
This work is licensed under a
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 

International License 

Introduction to the 
Control System Toolbox (CST)

Riccardo Antonello
(riccardo.antonello@unipd.it)

Giulia Michieletto
(giulia.michieletto@unipd.it)

Dipartimento di Tecnica e Gestione dei Sistemi Industriali

Università degli Studi di Padova

4 Marzo 2024

mailto:riccardo.antonello@unipd.it
mailto:giulia.michieletto@unipd.it


Outline
• Time domain analysis of LTI models

− Impulse, step, natural responses
− Forced response to generic input

• Frequency domain analysis of LTI models
− Bode & Nyquist plots

• Stability analysis of LTI models
− Poles & zeros
− Root locus
− Stability margins

• Model discretization

• Control design by state-space methods
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Time domain analysis of LTI models
CST routines for time response analysis: 
⤷ impulse : impulse response.
⤷ step : unit step response.
⤷ initial : natural response to specified ICs.
⤷ lsim : response to generic input and ICs.

Note: when invoked without specifying any return 
parameter, they show the results on an interactive 
plot.
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Time domain analysis of LTI models
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G(s) =
Y (s)

U(s)
=

5

s+ 2

<latexit sha1_base64="rVBOudbHS7VCUrheONISeP84/z0=">AAACLnicbVDLSgMxFM34rPVVdekmWISKUGZKi24EwYUuK1irtKVk0jsamseQZIQyzC/4LS7c6mcILsStO3/BTC3i60DCyTn3JjcnjDkz1vefvanpmdm5+cJCcXFpeWW1tLZ+blSiKbSo4kpfhMQAZxJallkOF7EGIkIO7XB4lPvtG9CGKXlmRzH0BLmSLGKUWCf1S5XjitnBB7gbaULTS3fI0la+f2mNLDW7taxfKvtVfwz8lwQTUkYTNPul9+5A0USAtJQTYzqBH9teSrRllENW7CYGYkKH5Ao6jkoiwPTS8Y8yvO2UAY6UdktaPFa/d6REGDMSoasUxF6b314u/ud1Ehvt91Im48SCpJ8PRQnHVuE8HjxgGqjlI0cI1czNiuk1cTlYF+KPmwQZglZKuJmJpMDzhILfefwl57VqUK82Tuvlw/1JVgW0ibZQBQVoDx2iE9RELUTRLbpHD+jRu/OevBfv9bN0ypv0bKAf8N4+AFgqp90=</latexit>

Impulse response

g(t) = 5e�2t

<latexit sha1_base64="I+g7RnSwuzPyJ80ZtiCV5MyK90E=">AAACF3icbVC7SgNBFJ31/TZqaTMYBC0MuyGijSDYWCoYFZIYZid345B5LDN3lbDkQyxs9TPsxNbSr/AXnMQtjHpg4HDOvXcOJ06lcBiGH8HE5NT0zOzc/MLi0vLKamlt/dKZzHKocyONvY6ZAyk01FGghOvUAlOxhKu4dzL0r+7AOmH0BfZTaCnW1SIRnKGX2qW17g7u0iO6T+Em36tSHLRL5bASjkD/kqggZVLgrF36bHYMzxRo5JI514jCFFs5syi4hMFCM3OQMt5jXWh4qpkC18pH0Qd02ysdmhjrn0Y6Un9u5Ew511exn1QMb91vbyj+5zUyTA5budBphqD590dJJikaOuyBdoQFjrLvCeNW+KyU3zLLOPq2xi4p1gNrjPKZmeYghw1Fv/v4Sy6rlahW2T+vlY8Pi67myCbZIjskIgfkmJySM1InnNyTR/JEnoOH4CV4Dd6+RyeCYmeDjCF4/wKCvp6T</latexit>

The plot generated by impulse is 
an interactive plot (right-click on it 
to access useful information related 
to the response).



Time domain analysis of LTI models

R. Antonello Introduction to the CST 4
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Y (s)

U(s)
=

5

s+ 2

<latexit sha1_base64="rVBOudbHS7VCUrheONISeP84/z0=">AAACLnicbVDLSgMxFM34rPVVdekmWISKUGZKi24EwYUuK1irtKVk0jsamseQZIQyzC/4LS7c6mcILsStO3/BTC3i60DCyTn3JjcnjDkz1vefvanpmdm5+cJCcXFpeWW1tLZ+blSiKbSo4kpfhMQAZxJallkOF7EGIkIO7XB4lPvtG9CGKXlmRzH0BLmSLGKUWCf1S5XjitnBB7gbaULTS3fI0la+f2mNLDW7taxfKvtVfwz8lwQTUkYTNPul9+5A0USAtJQTYzqBH9teSrRllENW7CYGYkKH5Ao6jkoiwPTS8Y8yvO2UAY6UdktaPFa/d6REGDMSoasUxF6b314u/ud1Ehvt91Im48SCpJ8PRQnHVuE8HjxgGqjlI0cI1czNiuk1cTlYF+KPmwQZglZKuJmJpMDzhILfefwl57VqUK82Tuvlw/1JVgW0ibZQBQVoDx2iE9RELUTRLbpHD+jRu/OevBfv9bN0ypv0bKAf8N4+AFgqp90=</latexit>

Impulse response

g(t) = 5e�2t

<latexit sha1_base64="I+g7RnSwuzPyJ80ZtiCV5MyK90E=">AAACF3icbVC7SgNBFJ31/TZqaTMYBC0MuyGijSDYWCoYFZIYZid345B5LDN3lbDkQyxs9TPsxNbSr/AXnMQtjHpg4HDOvXcOJ06lcBiGH8HE5NT0zOzc/MLi0vLKamlt/dKZzHKocyONvY6ZAyk01FGghOvUAlOxhKu4dzL0r+7AOmH0BfZTaCnW1SIRnKGX2qW17g7u0iO6T+Em36tSHLRL5bASjkD/kqggZVLgrF36bHYMzxRo5JI514jCFFs5syi4hMFCM3OQMt5jXWh4qpkC18pH0Qd02ysdmhjrn0Y6Un9u5Ew511exn1QMb91vbyj+5zUyTA5budBphqD590dJJikaOuyBdoQFjrLvCeNW+KyU3zLLOPq2xi4p1gNrjPKZmeYghw1Fv/v4Sy6rlahW2T+vlY8Pi67myCbZIjskIgfkmJySM1InnNyTR/JEnoOH4CV4Dd6+RyeCYmeDjCF4/wKCvp6T</latexit>



Time domain analysis of LTI models

R. Antonello Introduction to the CST 5

G(s) =
Y (s)

U(s)
=

5

s+ 2

<latexit sha1_base64="rVBOudbHS7VCUrheONISeP84/z0=">AAACLnicbVDLSgMxFM34rPVVdekmWISKUGZKi24EwYUuK1irtKVk0jsamseQZIQyzC/4LS7c6mcILsStO3/BTC3i60DCyTn3JjcnjDkz1vefvanpmdm5+cJCcXFpeWW1tLZ+blSiKbSo4kpfhMQAZxJallkOF7EGIkIO7XB4lPvtG9CGKXlmRzH0BLmSLGKUWCf1S5XjitnBB7gbaULTS3fI0la+f2mNLDW7taxfKvtVfwz8lwQTUkYTNPul9+5A0USAtJQTYzqBH9teSrRllENW7CYGYkKH5Ao6jkoiwPTS8Y8yvO2UAY6UdktaPFa/d6REGDMSoasUxF6b314u/ud1Ehvt91Im48SCpJ8PRQnHVuE8HjxgGqjlI0cI1czNiuk1cTlYF+KPmwQZglZKuJmJpMDzhILfefwl57VqUK82Tuvlw/1JVgW0ibZQBQVoDx2iE9RELUTRLbpHD+jRu/OevBfv9bN0ypv0bKAf8N4+AFgqp90=</latexit>

Step response

y(t) =
5

2

�
1� e�2t

�

<latexit sha1_base64="zx6/5/x2LN4Sbz3wXLVOpUcavQI="></latexit>

The plot generated by step is 
an interactive plot (right-click on 
it to access useful information 
related to the response).
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<latexit sha1_base64="rVBOudbHS7VCUrheONISeP84/z0=">AAACLnicbVDLSgMxFM34rPVVdekmWISKUGZKi24EwYUuK1irtKVk0jsamseQZIQyzC/4LS7c6mcILsStO3/BTC3i60DCyTn3JjcnjDkz1vefvanpmdm5+cJCcXFpeWW1tLZ+blSiKbSo4kpfhMQAZxJallkOF7EGIkIO7XB4lPvtG9CGKXlmRzH0BLmSLGKUWCf1S5XjitnBB7gbaULTS3fI0la+f2mNLDW7taxfKvtVfwz8lwQTUkYTNPul9+5A0USAtJQTYzqBH9teSrRllENW7CYGYkKH5Ao6jkoiwPTS8Y8yvO2UAY6UdktaPFa/d6REGDMSoasUxF6b314u/ud1Ehvt91Im48SCpJ8PRQnHVuE8HjxgGqjlI0cI1czNiuk1cTlYF+KPmwQZglZKuJmJpMDzhILfefwl57VqUK82Tuvlw/1JVgW0ibZQBQVoDx2iE9RELUTRLbpHD+jRu/OevBfv9bN0ypv0bKAf8N4+AFgqp90=</latexit>

Step response

y(t) =
5

2

�
1� e�2t

�

<latexit sha1_base64="zx6/5/x2LN4Sbz3wXLVOpUcavQI="></latexit>
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G(s) =
Y (s)

U(s)
=

5

s+ 2

<latexit sha1_base64="rVBOudbHS7VCUrheONISeP84/z0=">AAACLnicbVDLSgMxFM34rPVVdekmWISKUGZKi24EwYUuK1irtKVk0jsamseQZIQyzC/4LS7c6mcILsStO3/BTC3i60DCyTn3JjcnjDkz1vefvanpmdm5+cJCcXFpeWW1tLZ+blSiKbSo4kpfhMQAZxJallkOF7EGIkIO7XB4lPvtG9CGKXlmRzH0BLmSLGKUWCf1S5XjitnBB7gbaULTS3fI0la+f2mNLDW7taxfKvtVfwz8lwQTUkYTNPul9+5A0USAtJQTYzqBH9teSrRllENW7CYGYkKH5Ao6jkoiwPTS8Y8yvO2UAY6UdktaPFa/d6REGDMSoasUxF6b314u/ud1Ehvt91Im48SCpJ8PRQnHVuE8HjxgGqjlI0cI1czNiuk1cTlYF+KPmwQZglZKuJmJpMDzhILfefwl57VqUK82Tuvlw/1JVgW0ibZQBQVoDx2iE9RELUTRLbpHD+jRu/OevBfv9bN0ypv0bKAf8N4+AFgqp90=</latexit>

Step response

y(t) =
5

2

�
1� e�2t

�

<latexit sha1_base64="zx6/5/x2LN4Sbz3wXLVOpUcavQI="></latexit>

Use dcgain and stepinfo to obtain step 
response information in a programmatic way.



Time domain analysis of LTI models
For the evaluation of the natural response, the 
model must be converted into state-space form.
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G(s) =
Y (s)

U(s)
=

5

s+ 2

<latexit sha1_base64="rVBOudbHS7VCUrheONISeP84/z0=">AAACLnicbVDLSgMxFM34rPVVdekmWISKUGZKi24EwYUuK1irtKVk0jsamseQZIQyzC/4LS7c6mcILsStO3/BTC3i60DCyTn3JjcnjDkz1vefvanpmdm5+cJCcXFpeWW1tLZ+blSiKbSo4kpfhMQAZxJallkOF7EGIkIO7XB4lPvtG9CGKXlmRzH0BLmSLGKUWCf1S5XjitnBB7gbaULTS3fI0la+f2mNLDW7taxfKvtVfwz8lw QTUkYTNPul9+5A0USAtJQTYzqBH9teSrRllENW7CYGYkKH5Ao6jkoiwPTS8Y8yvO2UAY6UdktaPFa/d6REGDMSoasUxF6b314u/ud1Ehvt91Im48SCpJ8PRQnHVuE8HjxgGqjlI0cI1czNiuk1cTlYF+KPmwQZglZKuJmJpMDzhILfefwl57VqUK82Tuvlw/1JVgW0ibZQBQVoDx2iE9RELUTRLbpHD+jRu/OevBfv9bN0ypv0bKAf8N4+AFgqp90=</latexit>

State-space model

dy(t)

dt
+ 2y(t) = 5u(t)

<latexit sha1_base64="ZPUyIc0+T4YgIhYWvfY0Svb/WiM=">AAACKHicbVDLSgMxFM34tr6qLt2EFkERyowouhEENy4VrBXaUjKZOxqax5DcEcowe7/FhVv9DHfi1h/wF0xrF1o9EDg5596bmxNnUjgMw/dganpmdm5+YbGytLyyulZd37h2JrccmtxIY29i5kAKDU0UKOEms8BULKEV98+GfuserBNGX+Egg65it1qkgjP0Uq9a66SW8SIZ7OBuWSRY0j26T4c3ekIPae5Jr1oPG+EI9C+JxqROxrjoVT87ieG5Ao1cMufaUZhht2AWBZdQVjq5g4zxPruFtqeaKXDdYvSXkm57JaGpsf5opCP1Z0fBlHMDFftKxfDOTXpD8T+vnWN63C2EznIEzb8fSnNJ0dBhMDQRFjjKgSeMW+F3pfyO+XDQx/drkmJ9sMYovzPTHGTpE4om8/hLrvcb0UHj8PKgfno8zmqBbJEa2SEROSKn5JxckCbh5IE8kWfyEjwGr8Fb8P5dOhWMezbJLwQfX/UdpPo=</latexit>

8
><

>:

dx(t)

dt
= �2x(t) + 5u(t)

y(t) = x(t)

<latexit sha1_base64="f8+9h/L89VUygiZuN+W0PP+UOWw="></latexit>

Ordinary differential equation (ODE)
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8
><

>:

dx(t)

dt
= �2x(t) + 5u(t)

y(t) = x(t)

<latexit sha1_base64="f8+9h/L89VUygiZuN+W0PP+UOWw=">AAACdnicbVFNa9wwEJXdJk3dr217LBTRJWlK6WKHhARCYaGXHlPoJoHVssjyeFesJBtpHGKM/2Ygv6LXHHKovPGhSTogePNm5s3wlJZKOozj6yB88nRj89nW8+jFy1ev3wzevjt1RWUFTEShCnuecgdKGpigRAXnpQWuUwVn6epHVz+7AOtkYX5jXcJM84WRuRQcPTUflExBjqyJWAoLaRpuLa/bxo4bdvydHbeqjViWWy6a7H IXv7RNhi3dod/oXpfSr/SAVh4wNk2SEmdR3bE79HLNRQxM1ktGzMrFEkfzwTAexeugj0HSgyHp42Q++MOyQlQaDArFnZsmsV/kVVEKBV63clByseILmHpouAY3a9bOtHTbMxnNC+ufQbpm/51ouHau1qnv1ByX7mGtI/9Xm1aYH80aacoKwYi7RXmlKBa0s5lm0oJAVXvAhZX+ViqW3PuI/jPuKWm+AlsU2t/MjQDVeoeSh348Bqd7o2R/dPBrfzg+6r3aIh/IJ7JLEnJIxuQnOSETIsgVuQ02gs3gJvwYboef71rDoJ95T+5FGP8Fi5C9Jg==</latexit>

Natural response

y(t) = e�2tx(0)

<latexit sha1_base64="VaQkAsWdpl6uoLwVcOSE4zseRW4=">AAACGnicbVC7SgNBFJ31GeMrPjqbwSDEwrArijaCYGMZwZhAjGF2cqND5rHM3BXjkj+xsNXPsBNbG7/CX3ASUxj1wMDhnHvvHE6cSOEwDD+Cicmp6ZnZ3Fx+fmFxabmwsnrhTGo5VLmRxtZj5kAKDVUUKKGeWGAqllCLuycDv3YL1gmjz7GXQFOxay06gjP0Uquw3ivhNj2icJXt7FLs07tSuN0qFMNyOAT9S6IRKZIRKq3C52Xb8FSBRi6Zc40oTLCZMYuCS+jnL1MHCeNddg0NTzVT4JrZMH2fbnmlTTvG+qeRDtWfGxlTzvVU7CcVwxv32xuI/3mNFDuHzUzoJEXQ/PujTiopGjqograFBY6y5wnjVvislN8wyzj6wsYuKdYFa4zymZnmIPu+oeh3H3/JxW452ivvn+0Vjw9HXeXIBtkkJRKRA3JMTkmFVAkn9+SRPJHn4CF4CV6Dt+/RiWC0s0bGELx/AWJ6n4c=</latexit>

The plot generated by initial is 
an interactive plot (right-click on it 
to access useful information related 
to the response).



Time domain analysis of LTI models
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8
><

>:

dx(t)

dt
= �2x(t) + 5u(t)

y(t) = x(t)

<latexit sha1_base64="f8+9h/L89VUygiZuN+W0PP+UOWw=">AAACdnicbVFNa9wwEJXdJk3dr217LBTRJWlK6WKHhARCYaGXHlPoJoHVssjyeFesJBtpHGKM/2Ygv6LXHHKovPGhSTogePNm5s3wlJZKOozj6yB88nRj89nW8+jFy1ev3wzevjt1RWUFTEShCnuecgdKGpigRAXnpQWuUwVn6epHVz+7AOtkYX5jXcJM84WRuRQcPTUflExBjqyJWAoLaRpuLa/bxo4bdvydHbeqjViWWy6a7H IXv7RNhi3dod/oXpfSr/SAVh4wNk2SEmdR3bE79HLNRQxM1ktGzMrFEkfzwTAexeugj0HSgyHp42Q++MOyQlQaDArFnZsmsV/kVVEKBV63clByseILmHpouAY3a9bOtHTbMxnNC+ufQbpm/51ouHau1qnv1ByX7mGtI/9Xm1aYH80aacoKwYi7RXmlKBa0s5lm0oJAVXvAhZX+ViqW3PuI/jPuKWm+AlsU2t/MjQDVeoeSh348Bqd7o2R/dPBrfzg+6r3aIh/IJ7JLEnJIxuQnOSETIsgVuQ02gs3gJvwYboef71rDoJ95T+5FGP8Fi5C9Jg==</latexit>

Natural response

y(t) = e�2tx(0)

<latexit sha1_base64="VaQkAsWdpl6uoLwVcOSE4zseRW4=">AAACGnicbVC7SgNBFJ31GeMrPjqbwSDEwrArijaCYGMZwZhAjGF2cqND5rHM3BXjkj+xsNXPsBNbG7/CX3ASUxj1wMDhnHvvHE6cSOEwDD+Cicmp6ZnZ3Fx+fmFxabmwsnrhTGo5VLmRxtZj5kAKDVUUKKGeWGAqllCLuycDv3YL1gmjz7GXQFOxay06gjP0Uquw3ivhNj2icJXt7FLs07tSuN0qFMNyOAT9S6IRKZIRKq3C52Xb8FSBRi6Zc40oTLCZMYuCS+jnL1MHCeNddg0NTzVT4JrZMH2fbnmlTTvG+qeRDtWfGxlTzvVU7CcVwxv32xuI/3mNFDuHzUzoJEXQ/PujTiopGjqograFBY6y5wnjVvislN8wyzj6wsYuKdYFa4zymZnmIPu+oeh3H3/JxW452ivvn+0Vjw9HXeXIBtkkJRKRA3JMTkmFVAkn9+SRPJHn4CF4CV6Dt+/RiWC0s0bGELx/AWJ6n4c=</latexit>
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Interactive plot

MATLAB plot

Use lsim to obtain the response to a 
generic input 𝑢(𝑡) and IC 𝑥(0).



Frequency domain analysis of LTI models

CST routines for frequency response analysis:
⤷ freqresp : frequency response value at 

specified frequency points.
⤷ bode : Bode plot.
⤷ nyquist : Nyquist plot.

Note: when invoked without specifying any return 
parameter, the bode and nyquist routines 
show the results on an interactive plot.

R. Antonello Introduction to the CST 12



Frequency domain analysis of LTI models
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G(s) =
Y (s)

U(s)
=

5

s+ 2

<latexit sha1_base64="rVBOudbHS7VCUrheONISeP84/z0=">AAACLnicbVDLSgMxFM34rPVVdekmWISKUGZKi24EwYUuK1irtKVk0jsamseQZIQyzC/4LS7c6mcILsStO3/BTC3i60DCyTn3JjcnjDkz1vefvanpmdm5+cJCcXFpeWW1tLZ+blSiKbSo4kpfhMQAZxJallkOF7EGIkIO7XB4lPvtG9CGKXlmRzH0BLmSLGKUWCf1S5XjitnBB7gbaULTS3fI0la+f2mNLDW7taxfKvtVfwz8lwQTUkYTNPul9+5A0USAtJQTYzqBH9teSrRllENW7CYGYkKH5Ao6jkoiwPTS8Y8yvO2UAY6UdktaPFa/d6REGDMSoasUxF6b314u/ud1Ehvt91Im48SCpJ8PRQnHVuE8HjxgGqjlI0cI1czNiuk1cTlYF+KPmwQZglZKuJmJpMDzhILfefwl57VqUK82Tuvlw/1JVgW0ibZQBQVoDx2iE9RELUTRLbpHD+jRu/OevBfv9bN0ypv0bKAf8N4+AFgqp90=</latexit>

Frequency response

G(j!) =
5

j! + 2

<latexit sha1_base64="Hbm+4y+mE1du49fpWplLoJVda3Q=">AAACKHicbZDLSgMxFIYzXuu96tJNsAiKUGaKohtBcKFLBatCW8qZ9EyNzWVIMkIZuvdZXLjVx3An3foCvoJpnYW3A4Gf/z8nOfniVHDrwnAYTExOTc/MlubmFxaXllfKq2tXVmeGYZ1poc1NDBYFV1h33Am8SQ2CjAVex72TUX59j8ZyrS5dP8WWhK7iCWfgvNUub55u3zW1xC7s0CPaTAywfH+QFx7dpbVBu1wJq+G46F8RFaJCijpvlz+aHc0yicoxAdY2ojB1rRyM40zgYL6ZWUyB9aCLDS8VSLStfPyXAd3yTocm2vijHB273ydykNb2Zew7Jbhb+zsbmf9ljcwlh62cqzRzqNjXQ0kmqNN0BIZ2uEHmRN8LYIb7XSm7Bc/DeXw/bpLQQ6O19DuDYihGhKLfPP6Kq1o12qvuX+xVjg8LViWyQTbJNonIATkmZ+Sc1AkjD+SJPJOX4DF4Dd6C4VfrRFDMrJMfFbx/Aph9pf4=</latexit>

frG is a multidimensional array 
(num of inputs × outputs × length of w) 
containing the (complex) values of the 
frequency response, at the frequency 
points specified in w (in [rad/s]).

For SISO models, use squeeze to get 
the single non-empty dimension of frG.



Frequency domain analysis of LTI models

The Bode plot can be obtained by plotting the 
frequency response frG vs frequency w in semi-
logarithmic scale:

R. Antonello Introduction to the CST 14

MATLAB plot



Frequency domain analysis of LTI models

More immediate method: use bode routine.

R. Antonello Introduction to the CST 15

The plot generated by bode is an 
interactive plot (right-click on it to 
access useful information related to 
the frequency response).



Frequency domain analysis of LTI models

No routines are provided for sketching the 
asymptotic Bode plot – it is necessary to resort to 
3rd party contributions (1).

(1) Consult www.mathworks.com/matlabcentral/ 
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bodeasymp routine



Frequency domain analysis of LTI models

No routines are provided for sketching the 
asymptotic Bode plot – it is necessary to resort to 
3rd party contributions (1).

(1) Consult www.mathworks.com/matlabcentral/ 
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bode_asymptotic routine



Frequency domain analysis of LTI models

For Nyquist plot, use nyquist routine:

R. Antonello Introduction to the CST 18

The plot generated by nyquist is 
an interactive plot (right-click on it 
to access useful information related 
to the frequency response).



LTI viewer
ltiview provides an interactive tool to sketch 
and analyze time and frequency responses of 
multiple LTI models.
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The plot generated by ltiview is 
an interactive plot (right-click on it 
to configure the ltiview outputs).



Poles & zeros
pole and zero return poles and zeros of an LTI 
model in encapsulated form (LTI object).
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G(s) =
s2 + 15s+ 50

s6 + 10s5 + 47s4 + 142s3 + 250s2 + 200s

<latexit sha1_base64="ikOaSs/PtXvfUQRu3wDYK/UBmy8="></latexit>



Poles & zeros
For non-encapsulated forms, use roots and eig 
to get the zeros, poles and eigenvalues.
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G(s) =
s2 + 15s+ 50

s6 + 10s5 + 47s4 + 142s3 + 250s2 + 200s

<latexit sha1_base64="ikOaSs/PtXvfUQRu3wDYK/UBmy8="></latexit>



Poles & zeros
Use damp to get the natural frequency 𝜔! and 
the damping factor 𝛿 of the system poles or 
eigenvalues.
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‡

Ê

„

Complex conjugate pole pair

p1,2 = � ± j!

= ��!n ± j !n

p
1� �2

<latexit sha1_base64="2hSmthXK8qQIBqb8AwTNHauw7fo="></latexit>



Poles & zeros
Use pzmap to plot poles (×) and zeros (○) on 
the complex plane.
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Use sgrid (zgrid for discrete-time case) to superimpose a grid showing 
the constant damping ratio and natural frequency loci.



Root locus
Use rlocus to plot the (positive) root locus.
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Note:

If 𝐺(𝑠) = 𝐵(𝑠)/𝐴(𝑠),	the root locus 
shows how the roots of the characteristic 
polynomial (i.e. poles of the closed-loop 
system):

𝑝 𝑠 = 	𝐴 𝑠 + 	𝐾 𝐵(𝑠)

move on the complex plane as 𝐾 varies 
from 0 to +∞ .

≠
G(s)K



Stability margins
Use margin to evaluate the stability margins 
(gain and phase) of a specified system.
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Model discretization
Use c2d to discretize a given continuous-time 
model with one of the following methods:
⤷ zero-order hold (zoh): exact for staircase inputs.

⤷ first-order hold (foh): exact for piecewise linear inputs.

⤷ impulse-invariant (impulse): exact for impulse train inputs.

⤷Tustin (tustin): yields the best frequency-domain match 
between the continuous-time and discretized systems.

⤷ zero-pole matching (matched): discrete-time equivalent 
with same DC gain, and poles/zeros obtained with the 
transformation 𝑧 = 𝑒9 :!.
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Model discretization
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G(s) =
�s+ 1

s2 + 0.6s+ 1

<latexit sha1_base64="XkH6Yex6lGmwAYHrFOuj11MPLfI="></latexit>



Model discretization
Note: c2d does not implement the forward and 
backward Euler discretization methods.
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Convenient approach  for Forward (FE) and Backward Euler (BE) discretization

FE transformation

s =
z � 1

Ts

<latexit sha1_base64="2OKcSgc6GTQ/gCSGkJsi4Xz4aZs=">AAACGXicbVC7SgNBFJ2NrxhfqyltBoNgY9gNijaCYGMZIVEhWcLs5K4OmccyMyvEJV9iYaufYSe2Vn6Fv+BsTGESDwwczrn3zuHEKWfGBsGXV1pYXFpeKa9W1tY3Nrf87Z1rozJNoU0VV/o2JgY4k9C2zHK4TTUQEXO4iQcXhX/zANowJVt2mEIkyJ1kCaPEOqnnVw0+w91EE5o/HoajvNUzo55fC+rBGHiehBNSQxM0e/53t69oJkBayokxnTBIbZQTbRnlMKp0MwMpoQNyBx1HJRFgonwcfoT3ndLHidLuSYvH6t+NnAhjhiJ2k4LYezPrFeJ/XiezyWmUM5lmFiT9/SjJOLYKF03gPtNALR86QqhmLium98Q1YV1fU5cEGYBWSrjMRFLgRUPhbB/z5LpRD4/qx1dHtfPGpKsy2kV76ACF6ASdo0vURG1E0RA9oxf06j15b9679/E7WvImO1U0Be/zB2fWoMs=</latexit>

BE transformation

s =
1� z�1

Ts

<latexit sha1_base64="ZIc/WevdUkG4+1CLnDvxVSwcBEo=">AAACHnicbZDLSgMxFIYzXut91I3gJlgENy0zpaIboeDGZQWrhbaWTHqmDc1lSDJCHcZnceFWH8OduNWn8BVMaxfeDgR+/v+c5OSLEs6MDYJ3b2Z2bn5hsbC0vLK6tr7hb25dGpVqCg2quNLNiBjgTELDMsuhmWggIuJwFQ1Px/nVDWjDlLywowQ6gvQlixkl1lldf8fgE9yONaFZWLq9zkphnmcXXZN3/WJQDiaF/4pwKopoWvWu/9HuKZoKkJZyYkwrDBLbyYi2jHLIl9upgYTQIelDy0lJBJhONvlBjved08Ox0u5Iiyfu94mMCGNGInKdgtiB+Z2Nzf+yVmrj407GZJJakPTroTjl2Co8xoF7TAO1fOQEoZq5XTEdEIfDOmg/bhJkCFop4XYmkgIfEwp/8/grLivlsFo+PK8Wa5UpqwLaRXvoAIXoCNXQGaqjBqLoDj2gR/Tk3XvP3ov3+tU6401nttGP8t4+AQrvorE=</latexit>



Controllability and observability
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Two-mass system with infrastructural actuator

m1 m2

x1 x2

k Force exerted by the 
actuator on the two carts

<latexit sha1_base64="7wQC3TP7XLdw9Ex1s2yNZJCLXiw="></latexit>

ẋ = A1 x + B1 u

A1 =

S

WWU

0 1 0 0
≠k/m1 0 k/m1 0

0 0 0 1
k/m2 0 ≠k/m2 0

T

XXV , B1 =

S

WWU

0
1/m1

0
1/m2

T

XXV

x = [x1, ẋ1, x2, ẋ2]T



Controllability and observability
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Use ctrb to evaluate the controllability matrix
<latexit sha1_base64="7A/OjzXVCPrZhk5WgT2qUtG6bXQ="></latexit>

R1 =
#
B1, A1B1, A2

1 B1, A3
1B1

$

The controllability matrix is not full rank
⇓

with an infrastructural actuator, it is impossible 
to control the "common-mode" position and 
velocity; only the relative displacement and 
velocity of the two carts can be controlled.



Controllability and observability
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Two-mass system with actuator fixed to ground

m1 m2

x1 x2

k

<latexit sha1_base64="u9v8tlawQu5HyuJYSbig3Tto+i4="></latexit>

ẋ = A1 x + B1 u

A1 =

S

WWU

0 1 0 0
≠k/m1 0 k/m1 0

0 0 0 1
k/m2 0 ≠k/m2 0

T

XXV , B2 =

S

WWU

0
1/m1

0
0

T

XXV

x = [x1, ẋ1, x2, ẋ2]T



Controllability and observability
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The controllability matrix is full rank
⇓

with the actuator fixed to ground, the system 
becomes fully controllable.



Controllability and observability
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Two-mass system with infrastructural position sensor

m1 m2

x1 x2

k

y

<latexit sha1_base64="l03cSiV+lgFVxNbJO3GB6Ow+IOM="></latexit> I
ẋ = A3 x

y = C3 x

A3 =

S

WWU

0 1 0 0
≠k/m1 0 k/m1 0

0 0 0 1
k/m2 0 ≠k/m2 0

T

XXV , C3 =
#

≠1 0 1 0
$

x = [x1, ẋ1, x2, ẋ2]T



Controllability and observability
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The observability matrix is not full rank
⇓

with an infrastructural sensor, it is impossible 
to observe the "common-mode" position and 
velocity; only the relative displacement and 
velocity of the two carts can be observed.

Use obsv to evaluate the observability matrix
<latexit sha1_base64="BvkeTKS5K/wOHntgATgOVUxNw6Y="></latexit>

O3 =

S

WWU

C3
C3 A3
C3 A2

3
C3 A3

3

T

XXV



Controllability and observability
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Two-mass system with absolute position sensor attached to one cart

m1 m2

x2

k

x1 ≡ y

<latexit sha1_base64="1/SUDSgOdt3tYPFPanXi/Ym4dgE="></latexit> I
ẋ = A4 x

y = C4 x

A4 =

S

WWU

0 1 0 0
≠k/m1 0 k/m1 0

0 0 0 1
k/m2 0 ≠k/m2 0

T

XXV , C4 =
#

1 0 0 0
$

x = [x1, ẋ1, x2, ẋ2]T



Controllability and observability
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The observability matrix is full rank
⇓

by measuring the absolute position of the first 
cart, the system becomes fully observable.



Pole placement design
• Use place to design the state-feedback gain 𝑲 that 

places the closed-loop eigenvalues of the controllable 
pair 𝑨,𝑩 , i.e. the eigenvalues of 𝑨 − 𝑩𝑲, to the 
desired locations on complex plane.

The routine works for both SISO and MIMO systems, 
but requires that the multiplicity of the closed-loop 
eigenvalues is < rank 𝑩.

• acker is an alternative routine, and allows to allocate 
eigenvalues with multiplicity > 1. However, it only 
works for SISO models, and is less numerically reliable.
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Pole placement design
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m1 m2

x1 x2

k

<latexit sha1_base64="RxZMW97h6bsIAxo/3kAN4a43DoU="></latexit>

⁄d,1 = ej(≠fi+fi/3) = ≠1
2 + j

Ô
3

2 , ⁄d,4 = ⁄ú
d,1 = ≠1

2 ≠ j

Ô
3

2

⁄d,2 = ej(≠fi+fi/6) = ≠
Ô

3
2 + j

1
2 , ⁄d,3 = ⁄ú

d,2 = ≠
Ô

3
2 ≠ j

1
2

Desired closed-loop eigenvalues

The state-feedback matrix 𝑲 can be 
obtained with the place routine 

(all the eigenvalues have multiplicity = 1). 



Pole placement design
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Pole placement design
Note: by duality theorem, the place and acker 
routines can be also used to design the state 
estimator gain matrix 𝑳 that places the estimator 
eigenvalues, i.e. the eigenvalues of 𝑨 − 𝑳𝑪, to the 
desired locations on complex plane.

The estimator gain matrix 𝑳 for the pair (𝑨, 𝑪) is 
designed as the controller gain matrix 𝐊 = 𝑳𝑻 for 
the dual system (𝑨𝑻, 𝑪𝑻).
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Pole placement design
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m1 m2

x2

k

x1 ≡ y

Desired estimator eigenvalues
<latexit sha1_base64="9PufSrIQP32wGxG/V/lBcN4pf4w="></latexit>

⁄d,1 = ⁄d,2 = ⁄d,3 = ⁄d,4 = ≠5

The state estimator matrix 𝑳 can be 
obtained with the acker routine 

(there is only one desired eigenvalue 
with multiplicity = 4). 



Linear Quadratic Regulator (LQR)
For models in encapsulated form (i.e. LTI objects):
⤷ lqr : LQR design with state + input weighting.

⤷ lqry : LQR design with output + input weighting.

⤷ lqi : LQR design with integral action.
Note: they accept both continuous and discrete-time models.

For models in non-encapsulated form:
⤷ lqr, lqry, lqi : LQR designs for continuous-time models.

⤷ dlqr, dlqry : LQR designs for discrete-time models.
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Linear Quadratic Regulator (LQR)
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m1 m2

x1 x2

k

LQR cost function
<latexit sha1_base64="leezQhLmmnrz+NX4a22vjCQbvCo="></latexit>

J =
⁄ +Œ

0
xT (t) Qx(t) + uT (t) R u(t) dt



sisotool

sisotool is a convenient interactive tool for the 
analysis and design of SISO control systems.
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