
Lecture 18
- how to meet system specifications? - 



Review
System specifications


• Percentage of overshoot 

P.O. = 100e
� ⇣⇡p

1�⇣2

<latexit sha1_base64="U5+2Epn03QTvLAPnSge/9wNzFF4="></latexit>

gm = 2 – 5 and      = 30◦ – 60◦ �m

<latexit sha1_base64="g2tL2zQ80Y3YgKfcX3v5JFlz+o4=">AAACGXicbVDLSsNAFJ3UV42vapdugkVwVZIiaHcFNy4r2Ae0oUwmk2bsTBJmbsQS+g9u1R/wNwQX0q0rP8MfEKePhW09cOFwzr1z5x4v4UyBbX8ZubX1jc2t/La5s7u3f1A4PGqqOJWENkjMY9n2sKKcRbQBDDhtJ5Ji4XHa8gZXE791T6VicXQLw4S6AvcjFjCCQUvNbhKynugVSnbZnsJaJc6clGrF7/fKuPVa7xV+un5MUkEjIBwr1XHsBNwMS2CE05HZTRVNMBngPu1oGmFBlZtNfzuyTrXiW0EsdUVgTdW/ExkWSg2FpzsFhlAtexPxX4/TAJj/sLQegks3Y1GSAo3IbHuQcgtia5KH5TNJCfChJphIpg+wSIglJqBTW3ieCE+yfggj09SBOcvxrJJmpeycl6s3OrkqmiGPjtEJOkMOukA1dI3qqIEIukOP6Ak9Gy/Gm/FhjGetOWM+U0QLMD5/AdMlpWE=</latexit>

• Stability margins

Tp =
⇡

!0
p
1� ⇣2

<latexit sha1_base64="BbURBe8QEdaKjPMPzcZ2QaHfR8A="></latexit>

• Peak time

• Settling time 

Ts ⇡
4

⇣!0

<latexit sha1_base64="rzykyttExnw5/e1PF17NE6oqXpQ="></latexit>

• Steady state error

ess = reference value� final value

<latexit sha1_base64="MY6258JzJGa8uyMPbl6r5NIkBR8="></latexit>

Mp
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Today
• PID (proportional–integral–derivative controller)


• Basic properties of each component


• PI implementation


• How to meet system specifications? (if possible)
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Structure of PID controller 

• Most common way of using feedback in engineering systems 


• About 97% of all controllers are of type PID


• Ideal parallel form

4
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<latexit sha1_base64="9v8GPxdYNX45UEkFlWjwkyJckBQ="></latexit>



Transfer function of PID
• Ideal parallel form

5
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<latexit sha1_base64="9v8GPxdYNX45UEkFlWjwkyJckBQ="></latexit>

• Laplace form

u = kpe +
kp
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<latexit sha1_base64="skO52+7ZUeiEGxLgtd/JW1ItqAQ="></latexit>

C(s) =
kds2 + kps + ki

s

<latexit sha1_base64="f473U+ftwJq3w1a3YNjg1NP6Kgw="></latexit>

• Transfer function



C(s) =
kds2 + kps + ki

s

<latexit sha1_base64="f473U+ftwJq3w1a3YNjg1NP6Kgw="></latexit>

Variations of the PID
• PID controller 

6

C(s) = kp

<latexit sha1_base64="34k5Aad0eNCiBMg1aXvnxT5w66c=">AAACG3icbVDLSgMxFM3UV62vqks3wSLUTZmRgnYhFLpxWcE+oB1KJpNpQ5OZIbkjlqE/4Vb9Gnfi1oU/I6btLGzrgQuHc+7NzT1eLLgG2/62chubW9s7+d3C3v7B4VHx+KSto0RR1qKRiFTXI5oJHrIWcBCsGytGpCdYxxs3Zn7nkSnNo/ABJjFzJRmGPOCUgJG6jbK+vB0P4kGxZFfsOfA6cTJSQhmag+JP349oIlkIVBCte44dg5sSBZwKNi30E81iQsdkyHqGhkQy7abz/07xhVF8HETKVAh4rv6dSInUeiI90ykJjPSqNxP/9QQLgPtPK+shuHFTHsYJsJAutgeJwBDhWSLY54pREBNDCFXcHIDpiChCweS29DyVnuLDEUwLBROYsxrPOmlfVZxqpXZfLdVrWXR5dIbOURk56BrV0R1qohaiSKBn9IJerTfr3fqwPhetOSubOUVLsL5+AS5koYs=</latexit>

• P controller 

: pure proportional controller  
  (simple gain)

C(s) =
kps + ki
s

<latexit sha1_base64="F3yE0MrBcWOZtxQouuWXUyn470o=">AAACMXicbVDLSgMxFM3UV62vqktdBItQEcqMFLQLodCNywr2Ae0wZNJMG5p5kNwRyzAbv8at+jXdiVv/QUzbWdjqgZDDOffBPW4kuALTnBq5tfWNza38dmFnd2//oHh41FZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHTdmfueRScXD4AEmEbN9Mgy4xykBLTnF00ZZXdz2PUloMnaSKMXqUv88TROVOsWSWTHnwH+JlZESytB0it/9QUhjnwVABVGqZ5kR2AmRwKlgaaEfKxYROiZD1tM0ID5TdjK/IsXnWhlgL5T6BYDn6u+OhPhKTXxXV/oERmrVm4n/eoJ5wAdPK+vBu7ETHkQxsIAutnuxwBDiWU54wCWjICaaECq5PgDTEdExgU5zaTz1XcmHI0gLBR2YtRrPX9K+qljVSu2+WqrXsujy6ASdoTKy0DWqozvURC1E0TN6Qa/ozXg3psaH8bkozRlZzzFagvH1A/hMqsA=</latexit>

• PI controller 

: adds a pole at the origin 

C(s) =
kds2 + kps

s
= kds + kp

= kd(s +
kp
kd
)

<latexit sha1_base64="9Ul8lYSNsQcQPL1IRTsRRC8rtMo="></latexit>

• PD controller 

: adds a zero at kp/kd −



Problem
Consider a system with the following open loop transfer function:

7

P (s) =
0.25

s + 0.1

<latexit sha1_base64="qHcDei7JyURpEYY314s99/7qoDc=">AAACLnicbZDLSgMxFIYz9VbrrepK3ASLUBGGmVLRLoSCG5cV7AXaUjJppg3NXEjOiGUYfBq36tMILsStTyGm7Sxs6w+Bn/+ck8P5nFBwBZb1YWRWVtfWN7Kbua3tnd29/P5BQwWRpKxOAxHIlkMUE9xndeAgWCuUjHiOYE1ndDOpNx+YVDzw72Ecsq5HBj53OSWgo17+qFZUZ/gad1xJaGyZpYskVueWaSe9fMEyranwsrFTU0Cpar38T6cf0MhjPlBBlGrbVgjdmEjgVLAk14kUCwkdkQFra+sTj6luPD0hwac66WM3kPr5gKfp34mYeEqNPUd3egSGarE2Cf+tCeYC7z8urAf3qhtzP4yA+XS23Y0EhgBPIOE+l4yCGGtDqOT6AEyHRBMCjXLue+o5kg+GkORyGpi9iGfZNEqmXTYrd+VCtZKiy6JjdIKKyEaXqIpuUQ3VEUVP6Bm9oFfjzXg3Po2vWWvGSGcO0ZyM71/ELqdT</latexit>

X

<latexit sha1_base64="fDSvSS/0TmeL3yyDi3cvzqU/9N0=">AAACF3icbVDLSsNAFJ3UV42vapdugkUQhZKIou4KblxWMG2hDWUynTRDZ5IwcyOW0F9wq36CX6ErcevSnxEnbRe29cCFwzn3zp17/IQzBbb9bRSWlldW14rr5sbm1vZOaXevoeJUEuqSmMey5WNFOYuoCww4bSWSYuFz2vQH17nfvKdSsTi6g2FCPYH7EQsYwZBLHZWKbqliV+0xrEXiTEmldvJefj223Xq39NPpxSQVNALCsVJtx07Ay7AERjgdmZ1U0QSTAe7TtqYRFlR52fivI+tQKz0riKWuCKyx+nciw0KpofB1p8AQqnkvF//1OA2A9R7m1kNw6WUsSlKgEZlsD1JuQWzlaVg9JikBPtQEE8n0ARYJscQEdGYzzxPhS9YPYWSaOjBnPp5F0jitOmfV81ud3BWaoIj20QE6Qg66QDV0g+rIRQSF6BE9oWfjxXgzPozPSWvBmM6U0QyMr18lZKMk</latexit>

y

<latexit sha1_base64="EQB+9HFQqNcQpeFGyxgQaYn/uBw=">AAACFHicbVDJSgNBEO2JWxy3aI5eBoPgKcwERb0FvHhMwCyQhNDTqUma9Cx014jDkC/wqn6DH+FNvXjw7mf4A2JnOZjEBwWP96q6up4bCa7Qtr+MzMrq2vpGdtPc2t7Z3cvtH9RVGEsGNRaKUDZdqkDwAGrIUUAzkkB9V0DDHV6N/cYtSMXD4AaTCDo+7Qfc44yilqpJN1ewi/YE1jJxZqRQzn+/lT4az5Vu7qfdC1nsQ4BMUKVajh1hJ6USORMwMtuxgoiyIe1DS9OA+qA66eSjI+tYKz3LC6WuAK2J+ncipb5Sie/qTp/iQC16Y/FfT4CHvHe3sB69i07KgyhGCNh0uxcLC0NrHIXV4xIYikQTyiTXB1hsQCVlqAObe575ruT9AY5MUwfmLMazTOqlonNaPKvq5C7JFFlySI7ICXHIOSmTa1IhNcIIkHvyQB6NJ+PFeDXep60ZYzaTJ3MwPn8BzUijOw==</latexit>

r

<latexit sha1_base64="vQdojQfIolsttTHkijX6+HFcMA4=">AAACFHicbVDLSgNBEOyNrxhfUY9eFoPgKeyKop4MePGYgHlAEsLspDcZMvtgplcMIV/gVf0aD4J49e7PiJNNDiaxoKGo6p6eLi+WQpPjfFuZldW19Y3sZm5re2d3L79/UNNRojhWeSQj1fCYRilCrJIgiY1YIQs8iXVvcDvx6w+otIjCexrG2A5YLxS+4IyMVFGdfMEpOinsZeLOSOHmHVKUO/mfVjfiSYAhccm0brpOTO0RUyS4xHGulWiMGR+wHjYNDVmAuj1KPzq2T4zStf1ImQrJTtW/EyMWaD0MPNMZMOrrRW8i/utJ9El0HxfWk3/VHokwTghDPt3uJ9KmyJ5EYXeFQk5yaAjjSpgDbN5ninEygc09zwNPiV6fxrmcCcxdjGeZ1M6K7nnxouIUStfT5CALR3AMp+DCJZTgDspQBQ4IT/AML9ar9WZ9WJ/T1ow1mzmEOVhfvzH5oDA=</latexit>

P (s)

<latexit sha1_base64="Z2ym4vF4BSEEp///a8ioYzqldsA=">AAACGHicbVBNT8JAEN3iF9Yv1KOXjcQEL6Q1JMqNxItHTCyQQEO2yxY27LbN7tRIGn6DV/XXeDNevflnjAv0IOBLJnl5b2Zn5wWJ4Boc59sqbGxube8Ud+29/YPDo9LxSUvHqaLMo7GIVScgmgkeMQ84CNZJFCMyEKwdjG9nfvuRKc3j6AEmCfMlGUY85JSAkbxmRV/ifqnsVJ058Dpxc1JGOZr90k9vENNUsgioIFp3XScBPyMKOBVsavdSzRJCx2TIuoZGRDLtZ/PPTvGFUQY4jJWpCPBc/TuREan1RAamUxIY6VVvJv7rCRYCHzytrIfwxs94lKTAIrrYHqYCQ4xnceABV4yCmBhCqOLmAExHRBEKJrSl56kMFB+OYGrbJjB3NZ510rqqurVq/b5WbtTz6IroDJ2jCnLRNWqgO9REHqKIo2f0gl6tN+vd+rA+F60FK585RUuwvn4BjTygIw==</latexit>

C(s)

<latexit sha1_base64="vfSOZupu9bW+nL/P8QldY/jOaHE=">AAACGHicbVBNT8JAEN36ifUL9ehlIzHBC2kNiXIj4eIREwsk0JDtsoUN222zOzWSht/gVf013oxXb/4Z4wI9CPiSSV7em9nZeUEiuAbH+bY2Nre2d3YLe/b+weHRcfHktKXjVFHm0VjEqhMQzQSXzAMOgnUSxUgUCNYOxo2Z335kSvNYPsAkYX5EhpKHnBIwktco6yvcL5acijMHXiduTkooR7Nf/OkNYppGTAIVROuu6yTgZ0QBp4JN7V6qWULomAxZ11BJIqb9bP7ZKb40ygCHsTIlAc/VvxMZibSeRIHpjAiM9Ko3E//1BAuBD55W1kN462dcJikwSRfbw1RgiPEsDjzgilEQE0MIVdwcgOmIKELBhLb0PI0CxYcjmNq2CcxdjWedtK4rbrVSu6+W6rU8ugI6RxeojFx0g+roDjWRhyji6Bm9oFfrzXq3PqzPReuGlc+coSVYX793GKAW</latexit>

Compute the steady-state error (when the reference signal is a unit step)

C(s) = kp

<latexit sha1_base64="Eng/RWvA3Zoupo1GCuy+Xqkg+z0=">AAACHXicbVBNSwMxEM3Wr7p+VT16CRahXsquFLQHodCLxwq2FdulZLPZNjSbXZJZsZT+C6/qr/EmXsU/I6btHmzrg4HHezOZzPMTwTU4zreVW1vf2NzKb9s7u3v7B4XDo5aOU0VZk8YiVvc+0UxwyZrAQbD7RDES+YK1/WF96rcfmdI8lncwSpgXkb7kIacEjPRQL+lzfI2HvaRXKDplZwa8StyMFFGGRq/w0w1imkZMAhVE647rJOCNiQJOBZvY3VSzhNAh6bOOoZJETHvj2Y8n+MwoAQ5jZUoCnql/J8Yk0noU+aYzIjDQy95U/NcTLAQePC2th/DKG3OZpMAknW8PU4EhxtNMcMAVoyBGhhCquDkA0wFRhIJJbuF5GvmK9wcwsW0TmLsczyppXZTdSrl6WynWqll0eXSCTlEJuegS1dANaqAmokiiZ/SCXq036936sD7nrTkrmzlGC7C+fgHn7aHf</latexit>

ess = reference value� final value

<latexit sha1_base64="TXPW4Sj09ARmeTmW2ATt3LuW+D0="></latexit>



ess = lim
t!1
[r(t)� y(t)]

= lim
s!0
s [R(s)� Y (s)]

<latexit sha1_base64="d87DIDAFlJ9xwvbnxkGaLYQd3uA="></latexit>

Problem
• Using properties of Laplace

8

• For a unit step
R(s) =

1

s

<latexit sha1_base64="ku80WEfEjLiFTl/iVtbfahkl7/E=">AAACJ3icbZDLSgMxFIYz9VbH21iXboJFqJsyIwXtQii4cVnFXqAtJZNm2tDMheSMtAzzKm7Vp3EnuvRFxLSdhW09EPj5/3Nyks+NBFdg219GbmNza3snv2vu7R8cHlnHhaYKY0lZg4YilG2XKCZ4wBrAQbB2JBnxXcFa7vh2lreemFQ8DB5hGrGeT4YB9zgloK2+VXgoqQt8g7ueJDRx0kSlfatol+154XXhZKKIsqr3rZ/uIKSxzwKggijVcewIegmRwKlgqdmNFYsIHZMh62gZEJ+pXjJ/e4rPtTPAXij1CQDP3b8TCfGVmvqu7vQJjNRqNjP/zQTzgA8mK+vBu+4lPIhiYAFdbPdigSHEMzp4wCWjIKZaECq5/gCmI6LRgGa4dD31XcmHI0hNUwNzVvGsi+Zl2amUq/eVYq2aocujU3SGSshBV6iG7lAdNRBFE/SMXtCr8Wa8Gx/G56I1Z2QzJ2ipjO9fZG+lwQ==</latexit>

In open-loop
ess = lim

s!0
s


1

s
� C(s)P (s)

1

s

�

= lim
s!0


1� kp

0.25

s + 0.1

�
= 1� 2.5kp

<latexit sha1_base64="NqxAZaNcqgyAW6JSVyVeOhJdnwM="></latexit>

ess = lim
s!0


1�

C(s)P (s)

1 + C(s)P (s)

�

= lim
s!0


1�

0.25kp
s + 0.1 + 0.25kp

�
= 1�

0.25kp
0.1 + 0.25kp

<latexit sha1_base64="/sMYrjDSOAn8ipAi5Q6Kj07zVns="></latexit>

In closed-loop



Remarks
• Zero state state error requires


• Open-loop: kp = 0.4 (not practical)


• Closed-loop: kp tends to infinity (not possible)

9

• Consider a PI controller

C(s) =
kps + ki
s

<latexit sha1_base64="F3yE0MrBcWOZtxQouuWXUyn470o=">AAACMXicbVDLSgMxFM3UV62vqktdBItQEcqMFLQLodCNywr2Ae0wZNJMG5p5kNwRyzAbv8at+jXdiVv/QUzbWdjqgZDDOffBPW4kuALTnBq5tfWNza38dmFnd2//oHh41FZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHTdmfueRScXD4AEmEbN9Mgy4xykBLTnF00ZZXdz2PUloMnaSKMXqUv88TROVOsWSWTHnwH+JlZESytB0it/9QUhjnwVABVGqZ5kR2AmRwKlgaaEfKxYROiZD1tM0ID5TdjK/IsXnWhlgL5T6BYDn6u+OhPhKTXxXV/oERmrVm4n/eoJ5wAdPK+vBu7ETHkQxsIAutnuxwBDiWU54wCWjICaaECq5PgDTEdExgU5zaTz1XcmHI0gLBR2YtRrPX9K+qljVSu2+WqrXsujy6ASdoTKy0DWqozvURC1E0TN6Qa/ozXg3psaH8bkozRlZzzFagvH1A/hMqsA=</latexit>

• Key questions:


• What is the steady state error with a PI controller?


• What value of ki is required?



Problem
Consider a system with the following open loop transfer function:

10

P (s) =
0.25

s + 0.1

<latexit sha1_base64="qHcDei7JyURpEYY314s99/7qoDc=">AAACLnicbZDLSgMxFIYz9VbrrepK3ASLUBGGmVLRLoSCG5cV7AXaUjJppg3NXEjOiGUYfBq36tMILsStTyGm7Sxs6w+Bn/+ck8P5nFBwBZb1YWRWVtfWN7Kbua3tnd29/P5BQwWRpKxOAxHIlkMUE9xndeAgWCuUjHiOYE1ndDOpNx+YVDzw72Ecsq5HBj53OSWgo17+qFZUZ/gad1xJaGyZpYskVueWaSe9fMEyranwsrFTU0Cpar38T6cf0MhjPlBBlGrbVgjdmEjgVLAk14kUCwkdkQFra+sTj6luPD0hwac66WM3kPr5gKfp34mYeEqNPUd3egSGarE2Cf+tCeYC7z8urAf3qhtzP4yA+XS23Y0EhgBPIOE+l4yCGGtDqOT6AEyHRBMCjXLue+o5kg+GkORyGpi9iGfZNEqmXTYrd+VCtZKiy6JjdIKKyEaXqIpuUQ3VEUVP6Bm9oFfjzXg3Po2vWWvGSGcO0ZyM71/ELqdT</latexit>

X

<latexit sha1_base64="fDSvSS/0TmeL3yyDi3cvzqU/9N0=">AAACF3icbVDLSsNAFJ3UV42vapdugkUQhZKIou4KblxWMG2hDWUynTRDZ5IwcyOW0F9wq36CX6ErcevSnxEnbRe29cCFwzn3zp17/IQzBbb9bRSWlldW14rr5sbm1vZOaXevoeJUEuqSmMey5WNFOYuoCww4bSWSYuFz2vQH17nfvKdSsTi6g2FCPYH7EQsYwZBLHZWKbqliV+0xrEXiTEmldvJefj223Xq39NPpxSQVNALCsVJtx07Ay7AERjgdmZ1U0QSTAe7TtqYRFlR52fivI+tQKz0riKWuCKyx+nciw0KpofB1p8AQqnkvF//1OA2A9R7m1kNw6WUsSlKgEZlsD1JuQWzlaVg9JikBPtQEE8n0ARYJscQEdGYzzxPhS9YPYWSaOjBnPp5F0jitOmfV81ud3BWaoIj20QE6Qg66QDV0g+rIRQSF6BE9oWfjxXgzPozPSWvBmM6U0QyMr18lZKMk</latexit>

y

<latexit sha1_base64="EQB+9HFQqNcQpeFGyxgQaYn/uBw=">AAACFHicbVDJSgNBEO2JWxy3aI5eBoPgKcwERb0FvHhMwCyQhNDTqUma9Cx014jDkC/wqn6DH+FNvXjw7mf4A2JnOZjEBwWP96q6up4bCa7Qtr+MzMrq2vpGdtPc2t7Z3cvtH9RVGEsGNRaKUDZdqkDwAGrIUUAzkkB9V0DDHV6N/cYtSMXD4AaTCDo+7Qfc44yilqpJN1ewi/YE1jJxZqRQzn+/lT4az5Vu7qfdC1nsQ4BMUKVajh1hJ6USORMwMtuxgoiyIe1DS9OA+qA66eSjI+tYKz3LC6WuAK2J+ncipb5Sie/qTp/iQC16Y/FfT4CHvHe3sB69i07KgyhGCNh0uxcLC0NrHIXV4xIYikQTyiTXB1hsQCVlqAObe575ruT9AY5MUwfmLMazTOqlonNaPKvq5C7JFFlySI7ICXHIOSmTa1IhNcIIkHvyQB6NJ+PFeDXep60ZYzaTJ3MwPn8BzUijOw==</latexit>

r

<latexit sha1_base64="vQdojQfIolsttTHkijX6+HFcMA4=">AAACFHicbVDLSgNBEOyNrxhfUY9eFoPgKeyKop4MePGYgHlAEsLspDcZMvtgplcMIV/gVf0aD4J49e7PiJNNDiaxoKGo6p6eLi+WQpPjfFuZldW19Y3sZm5re2d3L79/UNNRojhWeSQj1fCYRilCrJIgiY1YIQs8iXVvcDvx6w+otIjCexrG2A5YLxS+4IyMVFGdfMEpOinsZeLOSOHmHVKUO/mfVjfiSYAhccm0brpOTO0RUyS4xHGulWiMGR+wHjYNDVmAuj1KPzq2T4zStf1ImQrJTtW/EyMWaD0MPNMZMOrrRW8i/utJ9El0HxfWk3/VHokwTghDPt3uJ9KmyJ5EYXeFQk5yaAjjSpgDbN5ninEygc09zwNPiV6fxrmcCcxdjGeZ1M6K7nnxouIUStfT5CALR3AMp+DCJZTgDspQBQ4IT/AML9ar9WZ9WJ/T1ow1mzmEOVhfvzH5oDA=</latexit>

P (s)

<latexit sha1_base64="Z2ym4vF4BSEEp///a8ioYzqldsA=">AAACGHicbVBNT8JAEN3iF9Yv1KOXjcQEL6Q1JMqNxItHTCyQQEO2yxY27LbN7tRIGn6DV/XXeDNevflnjAv0IOBLJnl5b2Zn5wWJ4Boc59sqbGxube8Ud+29/YPDo9LxSUvHqaLMo7GIVScgmgkeMQ84CNZJFCMyEKwdjG9nfvuRKc3j6AEmCfMlGUY85JSAkbxmRV/ifqnsVJ058Dpxc1JGOZr90k9vENNUsgioIFp3XScBPyMKOBVsavdSzRJCx2TIuoZGRDLtZ/PPTvGFUQY4jJWpCPBc/TuREan1RAamUxIY6VVvJv7rCRYCHzytrIfwxs94lKTAIrrYHqYCQ4xnceABV4yCmBhCqOLmAExHRBEKJrSl56kMFB+OYGrbJjB3NZ510rqqurVq/b5WbtTz6IroDJ2jCnLRNWqgO9REHqKIo2f0gl6tN+vd+rA+F60FK585RUuwvn4BjTygIw==</latexit>

C(s)

<latexit sha1_base64="vfSOZupu9bW+nL/P8QldY/jOaHE=">AAACGHicbVBNT8JAEN36ifUL9ehlIzHBC2kNiXIj4eIREwsk0JDtsoUN222zOzWSht/gVf013oxXb/4Z4wI9CPiSSV7em9nZeUEiuAbH+bY2Nre2d3YLe/b+weHRcfHktKXjVFHm0VjEqhMQzQSXzAMOgnUSxUgUCNYOxo2Z335kSvNYPsAkYX5EhpKHnBIwktco6yvcL5acijMHXiduTkooR7Nf/OkNYppGTAIVROuu6yTgZ0QBp4JN7V6qWULomAxZ11BJIqb9bP7ZKb40ygCHsTIlAc/VvxMZibSeRIHpjAiM9Ko3E//1BAuBD55W1kN462dcJikwSRfbw1RgiPEsDjzgilEQE0MIVdwcgOmIKELBhLb0PI0CxYcjmNq2CcxdjWedtK4rbrVSu6+W6rU8ugI6RxeojFx0g+roDjWRhyji6Bm9oFfrzXq3PqzPReuGlc+coSVYX793GKAW</latexit>

Compute the steady-state error (when the reference signal is a unit step)

ess = reference value� final value

<latexit sha1_base64="TXPW4Sj09ARmeTmW2ATt3LuW+D0="></latexit>

C(s) =
kps + ki
s

<latexit sha1_base64="F3yE0MrBcWOZtxQouuWXUyn470o=">AAACMXicbVDLSgMxFM3UV62vqktdBItQEcqMFLQLodCNywr2Ae0wZNJMG5p5kNwRyzAbv8at+jXdiVv/QUzbWdjqgZDDOffBPW4kuALTnBq5tfWNza38dmFnd2//oHh41FZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHTdmfueRScXD4AEmEbN9Mgy4xykBLTnF00ZZXdz2PUloMnaSKMXqUv88TROVOsWSWTHnwH+JlZESytB0it/9QUhjnwVABVGqZ5kR2AmRwKlgaaEfKxYROiZD1tM0ID5TdjK/IsXnWhlgL5T6BYDn6u+OhPhKTXxXV/oERmrVm4n/eoJ5wAdPK+vBu7ETHkQxsIAutnuxwBDiWU54wCWjICaaECq5PgDTEdExgU5zaTz1XcmHI0gLBR2YtRrPX9K+qljVSu2+WqrXsujy6ASdoTKy0DWqozvURC1E0TN6Qa/ozXg3psaH8bkozRlZzzFagvH1A/hMqsA=</latexit>



Steady state error for PI
• Compute open-loop transfer function
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• Steady state error (open-loop)

ess = lim
s!0
[1� C(s)P (s)]

= lim
s!0


1�
kps + ki
s

0.25

s + 0.1

�

= �1

<latexit sha1_base64="FCmPPVIvVDFmRJkmBZYm+7BvOM8="></latexit>

Steady state error grows to infinity!

C(s)P (s) =
kps + ki
s

0.25

s + 0.1

<latexit sha1_base64="Ts0niqgjlOKtTq6ImtTatrkEZ0U="></latexit>



Steady state error for PI
• Compute closed-loop transfer function
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C(s)P (s)

1 + C(s)P (s)
=

kps+ki
s

0.25
s+0.1

1 + kps+kis
0.25
s+0.1

=
0.25(kps + ki)

s(s + 0.1) + 0.25(kps + ki)

<latexit sha1_base64="LZdZ7gePKJMddLX9PSMw9NSTkj8="></latexit>

• Steady state error (closed-loop)

ess = lim
s!0


1�

C(s)P (s)

1 + C(s)P (s)

�

= lim
s!0


1�

0.25(kps + ki)

s(s + 0.1) + 0.25(kps + ki)

�

= 1�
ki
ki

<latexit sha1_base64="ryiMHkYHFWhWMwlZUQ+1ifSgqOU="></latexit>

Zero steady state error for any ki  0≠



Problem
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Consider a system with the following open loop transfer function:

P (s) =
0.25

s + 0.1

<latexit sha1_base64="qHcDei7JyURpEYY314s99/7qoDc=">AAACLnicbZDLSgMxFIYz9VbrrepK3ASLUBGGmVLRLoSCG5cV7AXaUjJppg3NXEjOiGUYfBq36tMILsStTyGm7Sxs6w+Bn/+ck8P5nFBwBZb1YWRWVtfWN7Kbua3tnd29/P5BQwWRpKxOAxHIlkMUE9xndeAgWCuUjHiOYE1ndDOpNx+YVDzw72Ecsq5HBj53OSWgo17+qFZUZ/gad1xJaGyZpYskVueWaSe9fMEyranwsrFTU0Cpar38T6cf0MhjPlBBlGrbVgjdmEjgVLAk14kUCwkdkQFra+sTj6luPD0hwac66WM3kPr5gKfp34mYeEqNPUd3egSGarE2Cf+tCeYC7z8urAf3qhtzP4yA+XS23Y0EhgBPIOE+l4yCGGtDqOT6AEyHRBMCjXLue+o5kg+GkORyGpi9iGfZNEqmXTYrd+VCtZKiy6JjdIKKyEaXqIpuUQ3VEUVP6Bm9oFfjzXg3Po2vWWvGSGcO0ZyM71/ELqdT</latexit>

C(s) =
kps + ki
s

<latexit sha1_base64="F3yE0MrBcWOZtxQouuWXUyn470o=">AAACMXicbVDLSgMxFM3UV62vqktdBItQEcqMFLQLodCNywr2Ae0wZNJMG5p5kNwRyzAbv8at+jXdiVv/QUzbWdjqgZDDOffBPW4kuALTnBq5tfWNza38dmFnd2//oHh41FZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHTdmfueRScXD4AEmEbN9Mgy4xykBLTnF00ZZXdz2PUloMnaSKMXqUv88TROVOsWSWTHnwH+JlZESytB0it/9QUhjnwVABVGqZ5kR2AmRwKlgaaEfKxYROiZD1tM0ID5TdjK/IsXnWhlgL5T6BYDn6u+OhPhKTXxXV/oERmrVm4n/eoJ5wAdPK+vBu7ETHkQxsIAutnuxwBDiWU54wCWjICaaECq5PgDTEdExgU5zaTz1XcmHI0gLBR2YtRrPX9K+qljVSu2+WqrXsujy6ASdoTKy0DWqozvURC1E0TN6Qa/ozXg3psaH8bkozRlZzzFagvH1A/hMqsA=</latexit>

Through simulations:


• Validate the steady-state error


• Compute the gain and phase margin


• Compute the settling time Ts 

How can you make the system reach its steady state faster?



Problem
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• Look at root locus


• For higher gains, the poles move away from the imaginary axis



P (s) =
1

s2 + 2s

<latexit sha1_base64="6ukhLTceZAHXMsJbYfSdrwQi9uA=">AAACLnicbZDLSgMxFIYz9VbrrepK3ASLUBHKTCloF0LBjcsK9gLtWDKZTBuauZCcEcsw+DRu1acRXIhbn0JMLwvb+kPg5z/n5HA+JxJcgWl+GJmV1bX1jexmbmt7Z3cvv3/QVGEsKWvQUISy7RDFBA9YAzgI1o4kI74jWMsZXo/rrQcmFQ+DOxhFzPZJP+AepwR01Msf1YvqDF/hricJTaw0UfdlfI7LKu3lC2bJnAgvG2tmCmimei//03VDGvssACqIUh3LjMBOiAROBUtz3VixiNAh6bOOtgHxmbKTyQkpPtWJi71Q6hcAnqR/JxLiKzXyHd3pExioxdo4/LcmmAfcfVxYD96lnfAgioEFdLrdiwWGEI8hYZdLRkGMtCFUcn0ApgOiCYFGOfc99R3J+wNIczkNzFrEs2ya5ZJVKVVvK4VadYYui47RCSoiC12gGrpBddRAFD2hZ/SCXo034934NL6mrRljNnOI5mR8/wJSK6el</latexit>

Problem
• Increasing the value of kp does not always work


• Consider the system
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C(s) =
kps + ki
s

<latexit sha1_base64="F3yE0MrBcWOZtxQouuWXUyn470o=">AAACMXicbVDLSgMxFM3UV62vqktdBItQEcqMFLQLodCNywr2Ae0wZNJMG5p5kNwRyzAbv8at+jXdiVv/QUzbWdjqgZDDOffBPW4kuALTnBq5tfWNza38dmFnd2//oHh41FZhLClr0VCEsusSxQQPWAs4CNaNJCO+K1jHHTdmfueRScXD4AEmEbN9Mgy4xykBLTnF00ZZXdz2PUloMnaSKMXqUv88TROVOsWSWTHnwH+JlZESytB0it/9QUhjnwVABVGqZ5kR2AmRwKlgaaEfKxYROiZD1tM0ID5TdjK/IsXnWhlgL5T6BYDn6u+OhPhKTXxXV/oERmrVm4n/eoJ5wAdPK+vBu7ETHkQxsIAutnuxwBDiWU54wCWjICaaECq5PgDTEdExgU5zaTz1XcmHI0gLBR2YtRrPX9K+qljVSu2+WqrXsujy6ASdoTKy0DWqozvURC1E0TN6Qa/ozXg3psaH8bkozRlZzzFagvH1A/hMqsA=</latexit>

Need to implement a PD controller! 


