Q0Merqsd9vlUdUUOPs="></latexit>



Algorithm summary
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Data

LS problem

Solution

min
A,B
∥Ylift − AXlift − BU∥F , min

C
∥X− CXlift∥F

[A,B] = Ylift[Xlift,U]
†, C = XX†lift

X =
[
x1, . . . , xK

]
, Y =

[
x+1 , . . . , x

+
K

]
,U =

[
u1, . . . , uK

]

Xlift =
[
ψ(x1), . . . ,ψ(xK)

]
, Ylift =

[
ψ(x+1 ), . . . ,ψ(x

+
K )

]
Embedding

<latexit sha1_base64="cBhMBXkTodz8miOylJY7q5VQbl8="></latexit><latexit sha1_base64="cBhMBXkTodz8miOylJY7q5VQbl8="></latexit><latexit sha1_base64="cBhMBXkTodz8miOylJY7q5VQbl8="></latexit>

z+ = Az + Bu
<latexit sha1_base64="B+TxvleF31tEZdGpf0s79VaxLVA="></latexit><latexit sha1_base64="B+TxvleF31tEZdGpf0s79VaxLVA="></latexit><latexit sha1_base64="B+TxvleF31tEZdGpf0s79VaxLVA="></latexit>

x̂ = Cz
<latexit sha1_base64="3J5vZ5mVRdAbdHIifOHOxafsIzE="></latexit><latexit sha1_base64="3J5vZ5mVRdAbdHIifOHOxafsIzE="></latexit><latexit sha1_base64="3J5vZ5mVRdAbdHIifOHOxafsIzE="></latexit>

z0 =  (x0)
<latexit sha1_base64="kUJVYYZPue1O9s5/sNJb6zp0MB8="></latexit><latexit sha1_base64="kUJVYYZPue1O9s5/sNJb6zp0MB8="></latexit><latexit sha1_base64="kUJVYYZPue1O9s5/sNJb6zp0MB8="></latexit>
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MPC design



Koopman MPC
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Nonlinear MPC

x+ = f (x, u)κ(x) = {u⋆0, u⋆1, . . . , u⋆Np−1}

x

parameter

Nonconvex
<latexit sha1_base64="BRDvTSNxV1ktTDbtqez4JdwVUAs="></latexit><latexit sha1_base64="BRDvTSNxV1ktTDbtqez4JdwVUAs="></latexit><latexit sha1_base64="BRDvTSNxV1ktTDbtqez4JdwVUAs="></latexit>

x0 = x
<latexit sha1_base64="1DJzlQ7ewBEulWnRAP7/WAQoyzg="></latexit><latexit sha1_base64="P95tKtl10eACxAyoSYiu3PLR6QA="></latexit><latexit sha1_base64="P95tKtl10eACxAyoSYiu3PLR6QA="></latexit>

minimize
ui ,xi

∑Np−1
i=0 lx(xi) + u

⊤
i Rui + r

⊤ui

subject to xi+1 = f (xi , ui), i = 0, . . . , Np − 1
cx(xi) + Cuui ≤ b, i = 0, . . . , Np − 1

<latexit sha1_base64="VObbiNKk2D6hutzndCDcVEfDOO0="></latexit><latexit sha1_base64="sZvdCsLCCxU4FTz8yO4eSYCFLZ0="></latexit><latexit sha1_base64="sZvdCsLCCxU4FTz8yO4eSYCFLZ0="></latexit>



Koopman MPC
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x+ = f (x, u)κ(x) = {u⋆0, u⋆1, . . . , u⋆Np−1}

x

minimize
ui ,zi

∑Np−1
i=0 z

⊤
i Qzi + u

⊤
i Rui + q

⊤zi + r⊤ui

subject to zi+1 = Azi + Bui , i = 0, . . . , Np − 1
Ezi + Fui ≤ b, i = 0, . . . , Np − 1

parameter

Koopman MPC

Can handle nonlinear constraints and costs in a linear fashion

Convex
<latexit sha1_base64="9u9a8phPOAbjc8vSj7iAlRYg8Bw="></latexit><latexit sha1_base64="9u9a8phPOAbjc8vSj7iAlRYg8Bw="></latexit><latexit sha1_base64="9u9a8phPOAbjc8vSj7iAlRYg8Bw="></latexit>

z0 = ψ(x)
<latexit sha1_base64="Mbh1nJWj+tLdAHdEF1Z0UQESRYw="></latexit><latexit sha1_base64="Mbh1nJWj+tLdAHdEF1Z0UQESRYw="></latexit><latexit sha1_base64="Mbh1nJWj+tLdAHdEF1Z0UQESRYw="></latexit>



Koopman MPC
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x+ = f (x, u)

x

Dense-form Koopman MPC

parameter

κ(x) =

⎡

⎢⎣
u⋆0
...

u⋆Np−1

⎤

⎥⎦

minimize
u∈RmNp

u⊤Hu⊤ + h⊤u+ z⊤0 Gu

subject to Lu+Mz0 ≤ c
<latexit sha1_base64="btEn77dIDkL3WA3TkgXAhPRkuv4="></latexit><latexit sha1_base64="HGar6IDXtFe+56hG5SDXaFSbG64="></latexit><latexit sha1_base64="HGar6IDXtFe+56hG5SDXaFSbG64="></latexit>

Computation cost independent of the size of the embedding!
<latexit sha1_base64="8BtxnyDnlJc5A/8p3M3ZrKR9Aao="></latexit><latexit sha1_base64="8BtxnyDnlJc5A/8p3M3ZrKR9Aao="></latexit><latexit sha1_base64="8BtxnyDnlJc5A/8p3M3ZrKR9Aao="></latexit>

z0 = ψ(x)
<latexit sha1_base64="Mbh1nJWj+tLdAHdEF1Z0UQESRYw="></latexit><latexit sha1_base64="Mbh1nJWj+tLdAHdEF1Z0UQESRYw="></latexit><latexit sha1_base64="Mbh1nJWj+tLdAHdEF1Z0UQESRYw="></latexit>
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At each step k of closed-loop operation

• Set z0 = �(xk)

• Solve ⇒
<latexit sha1_base64="uEzXsjXoczztFItp2cr0eXQ+Rzc="></latexit><latexit sha1_base64="uEzXsjXoczztFItp2cr0eXQ+Rzc="></latexit><latexit sha1_base64="uEzXsjXoczztFItp2cr0eXQ+Rzc="></latexit>

u⋆ =

⎡

⎢⎣
u⋆0
...

u⋆Np−1

⎤

⎥⎦

<latexit sha1_base64="rYy0y/+C58ieXm9qgFEuJyq1SR0="></latexit><latexit sha1_base64="j4i7eai16brKYSI11M95nJxeJFc="></latexit><latexit sha1_base64="j4i7eai16brKYSI11M95nJxeJFc="></latexit>

• Apply u?0 to the system
<latexit sha1_base64="WFlTfjVQD674diVovsiKs2ugVT8="></latexit><latexit sha1_base64="WFlTfjVQD674diVovsiKs2ugVT8="></latexit><latexit sha1_base64="WFlTfjVQD674diVovsiKs2ugVT8="></latexit>

minimize
u∈RmNp

u⊤Hu⊤ + h⊤u+ z⊤0 Gu

subject to Lu+Mz0 ≤ c
<latexit sha1_base64="btEn77dIDkL3WA3TkgXAhPRkuv4="></latexit><latexit sha1_base64="HGar6IDXtFe+56hG5SDXaFSbG64="></latexit><latexit sha1_base64="HGar6IDXtFe+56hG5SDXaFSbG64="></latexit>
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At each step k of closed-loop operation

• Set z0 = �(xk)

• Solve ⇒
<latexit sha1_base64="uEzXsjXoczztFItp2cr0eXQ+Rzc="></latexit><latexit sha1_base64="uEzXsjXoczztFItp2cr0eXQ+Rzc="></latexit><latexit sha1_base64="uEzXsjXoczztFItp2cr0eXQ+Rzc="></latexit>

u⋆ =

⎡

⎢⎣
u⋆0
...

u⋆Np−1

⎤

⎥⎦

<latexit sha1_base64="rYy0y/+C58ieXm9qgFEuJyq1SR0="></latexit><latexit sha1_base64="j4i7eai16brKYSI11M95nJxeJFc="></latexit><latexit sha1_base64="j4i7eai16brKYSI11M95nJxeJFc="></latexit>

• Apply u?0 to the system
<latexit sha1_base64="WFlTfjVQD674diVovsiKs2ugVT8="></latexit><latexit sha1_base64="WFlTfjVQD674diVovsiKs2ugVT8="></latexit><latexit sha1_base64="WFlTfjVQD674diVovsiKs2ugVT8="></latexit>

Main benefits

minimize
u∈RmNp

u⊤Hu⊤ + h⊤u+ z⊤0 Gu

subject to Lu+Mz0 ≤ c
<latexit sha1_base64="btEn77dIDkL3WA3TkgXAhPRkuv4="></latexit><latexit sha1_base64="HGar6IDXtFe+56hG5SDXaFSbG64="></latexit><latexit sha1_base64="HGar6IDXtFe+56hG5SDXaFSbG64="></latexit>

Nonlinear constraints and costs handled in a linear fashion
<latexit sha1_base64="vwQrLS1wk+cEyh0gUn1Xlhp+mss="></latexit><latexit sha1_base64="vwQrLS1wk+cEyh0gUn1Xlhp+mss="></latexit><latexit sha1_base64="vwQrLS1wk+cEyh0gUn1Xlhp+mss="></latexit>

Fast & simple: only small convex quadratic program solved online
<latexit sha1_base64="i9fD0Tv7ZnBLs9xN47MvowM28/A="></latexit><latexit sha1_base64="i9fD0Tv7ZnBLs9xN47MvowM28/A="></latexit><latexit sha1_base64="i9fD0Tv7ZnBLs9xN47MvowM28/A="></latexit>

Data-driven: No model required
<latexit sha1_base64="Av2bscf1MeFjO/MPEaaFmf7Al3I="></latexit><latexit sha1_base64="Av2bscf1MeFjO/MPEaaFmf7Al3I="></latexit><latexit sha1_base64="Av2bscf1MeFjO/MPEaaFmf7Al3I="></latexit>
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time [s]
<latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit>

tf
<latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit> time [s]

<latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit><latexit sha1_base64="hneHMAW8LNgP8dDeN21msqGryBQ="></latexit>

tf
<latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit><latexit sha1_base64="gJQPuMcWwLYEFKkfYeZGQqn30wA="></latexit>

Powergrid
<latexit sha1_base64="QzftXmx6Xysi0tA0doQwQWILpkg="></latexit><latexit sha1_base64="QzftXmx6Xysi0tA0doQwQWILpkg="></latexit><latexit sha1_base64="QzftXmx6Xysi0tA0doQwQWILpkg="></latexit>

0.5

1

1.5

2

4

7

10

13

0.1 0.2 0.3 0.4

x s
ta

ge
/m

m

x s
ta

ge
 /µ

m

t/s

STR
Koopman MPC

x [µm]
<latexit sha1_base64="P9tgjtAr16u3yiqCKcTxwqsdXKw="></latexit><latexit sha1_base64="P9tgjtAr16u3yiqCKcTxwqsdXKw="></latexit><latexit sha1_base64="P9tgjtAr16u3yiqCKcTxwqsdXKw="></latexit>

x [mm]
<latexit sha1_base64="XV+i/rKBUvd0/Cz0YeeOQzqDocA="></latexit><latexit sha1_base64="XV+i/rKBUvd0/Cz0YeeOQzqDocA="></latexit><latexit sha1_base64="XV+i/rKBUvd0/Cz0YeeOQzqDocA="></latexit>

No control
<latexit sha1_base64="y74XQaDS3P/9jYennGWjf1HODg4="></latexit><latexit sha1_base64="y74XQaDS3P/9jYennGWjf1HODg4="></latexit><latexit sha1_base64="y74XQaDS3P/9jYennGWjf1HODg4="></latexit>

Koopman MPC
<latexit sha1_base64="Uu+GqA5cWcWrxbzjS2xBUYeMGfU="></latexit><latexit sha1_base64="Uu+GqA5cWcWrxbzjS2xBUYeMGfU="></latexit><latexit sha1_base64="Uu+GqA5cWcWrxbzjS2xBUYeMGfU="></latexit>

High-precision positioning
<latexit sha1_base64="rnJpWowSw6UP6JGacHYrdPFR2rk=">AAAFuXicdZTfb9MwEMe9scIoP7bBG7xEtJN4YFM6CSEkJk2gdUVjaEwrm9RUk+1cWzM7jmyn67Ai8chfwiv8O/w32G3HmqyzFOl038/d5XzJkZQzbcLw78LinaXK3XvL96sPHj56vLK69uSrlpmi0KaSS3VKsAbOEmgbZjicpgqwIBxOyPkHr58MQWkmk2NzmUJX4H7Ceoxi41xnq89arD/YcCGUeSZIpWZeYUn/bLUWbobjE9 </latexit><latexit sha1_base64="rnJpWowSw6UP6JGacHYrdPFR2rk=">AAAFuXicdZTfb9MwEMe9scIoP7bBG7xEtJN4YFM6CSEkJk2gdUVjaEwrm9RUk+1cWzM7jmyn67Ai8chfwiv8O/w32G3HmqyzFOl038/d5XzJkZQzbcLw78LinaXK3XvL96sPHj56vLK69uSrlpmi0KaSS3VKsAbOEmgbZjicpgqwIBxOyPkHr58MQWkmk2NzmUJX4H7Ceoxi41xnq89arD/YcCGUeSZIpWZeYUn/bLUWbobjE9 </latexit><latexit sha1_base64="rnJpWowSw6UP6JGacHYrdPFR2rk=">AAAFuXicdZTfb9MwEMe9scIoP7bBG7xEtJN4YFM6CSEkJk2gdUVjaEwrm9RUk+1cWzM7jmyn67Ai8chfwiv8O/w32G3HmqyzFOl038/d5XzJkZQzbcLw78LinaXK3XvL96sPHj56vLK69uSrlpmi0KaSS3VKsAbOEmgbZjicpgqwIBxOyPkHr58MQWkmk2NzmUJX4H7Ceoxi41xnq89arD/YcCGUeSZIpWZeYUn/bLUWbobjE9 </latexit>

�
f
[H

z]
<latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit>�
f
[H

z]
<latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit><latexit sha1_base64="+vfuIHalYves16qhBSEln7M0hT0="></latexit>

t [s]
<latexit sha1_base64="GFOkNkHSW2kJso1BlL5QbsbN9ps="></latexit><latexit sha1_base64="GFOkNkHSW2kJso1BlL5QbsbN9ps="></latexit><latexit sha1_base64="GFOkNkHSW2kJso1BlL5QbsbN9ps="></latexit>

[Korda et al. 2017]
<latexit sha1_base64="/hKSDqkDe+SgIlNNpDGL3WD3bvw="></latexit><latexit sha1_base64="/hKSDqkDe+SgIlNNpDGL3WD3bvw="></latexit><latexit sha1_base64="/hKSDqkDe+SgIlNNpDGL3WD3bvw="></latexit>

[Kamenar et al. 2018]
<latexit sha1_base64="hq2ayixv06Jenv8TNB+hDgU6iAk="></latexit><latexit sha1_base64="hq2ayixv06Jenv8TNB+hDgU6iAk="></latexit><latexit sha1_base64="hq2ayixv06Jenv8TNB+hDgU6iAk="></latexit>

Fluids control
<latexit sha1_base64="JLfFL1uVSstjy8Hv5/S6cLWqe2Y="></latexit><latexit sha1_base64="JLfFL1uVSstjy8Hv5/S6cLWqe2Y="></latexit><latexit sha1_base64="JLfFL1uVSstjy8Hv5/S6cLWqe2Y="></latexit>



29

Fluids control

(Joint work with Hassan Arbabi and Igor Mezić)
<latexit sha1_base64="3nLBPG6aHt2DarntIGzd0Kwr5h0="></latexit><latexit sha1_base64="3nLBPG6aHt2DarntIGzd0Kwr5h0="></latexit><latexit sha1_base64="3nLBPG6aHt2DarntIGzd0Kwr5h0="></latexit>
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Burgers’ equation

∂y

∂t
− ν
∂2y

∂x2
+ y
∂y

∂x
= u(t, x)

y(x, 0) = y0(x), periodic boundary
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Burgers’ equation

∂y

∂t
− ν
∂2y

∂x2
+ y
∂y

∂x
= u(t, x)

y(x, 0) = y0(x), periodic boundary

u(t, x) = u1(t)v1(x) + u2(t)v2(x)

Setup from [Peitz, Klus 2017 ] v1(x)

v2(x)
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Burgers’ equation

∂y

∂t
− ν
∂2y

∂x2
+ y
∂y

∂x
= u(t, x)

y(x, 0) = y0(x), periodic boundary

u(t, x) = u1(t)v1(x) + u2(t)v2(x)

Tracking piecewise-constant reference

|u1(t)| ≤ 0.1 , |u2(t)| ≤ 0.1
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Burgers’ equation

∂y

∂t
− ν
∂2y

∂x2
+ y
∂y

∂x
= u(t, x)

y(x, 0) = y0(x), periodic boundary

time

y(t, x)

x

u(t, x) = u1(t)v1(x) + u2(t)v2(x)

|u1(t)| ≤ 0.1 , |u2(t)| ≤ 0.1
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Burgers’ equation

∂y

∂t
− ν
∂2y

∂x2
+ y
∂y

∂x
= u(t, x)

y(x, 0) = y0(x), periodic boundary

u(t, x) = u1(t)v1(x) + u2(t)v2(x)
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Flow Mean
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time

|u1(t)| ≤ 0.1 , |u2(t)| ≤ 0.1
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Burgers’ equation

∂y

∂t
− ν
∂2y

∂x2
+ y
∂y

∂x
= u(t, x)

y(x, 0) = y0(x), periodic boundary

u(t, x) = u1(t)v1(x) + u2(t)v2(x)
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time

|u1(t)| ≤ 0.1 , |u2(t)| ≤ 0.1
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Lid-driven cavity flow – problem setup

Milan Korda 37

∂v

∂t
+ v ·∇v = −∇p+

1

Re
∇2v, ∇ · v = 0

<latexit sha1_base64="fsYQV4M6Mz8LvDc2S/PDle8tQMk="></latexit><latexit sha1_base64="ZITcdi4Fx9NornFbyrPlPamPfoc="></latexit><latexit sha1_base64="ZITcdi4Fx9NornFbyrPlPamPfoc="></latexit>

Measurements: Velocity at randomly selected points
<latexit sha1_base64="V8p2Bnrd8bl0J6umIzJVzS0jriU=">AAAD4nicdVNbaxNBFJ42Xmq8tfroy2BS8MGGTV9EpVCUSgUrFZq20A1hdvYkGTqXZeZsTRz2F/ii+OqLv8ZXffTfOBMDJlsdWDh85zvnO7fNCikcJsmvldXGlavXrq/daN68dfvO3fWNe8fOlJZDjxtp7GnGHEihoYcCJZwWFpjKJJxk5y+j/+QCrBNGH+G0gL5iIy2GgjMM0GD9eYowwWzoD4C50oICja56Ro9BGi5wShlSy3 </latexit><latexit sha1_base64="V8p2Bnrd8bl0J6umIzJVzS0jriU=">AAAD4nicdVNbaxNBFJ42Xmq8tfroy2BS8MGGTV9EpVCUSgUrFZq20A1hdvYkGTqXZeZsTRz2F/ii+OqLv8ZXffTfOBMDJlsdWDh85zvnO7fNCikcJsmvldXGlavXrq/daN68dfvO3fWNe8fOlJZDjxtp7GnGHEihoYcCJZwWFpjKJJxk5y+j/+QCrBNGH+G0gL5iIy2GgjMM0GD9eYowwWzoD4C50oICja56Ro9BGi5wShlSy3 </latexit><latexit sha1_base64="V8p2Bnrd8bl0J6umIzJVzS0jriU=">AAAD4nicdVNbaxNBFJ42Xmq8tfroy2BS8MGGTV9EpVCUSgUrFZq20A1hdvYkGTqXZeZsTRz2F/ii+OqLv8ZXffTfOBMDJlsdWDh85zvnO7fNCikcJsmvldXGlavXrq/daN68dfvO3fWNe8fOlJZDjxtp7GnGHEihoYcCJZwWFpjKJJxk5y+j/+QCrBNGH+G0gL5iIy2GgjMM0GD9eYowwWzoD4C50oICja56Ro9BGi5wShlSy3 </latexit>

Control input: Amplitude of top lid velocity
<latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit><latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit><latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit><latexit sha1_base64="C372OWz7lr1W3ZH8C8NwNCOM5VM=">AAADl3icdVJbaxNBFJ4mXmqs2j77stgUfbBh44v4UBClUsFIxcYWsqGcnT1Jhs5lmTkbU4f9Az4J/jr/jTMxYLLVAwMf3/nObc7JSykcpemvrVb71u07d7fvde7vdB48fLS788WZynIcciONvcjBoRQahyRI4kVpEVQu8Ty/ehv953O0Thh9RtcljhVMtZgIDhSo08vd/bSXLi25CforsM9WdrnX+pEVhlcKNXEJzo36aUljD5 YEl1h3ssphCfwKpjgKUINCN/bLPuvkIDBFMjE2PE3Jkl2P8KCcu1Z5UCqgmWv6IvlPX642KnuuciumM9rs56w/9rEwar4pJ1wQN6qsOxt01LoSG+JFpQU3BTZYSQuy0MgAcmqsoJkSPHoKnEAlKeadIFBl0fkBlKXQ06PQw2HsI6R1SNYo0FE3avrH/gTlHMN3Q/IRK0w+rAYNUQ60Wwa9MbJ4F8DRX3HUHg6wEJWqn3eSqHhPIAVv6NaT/q/WQSymjDaxmA8AuGksYLnwMLLGr+FnwzCFz45rn8XdWeWzfJIc1yHG4rpCQh4umVCJ2nezOQ9XhtZns9wsfOa4FSU58Q27WV5JidSt624dTrjfPNibYPii96qXfkrZNnvMnrBnrM9estfshJ2yIeOsYN/Zz/bT9qD9+c+lt7ZWJ7/HNqw9/A1+STeD</latexit><latexit sha1_base64="ZwUXBxWT8+euxhy1Ha9F4eiZjnk=">AAAD0XicdVNbaxNBFJ42Xmqsmvrqy2BT8MGWjSCiUFBLpYKVCo0tdEOYnT2bDJ3LMnM2pg776JMIvvtrfNVf4L9xJgZMtjqwcPjOd853bpuVUjhMkl8rq60rV69dX7vRvrl+6/adzsb6e2cqy6HPjTT2NGMOpNDQR4ESTksLTGUSTrLzveg/mYB1wuhjvChhoNhIi0JwhgEadh6nCFPMCr9nNFojqdBlhfUz+kIFeaxyoKagaE </latexit><latexit sha1_base64="ZwUXBxWT8+euxhy1Ha9F4eiZjnk=">AAAD0XicdVNbaxNBFJ42Xmqsmvrqy2BT8MGWjSCiUFBLpYKVCo0tdEOYnT2bDJ3LMnM2pg776JMIvvtrfNVf4L9xJgZMtjqwcPjOd853bpuVUjhMkl8rq60rV69dX7vRvrl+6/adzsb6e2cqy6HPjTT2NGMOpNDQR4ESTksLTGUSTrLzveg/mYB1wuhjvChhoNhIi0JwhgEadh6nCFPMCr9nNFojqdBlhfUz+kIFeaxyoKagaE </latexit><latexit sha1_base64="4u9Ls5bkngdqFkWzPvFf/oWPQRs=">AAAD3HicdVNLaxRBEO5kfcT1tdGjl8ZswIMJs4KIQiAaIhGMRMiaQGZZenpqdpv0Y+iuWTc2c/Qkgicv/hqv+gv8N3avC2Yn2jBQfPVVffWarJTCYZL8WlpuXbp85erKtfb1Gzdv3e6s3nnnTGU59LmRxh5nzIEUGvooUMJxaYGpTMJRdroT/UcTsE4YfYhnJQwUG2lRCM4wQMPO4xRhilnhd4xGayQVuqywfkafqyCPVQ7UFB </latexit><latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit><latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit><latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit><latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit><latexit sha1_base64="uRoZ3xndqR5PY1rjO1BfSWurzmg=">AAAD3HicdVNLaxRBEO5kfcT1kUSPXhqzAQ8mzAZEFALREIlgJELWBDLL0tNTs9ukH0N3zbqxmaMnETx58dd41V/gv7F7XTA70YaB4quv6qvXZKUUDpPk18Ji68rVa9eXbrRv3rp9Z3ll9e47ZyrLoceNNPYkYw6k0NBDgRJOSgtMZRKOs7Pd6D8eg3XC6CM8L6Gv2FCLQnCGARqsPE4RJpgVftdotEZSocsK62f0uQryWOVATU </latexit>

Training data: 300 two-second-long trajectories
<latexit sha1_base64="Vu6M529hIvqQcV963xS08yVxXZs=">AAAD33icdVNbaxNBFJ42Xmq8pfroy2JS8MGUTX3wAoWiVCpYqdDYQjeUmdmTZOxclpmzaeqw7z5JX33x1/iq7/4bZ2LAZqsDC4fv+879LCukcJimv5aWG1euXru+cqN589btO3dbq/c+OFNaDn1upLGHjDqQQkMfBUo4LCxQxSQcsJNXkT+YgHXC6H08K2Cg6EiLoeAUA3TcepYhTJEN/b6lQgs9SnKKtHqRPEnTBE9N1wE3Ou </latexit><latexit sha1_base64="Vu6M529hIvqQcV963xS08yVxXZs=">AAAD33icdVNbaxNBFJ42Xmq8pfroy2JS8MGUTX3wAoWiVCpYqdDYQjeUmdmTZOxclpmzaeqw7z5JX33x1/iq7/4bZ2LAZqsDC4fv+879LCukcJimv5aWG1euXru+cqN589btO3dbq/c+OFNaDn1upLGHjDqQQkMfBUo4LCxQxSQcsJNXkT+YgHXC6H08K2Cg6EiLoeAUA3TcepYhTJEN/b6lQgs9SnKKtHqRPEnTBE9N1wE3Ou </latexit><latexit sha1_base64="Vu6M529hIvqQcV963xS08yVxXZs=">AAAD33icdVNbaxNBFJ42Xmq8pfroy2JS8MGUTX3wAoWiVCpYqdDYQjeUmdmTZOxclpmzaeqw7z5JX33x1/iq7/4bZ2LAZqsDC4fv+879LCukcJimv5aWG1euXru+cqN589btO3dbq/c+OFNaDn1upLGHjDqQQkMfBUo4LCxQxSQcsJNXkT+YgHXC6H08K2Cg6EiLoeAUA3TcepYhTJEN/b6lQgs9SnKKtHqRPEnTBE9N1wE3Ou </latexit>

u(t)(1− z21 )2
<latexit sha1_base64="iLSCxuo0t2sj2YfebS9aWnEKZO8="></latexit><latexit sha1_base64="iLSCxuo0t2sj2YfebS9aWnEKZO8="></latexit><latexit sha1_base64="iLSCxuo0t2sj2YfebS9aWnEKZO8="></latexit>

Re 13k (limit cycle)! mean flow (unstable fixed point)
<latexit sha1_base64="WzIJQszG00fJarlHbbbECCtnGrw="></latexit><latexit sha1_base64="WzIJQszG00fJarlHbbbECCtnGrw="></latexit><latexit sha1_base64="WzIJQszG00fJarlHbbbECCtnGrw="></latexit>

Control task: Re 13k (limit cycle)! Re 10k (stable fixed point)
<latexit sha1_base64="bI+sDvqVxiRxxilroifAvs4W/as=">AAAD9HicdVPLahRBFK1kfMTxlejSTWEmkICGnrgQhUAwRCIYiZIxgfQQqqtvzxRTj6bqdjKx6H/wB1yJWzd+Tbb6I1aNA2Y6WtBwuefce+6rs1IKh0lyMTffunb9xs2FW+3bd+7eu7+49OCjM5Xl0ONGGnuUMQdSaOihQAlHpQWmMgmH2Wg74oenYJ0w+gDPS+grNtCiEJxhcJ0s7qUIY8wKv200WiMpMjeqX9IPQLvPRnRVCi </latexit><latexit sha1_base64="bI+sDvqVxiRxxilroifAvs4W/as=">AAAD9HicdVPLahRBFK1kfMTxlejSTWEmkICGnrgQhUAwRCIYiZIxgfQQqqtvzxRTj6bqdjKx6H/wB1yJWzd+Tbb6I1aNA2Y6WtBwuefce+6rs1IKh0lyMTffunb9xs2FW+3bd+7eu7+49OCjM5Xl0ONGGnuUMQdSaOihQAlHpQWmMgmH2Wg74oenYJ0w+gDPS+grNtCiEJxhcJ0s7qUIY8wKv200WiMpMjeqX9IPQLvPRnRVCi </latexit><latexit sha1_base64="bI+sDvqVxiRxxilroifAvs4W/as=">AAAD9HicdVPLahRBFK1kfMTxlejSTWEmkICGnrgQhUAwRCIYiZIxgfQQqqtvzxRTj6bqdjKx6H/wB1yJWzd+Tbb6I1aNA2Y6WtBwuefce+6rs1IKh0lyMTffunb9xs2FW+3bd+7eu7+49OCjM5Xl0ONGGnuUMQdSaOihQAlHpQWmMgmH2Wg74oenYJ0w+gDPS+grNtCiEJxhcJ0s7qUIY8wKv200WiMpMjeqX9IPQLvPRnRVCi </latexit>



Control performance

Milan Korda 38

Control task: Re 13k (limit cycle)! Re 10k (stable fixed point)
<latexit sha1_base64="bI+sDvqVxiRxxilroifAvs4W/as="></latexit><latexit sha1_base64="bI+sDvqVxiRxxilroifAvs4W/as="></latexit><latexit sha1_base64="bI+sDvqVxiRxxilroifAvs4W/as="></latexit>



Comparison for different # of measurements

Milan Korda 39

Control task: Re 13k (limit cycle)! Re 10k (locally stable fixed point)
<latexit sha1_base64="4ktpDapTQObDprMligQ+ylrr4fs="></latexit><latexit sha1_base64="4ktpDapTQObDprMligQ+ylrr4fs="></latexit><latexit sha1_base64="4ktpDapTQObDprMligQ+ylrr4fs="></latexit>



Comparison for different # of measurements

Milan Korda 40

Control task: Re 13k (limit cycle)! Mean flow (unstabilizable fixed point)
<latexit sha1_base64="ObkSIttbwQwyH7pfUtfi08PoqE8="></latexit><latexit sha1_base64="ObkSIttbwQwyH7pfUtfi08PoqE8="></latexit><latexit sha1_base64="ObkSIttbwQwyH7pfUtfi08PoqE8="></latexit>
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Data-driven + fast and scalable

Computation time: 10�4 second per step
<latexit sha1_base64="QSP3qCMqIoNKEAFe40cfwjkudXs="></latexit><latexit sha1_base64="QSP3qCMqIoNKEAFe40cfwjkudXs="></latexit><latexit sha1_base64="QSP3qCMqIoNKEAFe40cfwjkudXs="></latexit>



Open problems

42

• Accuracy of the predictors for finite N

• Choice of the embedding

• Guarantees on the controllers (stability, optimality)

 
<latexit sha1_base64="AHRo1tTjFIpH0wuB01mk6iyjWZQ="></latexit><latexit sha1_base64="AHRo1tTjFIpH0wuB01mk6iyjWZQ="></latexit><latexit sha1_base64="AHRo1tTjFIpH0wuB01mk6iyjWZQ="></latexit>
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Thank you

(1) M. Korda, I. Mezić. Linear predictors for nonlinear dynamical systems: Koopman operator meets model 
predictive control. Automatica, 2018

(2) H. Arbabi, M. Korda, I. Mezić. A data-driven Koopman model predictive control framework for nonlinear 
flows, arxiv 2018.

Papers & Code
<latexit sha1_base64="LkWj6kX4VWVqulslKuWQ/et8kuc=">AAAFrXicdZTNThsxEMcNJS1Nv0J77GVFQtVDQRsuVQ9IqIiQilJRRAApmyLbO0ks7PXK9qah1t77NL22r9K3qZ2Ekl2CpZVG8//NjGcmMUk50yYM/y4tP1ipPHy0+rj65Omz5y9qay/PtMwUhQ6VXKoLgjVwlkDHMMPhIlWABeFwTq72vH4+AqWZTE7NdQo9gQcJ6zOKjXNd1tYjA2ND+vYYpw7Lg0b0phHcOPdkDPllrR5uhZ </latexit><latexit sha1_base64="LkWj6kX4VWVqulslKuWQ/et8kuc=">AAAFrXicdZTNThsxEMcNJS1Nv0J77GVFQtVDQRsuVQ9IqIiQilJRRAApmyLbO0ks7PXK9qah1t77NL22r9K3qZ2Ekl2CpZVG8//NjGcmMUk50yYM/y4tP1ipPHy0+rj65Omz5y9qay/PtMwUhQ6VXKoLgjVwlkDHMMPhIlWABeFwTq72vH4+AqWZTE7NdQo9gQcJ6zOKjXNd1tYjA2ND+vYYpw7Lg0b0phHcOPdkDPllrR5uhZ </latexit><latexit sha1_base64="LkWj6kX4VWVqulslKuWQ/et8kuc=">AAAFrXicdZTNThsxEMcNJS1Nv0J77GVFQtVDQRsuVQ9IqIiQilJRRAApmyLbO0ks7PXK9qah1t77NL22r9K3qZ2Ekl2CpZVG8//NjGcmMUk50yYM/y4tP1ipPHy0+rj65Omz5y9qay/PtMwUhQ6VXKoLgjVwlkDHMMPhIlWABeFwTq72vH4+AqWZTE7NdQo9gQcJ6zOKjXNd1tYjA2ND+vYYpw7Lg0b0phHcOPdkDPllrR5uhZ </latexit>
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Power grid stabilization

(Join work with Yoshi Susuki)
<latexit sha1_base64="DU3dXXq+c9mCkAsPtI9wJw8TEG0="></latexit><latexit sha1_base64="DU3dXXq+c9mCkAsPtI9wJw8TEG0="></latexit><latexit sha1_base64="DU3dXXq+c9mCkAsPtI9wJw8TEG0="></latexit>
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3

2

1

Problem setup

45

F

New England power grid model

δ̇i = ωi

−Gi iV 2i −
10∑

j=1,j ̸=i
ViVj{Gi j cos(δi − δj) + Bi j sin(δi − δj)}

Hi
πfb
ω̇i = −Diωi + Pmi

t = 0.67 s – fault occurs
t = 1 s – faulted line removed

Setup from [Susuki et al, 2011]
New England power grid model

<latexit sha1_base64="w2tQQBdYt9qEY6llVg84kcY3UTQ="></latexit><latexit sha1_base64="w2tQQBdYt9qEY6llVg84kcY3UTQ="></latexit><latexit sha1_base64="w2tQQBdYt9qEY6llVg84kcY3UTQ="></latexit>



Fault causes instability 
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Setting up Koopman MPC
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δ̇i = ωi

−Gi iV 2i −
10∑

j=1,j ̸=i
ViVj{Gi j cos(δi − δj) + Bi j sin(δi − δj)}

Hi
πfb
ω̇i = −Diωi + Pmi

Actuation:

Cost:
�

i �
2
i – frequency deviation

Pred. horizon: 1 second

Sampling: 50ms

Embedding:
<latexit sha1_base64="2Qam/w5TxWNrQeHmO9F5iTGx9Pg="></latexit><latexit sha1_base64="2Qam/w5TxWNrQeHmO9F5iTGx9Pg="></latexit><latexit sha1_base64="2Qam/w5TxWNrQeHmO9F5iTGx9Pg="></latexit>

Pmi mechanical power
<latexit sha1_base64="jc4i/bDNh012/PsmIV1bwjiNNbQ="></latexit><latexit sha1_base64="jc4i/bDNh012/PsmIV1bwjiNNbQ="></latexit><latexit sha1_base64="jc4i/bDNh012/PsmIV1bwjiNNbQ="></latexit>

New England power grid model
<latexit sha1_base64="w2tQQBdYt9qEY6llVg84kcY3UTQ=">AAAEA3icdVNLbxMxEHYTHiW8UjjCYUVSiQOtsrkgDpUqUFCRaFWkhlbKRpHXO9lY9WNle5MUyxcO/BYOXKi48h+48m+wQwTJFiztajTzffOetGBUm07n50atfu36jZubtxq379y9d7+59eC9lqUi0CeSSXWWYg2MCugbahicFQowTxmcpuevgv10CkpTKU7MRQFDjnNBx5Rg41Wj5uMjmEU9kTMssqiQM1BRrmgWcZkBGzVbnd </latexit><latexit sha1_base64="w2tQQBdYt9qEY6llVg84kcY3UTQ=">AAAEA3icdVNLbxMxEHYTHiW8UjjCYUVSiQOtsrkgDpUqUFCRaFWkhlbKRpHXO9lY9WNle5MUyxcO/BYOXKi48h+48m+wQwTJFiztajTzffOetGBUm07n50atfu36jZubtxq379y9d7+59eC9lqUi0CeSSXWWYg2MCugbahicFQowTxmcpuevgv10CkpTKU7MRQFDjnNBx5Rg41Wj5uMjmEU9kTMssqiQM1BRrmgWcZkBGzVbnd </latexit><latexit sha1_base64="w2tQQBdYt9qEY6llVg84kcY3UTQ=">AAAEA3icdVNLbxMxEHYTHiW8UjjCYUVSiQOtsrkgDpUqUFCRaFWkhlbKRpHXO9lY9WNle5MUyxcO/BYOXKi48h+48m+wQwTJFiztajTzffOetGBUm07n50atfu36jZubtxq379y9d7+59eC9lqUi0CeSSXWWYg2MCugbahicFQowTxmcpuevgv10CkpTKU7MRQFDjnNBx5Rg41Wj5uMjmEU9kTMssqiQM1BRrmgWcZkBGzVbnd </latexit>

ψ =

⎡

⎣
cos(δ)
sin(δ)
ω

⎤

⎦

<latexit sha1_base64="+cx4k05ktXKQ8sM7W2Ul4nGBWHw="></latexit><latexit sha1_base64="+cx4k05ktXKQ8sM7W2Ul4nGBWHw="></latexit><latexit sha1_base64="+cx4k05ktXKQ8sM7W2Ul4nGBWHw="></latexit>

ψ : R18 → R27
<latexit sha1_base64="wLldAKl3RioWP1D01EaKpbP7Q0Y="></latexit><latexit sha1_base64="wLldAKl3RioWP1D01EaKpbP7Q0Y="></latexit><latexit sha1_base64="wLldAKl3RioWP1D01EaKpbP7Q0Y="></latexit>
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Instability suppression
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NE grid cascade

49

Setup from [Susuki et al, 2012]
t = 1 s – faulted line removed
t = 0.87 s – fault occurs in grid #1
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0 2 4 6 8 10
0
1
2
3

0 2 4 6 8 10
0
1
2
3

0 2 4 6 8 10
0
1
2
3

0 2 4 6 8 10
0
1
2
3

0 2 4 6 8 10
0
1
2
3

0 2 4 6 8 10
0
1
2
3

0 2 4 6 8 10
0
1
2
3

0 5 10 15 20
0

5

10

0 5 10 15 20
0

5

10

0 5 10 15 20
0

5

10

0 5 10 15 20
0

5

10

0 5 10 15 20
0

5

10

0 5 10 15 20
0

5

10

 
0 5 10 15 20

 

0

5

10

Cascade instability occurs without control
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� [rad] �f [Hz]
No control
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Can we suppress cascade instability?

51

3924 3924 39243924 3924 392439

Case 1: Each grid controlled separately
<latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit><latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit><latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit><latexit sha1_base64="C372OWz7lr1W3ZH8C8NwNCOM5VM="></latexit><latexit sha1_base64="rcopD+N9/hcYn7bC7APhZkwmOZM="></latexit><latexit sha1_base64="rcopD+N9/hcYn7bC7APhZkwmOZM="></latexit><latexit sha1_base64="wdBUcRadg7XMWGKGnlQOh7I4CsI="></latexit><latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit><latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit><latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit><latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit><latexit sha1_base64="HDh070062RgE9slPTV/7IxRGNEM="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>
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Koopman MPC suppresses the instability
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� [rad] �f [Hz] u

time [s] time [s] time [s]

#1

#2
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What if only the first grid is controlled?

53

3924 3924 39243924 3924 392439

Case 2: Only the grid where the fault occurred controlled
<latexit sha1_base64="UwPZlyz7yG1yTm6+lOCFONZw+uI="></latexit><latexit sha1_base64="UwPZlyz7yG1yTm6+lOCFONZw+uI="></latexit><latexit sha1_base64="UwPZlyz7yG1yTm6+lOCFONZw+uI="></latexit>

K-MPC
<latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit><latexit sha1_base64="Ehb++kUD+2vY4ryPVviGwGe90j4="></latexit>
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Even one grid control suppresses the instability
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� [rad] �f [Hz]

time [s] time [s]

#1
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Even one grid control suppresses the instability
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� [rad] �f [Hz]

time [s] time [s]

#1

#2

#3

#4

#5

#6

#7

Zoomed
<latexit sha1_base64="ciJjj08YcmSqUruIwRBivHpsPXw="></latexit><latexit sha1_base64="ciJjj08YcmSqUruIwRBivHpsPXw="></latexit><latexit sha1_base64="ciJjj08YcmSqUruIwRBivHpsPXw="></latexit>



Control input
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Conclusion

Milan Korda 57

• Use generator voltage instead of mechanical power for actuation
<latexit sha1_base64="X/uk7fXrQg1WReNV3xmFLBGxNlY="></latexit><latexit sha1_base64="X/uk7fXrQg1WReNV3xmFLBGxNlY="></latexit><latexit sha1_base64="X/uk7fXrQg1WReNV3xmFLBGxNlY="></latexit>

• Statistical / Robustness analysis
<latexit sha1_base64="QEQ17f1kJ6m1qaSNNHx8dXtnrFc="></latexit><latexit sha1_base64="QEQ17f1kJ6m1qaSNNHx8dXtnrFc="></latexit><latexit sha1_base64="QEQ17f1kJ6m1qaSNNHx8dXtnrFc="></latexit>

• Better embedding
<latexit sha1_base64="38cmyTMES+KVl+qRnY8rEteiwHU="></latexit><latexit sha1_base64="38cmyTMES+KVl+qRnY8rEteiwHU="></latexit><latexit sha1_base64="38cmyTMES+KVl+qRnY8rEteiwHU="></latexit>

Thank you
<latexit sha1_base64="4aSYbzL/cpg5cw5wtG05KInegOg="></latexit><latexit sha1_base64="4aSYbzL/cpg5cw5wtG05KInegOg="></latexit><latexit sha1_base64="4aSYbzL/cpg5cw5wtG05KInegOg="></latexit>

• Koopman MPC applied to power grid
<latexit sha1_base64="5oaMfvWFO44juh4UWC9kQvqlRVU="></latexit><latexit sha1_base64="5oaMfvWFO44juh4UWC9kQvqlRVU="></latexit><latexit sha1_base64="5oaMfvWFO44juh4UWC9kQvqlRVU="></latexit>

– Data-driven
<latexit sha1_base64="I89HVQUJTlIJIJQ22+ANpGW88EQ="></latexit><latexit sha1_base64="I89HVQUJTlIJIJQ22+ANpGW88EQ="></latexit><latexit sha1_base64="I89HVQUJTlIJIJQ22+ANpGW88EQ="></latexit>

– Simple
<latexit sha1_base64="0PtJbuxsOGq8Ha7kmGekkFvhhqU="></latexit><latexit sha1_base64="0PtJbuxsOGq8Ha7kmGekkFvhhqU="></latexit><latexit sha1_base64="0PtJbuxsOGq8Ha7kmGekkFvhhqU="></latexit>

Future work


