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Control System

r — Reference Value, SP (Set-point), SV (Set Value)

y —Measurement Value (MV), Process Value (PV)

e — Error between the reference value and the
measurement value (e = r - vy)

v — Disturbance, makes it more complicated to control
the process

u - Control Signal from the Controller



Control System

Simplified Control System: The purpose with the controller is to make sure the process
stays on a desired level, e.g., it could be level in a liquid tank
or the temperature at a specific value, e.g., 30°C

Reference Control
Value H.(s) Signal H,(s)
r e u y
Controller Process
— Measurements
y

The Controller is typically a PID Controller that has K, T;and Ty as Tuning Parameters



Transfer Functions

 Transfer functions are a model form
based on the Laplace transform.

* Transfer functions are very useful in
analysis and design of linear dynamic
systemes.



Transfer Functions

A general Transfer function is on the form:

y(s)
H(s) =
u(s)
Where y is the output and u is the input.
s is the Laplace operator

u(s) —m— y(s)



Transfer Functions

A general transfer function can be written on the following general
form:

numerator(s) by, s™ + by_s™ 1+ -+ by s+ b
denominator(s)  a,s™+a,_1s"1+-+a;s+a

H(s) =

The Numerators of transfer function models describe the locations of the zeros
of the system, while the Denominators of transfer function models describe the
locations of the poles of the system.



Transfer Functions - Examples

1. Order System: 1. Order System with Integrator:

H(s) = H(s) = s(2s+1)

1. Order System with Time Delay: 2. Order System:

5 _
H(s) = 3541 - - H(s) = 3s2 —2s+1



Transfer Functions - Python

import numpy as np
import control

np.array ([2])
np.array ([3 , 1])

num
den

H = control.tf(num , den)

print ('H(s) =', H)

H(s) =
(5) 3s2—2s+1

H(s) =

import numpy as np
import control

num
den

np.array ([3])
np.array ([2 , 1, 0])

H = control.tf(num , den)

print ('H(s) =', H)

import numpy as np
import control

num = np.array ([4])
den = np.array ([3 , -2, 1])

H = control.tf(num , den)

print ('H(s) =', H)

s(2s+1)

252+S

import numpy as np
import control

num
den

np.array ([4, 11])
np.array ([2 , 5, -21])

H = control.tf(num , den)

print ('H(s) =', H)
H(s) 4s + 1
Ss) =
25>+ 55— 2



Transfer Functions

1.order Transfer Function: Integrator:

K
H(S) =;

1. order Transfer Function with Time Delay:
Transfer Function for Time Delay:

K
H(s) = e~ v
H(s)=e™ () Ts+1
K
2. order Transfer Function: or: H(S) —
as?+ bs +c
K .
H(S) = More about the different types of

(Tl + 1)(TZS + 1) Transfer Functions later in this Tutorial



Control System

Back to the Control System: Each block can be described by a Transfer Function:

Noise/Disturbance

Reference v
Value H (S) H (S) H (S)l
4 @ >[ Controller }—{ Actuators H Process }—»
N Control Process
Signal Output
He(s) Hg(s)

[ Filtering ]4—{ Sensors }
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Python Examples

e SciPy (SciPy.signal)
— Included with Anaconda Distribution
— Limited Functions and Features for Control Systems

* Python Control Systems Library

— | will refer to it as the “Control” Library

— Very similar features as the MATLAB Control System
Toolbox

— You need to install it (“pip install control”)
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SciPy.signal

The SciPy.signal contains Signal Processing functions
SciPy is also included with the Anaconda distribution

If you have installed Python using the Anaconda
distribution, you don’t need to install anything
https://docs.scipy.org/doc/scipy/reference/signal.html

Continuous-time linear systems

Iti(*system) Continuous-time linear time invariant system base class.

Linear Time Invariant system in state-space form.

ateSpace em NaLS
TransferFunctlon(*system **kwafg)ear Time Invariant system class in transfer function form.
ETOSTOTE yeTe R

Wargslinear Time Invariant system class in zeros, poles, gain form.

Isim(system, U, T[, X0, interp]) Simulate output of a continuous-time linear system.

Isim2(system[, U, T, X0]) Simulate output of a continuous-time linear system, by using the ODE solver
scipy.integrate.odeint.

impulse(system[, X0, T, N]) Impulse response of continuous-time system.

impulse2(system[, X0, T, N]) Impulse response of a single-input, continuous-time linear system.

step(system[, X0, T, N]) Step response of continuous-time system.

step2(system[, X0, T, N]) Step response of continuous-time system.

freqresp(system[, w, n]) Calculate the frequency response of a continuous-time system.

bode(system[, w, n]) Calculate Bode magnitude and phase data of a continuous-time system.


https://docs.scipy.org/doc/scipy/reference/signal.html

import numpy as np
yt O n import scipy.signal as signal

import matplotlib.pyplot as plt

# Define Transfer Function

Transfer Function: num = np.array([2])
den = np.array([3 , 1])

H(S) H = signal.TransferFunction(num , den)

3s 1 print ('H(s) =', H)

# Step Response
t, y = signal.step(H)

H(s) =

TransferFunctionContinuous ( # Plotting

array ([0.66666667]), plt.plot(t, y) )
plt.title("Step Response’)

array([1l., 0.33333333]), plt.xlabel("t")

dt: None plt.ylabel("y")

) plt.grid()

plt.show()



Comments to Results

Transfer Function: 2
3
H = H(s) =
(S) 3s+1 ‘ ( ) §S + 1
3 3

H(s) = l

TransferFunctionContinuous (

array ([0.66666667]), 0.67
array ([1., 0.333333337]), - H(S) —
dt: None S + 033

)
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Python Control Systems Library

* The Python Control Systems Library (control) is a
Python package that implements basic operations
for analysis and design of feedback control systems.

e Existing MATLAB user? The functions and the
features are very similar to the MATLAB Control
Systems Toolbox.

* Python Control Systems Library Homepage:
https://pypi.org/project/control

* Python Control Systems Library Documentation:
https://python-control.readthedocs.io



https://pypi.org/project/control
https://python-control.readthedocs.io/

Installation

The Python Control Systems Library
package may be installed using pip: B#

control 0.8.3 : Py pe—

pip install control

pip install control & Released: Jan 4,2020

* PIP is a Package Manager for Python
packages/modules. " et descio
Navigation roject description

* You find more information here:
https://pvpl'org D Release istory Python Control Systems Library

o o . )
d S h f t & Download files
e a rC O r C O n ro ) The Python Control Systems Library is a Python module that implements basic operations for analysis and design of

* The Python Package Index (PyPI) is a o
repository of Python packages where # tomens

o Block diagram algebra: serial, parallel, and feedback interconnections

you use PIP in order to install them

* Frequency response: Bode and Nyquist plots

bl passig

View statistics for this project via
Libraries.io &, or by using our public
dataset on Google BigQuery & o Control design: eigenvalue placement, linear quadratic regulator

o Estimator design: linear quadratic estimator (Kalman filter)

« Control analysis: stability, reachability, observability, stability margins


https://pypi.org/

Anaconda Prompt

If you have installed Python with Anaconda Distribution, use the Anaconda Prompt in order
to install it (just search for it using the Search field in Windows).

B Anaconda Prompt - O X

(base) C:\Users\hansha>

pip install control

pip list




Command Prompt - PIP

Example: Install Python package “camelCase”:

Command Prompt — Od X

L] L
Microsoft Windows [Version 10.0.18363.1049] I I n Sta | I CO nt rOI
(c) 2019 Microsoft Corporation. All rights reserved.

C:\Users\hansha>cd AppData\Local\Programs\Python\Python37-32\Scripts

C:\Users\hansha\AppData\Local\Programs\Python\Python37-32\Scripts>pip --version
pip 10.0.1 from c:\users\hansha\appdata\local\programs\python\python37-32\1ib\site-packages\pip (python 3.7)

C:\Users\hansha\AppData\Local\Programs\Python\Python37-32\Scripts>pip install camelcase

ed .
Python37-32\Scripts

hon37-32\Scripts>pip --version
crams\python\python37-32\1ib\site-packages\pip (python 3.7)

hon37-32\Scripts>pip install camelcase

Downloading https://files.pythonhosted.org/packages/24/54/6bc20bf371c1c78193e2e4179097a7b779e561420d0dad1222a3
b7d87890/camelcase-0.2.tar.gz

C:\Users\hansha\AppData\Local\Programs\Python\Python37-32\Scripts\pip install control

L] L]
p I p | I St C:\Users\hansha\AppData\Local\Programs\Python\Pytho

or “Python37_64“ for Python 64bits



Python Control Systems Library - Functions

Functions for Model Creation and Manipulation:

* tf()-Create a transfer function system

* ss()- Create a state space system

* c2d()- Return a discrete-time system

 tf2ss()- Transform a transfer function to a state space system

 ss2tf ()- Transform a state space system to a transfer function.

* series()- Return the series of 2 or more subsystems

* parallel ()-Return the parallel of 2 or more subsystems

» feedback()- Return the feedback of system

* pade()- Creates a Pade Aproxomation, which is a Transfer function
representation of a Time Delay



Python Control Systems Library - Functions

Functions for Model Simulations:
* step response()- Step response of a linear system

* 1sim( )- Simulate the output of a linear system

Functions for Stability Analysis:

* step response()- Step response of a linear system

* 1sim( )- Simulate the output of a linear system

* pole()-Compute system poles

* zero()-Compute system zeros

 pzmap()- Plot a pole/zero map for a linear system

* margin( )- Calculate gain and phase margins and frequencies

* stability margins()- Calculate stability margins and frequencies

+++ Many more Functions ...



Python

Transfer Function:

H(s) =

2

3s+1

Step Response

2.00 A

1.75 A

1.50 A

1.25

1.00 A

0.75 A

0.50 A

0.25 A

T
10

T
15

T
20

import control
import numpy as np
import matplotlib.pyplot as plt

num = np.array([2])
den np.array([3 , 1])

H = control.tf(num , den)
print ('H(s) ="', H)

t, y = control.step response(H)
plt.plot(t,y)

plt.title("Step Response')
plt.grid()



Alternative

Transfer Function:

H(s) =

2

3s+1

Step Response

2.00

1.75 A

1.50 A

1.25 A

1.00 A

0.75 A

0.50

0.25 +

0.00 A

10

15

20

import control
import matplotlib.pyplot as plt

s = control.TransferFunction.s
H = (2)/(3*s + 1)

print ('H(s) ="', H)

t, v = control.step response(H)
plt.plot(t,y)

plt.title("Step Response")
plt.grid()



Alternative

Transfer Function:

Which approach you should
use is a matter of taste and
what kind of system you are
implementing, etc.

import control
import matplotlib.pyplot as plt

s = control.TransferFunction.s
H = (6*s + 1)/(s**2 + 4*s + 8)
print ('H(s) ="', H)

t, vy = control.step response(H)
plt.plot(t,y)

plt.title("Step Response")
plt.grid()
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Types of Transfer Functions

1. order Transfer Functions

Integrator

Time Delay

1. order Transfer Function with Time Delay
2. order Transfer Functions
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1.order Transfer Functions

A 1.order transfer function is given by:

¥ K
HS) =) T Ts 11

Where K is the Gain and T is the Time constant

In the time domain we get the following equation (using Inverse Laplace):

y(6) = KU(1 — &)

(After a Step U for the input signal u(s))



1.order — Step Response

— I I I I S S S -

= KU

>t



Why T = 63%?

y(s) K
u(s) Ts+1

We have: 100% |-~ == m e e e e m oo KU

t
y(t) =KU(1—eT) (6%} -------

H(s) =

This means the step
response has reached
63% after T seconds

>t
‘ Y
Wesett =T: T I

T
y@®) = kU1 —e™T) = KU(1 — 1) = KU(1 — 0.37) = 0.63 - KU




Python

Transfer Function:

1.5 1

1.0 1

0.5 1

0.0

H(s) =

3

41s + 1

Step Response

15

20

25

import numpy as np
import matplotlib.pyplot as plt
import control

K =3
T = 4

num = np.array ([K])
den = np.array ([T , 1])

H = control.tf(num , den)
print ('H(s) =', H)

t, y = control.step response(H)
plt.plot(t,y)

plt.title("Step Response")
plt.grid()



1.order Transfer Functions

A 1.order transfer function is given by:

¥ K
HS) =) T Ts 11

Where K is the Gain and T is the Time constant

In the time domain we get the following equation (using Inverse Laplace):

y(6) = KU(1 — &)

(After a Step U for the input signal u(s))



import numpy as np
import control

Ti m e C O n St a n t T import matplotlib.pyplot as plt

K =10
. Step Response: Tarray = [5, 10, 30, 50]
Transfer Function: P P
— - start = 0
y(s) 10 y(t) KU(l e T) stop = 200
H(S) — — . step = 0.1
u(s) Ts + 1 We try with t = np.arange(start, stop, step)
different values for T for T in Tarray:
Step Response for various values of T #Create Transfer Function
10 - num = np.array ([K])
den = np.array ([T , 11])
| H = control.tf(num , den)
= — print ('H(s) =', H)
a- # Step Response
t, y = control.step response(H, t)
2 — # Plot
— | plt.plot(t, y)
— 0 25 50 75 100 125 150 175 200 plt.title("Step Response for different T")
C lusi . plt.xlabel("t")
oncilusion. plt.ylabel("y")
1t.1 d(T

Larger T - Slower System s iiasiad

Smaller T - Faster System plt.show()



import numpy as np

(] import control
G a I n K import matplotlib.pyplot as plt

T = 10
Karray = [1, 3, 5, 10]
Transfer Function; Ste(F;f)Respo[n(S[e](l T) Y
— — e start = 0
)](S) l( 3/ stop = 60
H(S) = = step = 0.
U(S) 10s + 1 We try with t = np.arange(start, stop, step)
different values for K for K in Karray:

#Create Transfer Function
num = np.array ([K])
s den = np.array ([T , 1])

Step Response for various values of K

H = control.tf(num , den)

print ('H(s) =', H)

# Step Response

t, y = control.step response(H, t)
# Plot

plt.plot(t, y)

plt.title("Step Response for different K")

o 10 20 30 40 50 60

€ plt.xlabel("t")
. plt.ylabel("y")
Steady State Response: ys = lim y(t) = KU plt.legend(Karray)
t—oo plt.grid()

(We used U = 1 in the simulations) plt.show()
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Integrator

Example of an Integrator:

A Transfer Function for an Integrator is given by: A Water/Liquid Tank
o) y(s) K ukn
(5) =—= == .

u(s) s o
——

Where K is the Gain

In the time domain we get the following equation (using Inverse Laplace):

H(s) = K m) () = KUt

S
(After a Step U for the unput signal u(s))



Python
K

H(s) =—

S

We set K = 3 in this example:

20

15 A

10 +

3
H(s) =—

Step Response

S

import numpy as np
import matplotlib.pyplot as plt
import control

K =3

num = np.array ([K])
den = np.array ([1, O])

H = control.tf(num , den)
print ('H(s) =', H)

t, y = control.step response(H)

plt.plot(t,y)
plt.title("Step Response")
plt.grid()
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Time Delay

Transfer Function for Time Delay:
S
H(s) = Y(S) _ s
u(s)

1. order Transfer Function with Time Delay:

_Ys) K
AS) =) " Ts+1°




Time Delay

Transfer Function for Time Delay:

H(s)=e™*°

Step Response for Time Delay:

>t




Padé Approximation

Transfer Function for Time Delay: H(s) = e™*

—TSs

In some situations, it is necessary to substitute e with an approximation, e.g., the

Padé Approximation:

1—kys+kys?2+ - +k,s™ Where n is the order of the approximation
—TS ~ —_
1+ kyS + kys? + o + k5™ and k4, k,, ... are constants
1.order Padé Approximation: 2.order Padé Approximation:
1+ ks  kis+1 ~ 1+k,Ss+k,s2
Where k; = z Where k; = ~ and k, = u
etc. 2 2

2

12



Padé Approx.

H(s) =e™2S

We can use the pade () Function:

Pade Aprroximation, N=5

1.00 A

0.75 1

0.50 4

0.25 4

0.00 A

—0.25 A

—0.50 A

—0.75 A

—1.00 A

10

import numpy as np
import matplotlib.pyplot as plt

import control
If you want a more accurate

approximation, you can
Tau = 2 increase the order N. Padé

approximations with order
N > 10 should be avoided.

# Time Delay

# Approximation Order
N=5

[num_pade,den_pade] = control.pade(Tau,N)
Hpade = control.tf(num_pade,den_pade)

print ('Hpade(s) =', Hpade)
start = 0
stop = 10
step = 0.1

t = np.arange(start, stop, step)
t, y = control.step response(Hpade, t)

plt.plot(t,y)

title = "Pade Aprroximation, N=" + str(N)
plt.title(title)

plt.grid()



Padé Approx.

H(s) =e™?s

We plot Padé Approximations with
different orders in the same Plot:

Pade Aprroximations

1.00 4

0.75 4

0.50 -

0.25 4

0.00 A

—0.25 A

—0.50 A

—-0.75 4

—1.00 A

— 3

— 10

10

import numpy as np
import matplotlib.pyplot as plt
import control

# Time Delay

Tau = 2

N =5
start = 0
stop = 10
step = 0.1

t = np.arange(start, stop, step)
N=11, 2, 3, 5, 10]

for n in N:

[num_pade,den_pade] = control.pade(Tau,n)
Hpade = control.tf(num pade,den pade)
print ('Hpade(s) =', Hpade)

t, y = control.step response(Hpade, t)
plt.plot(t,y)
plt.title("Pade Aprroximations")

plt.legend(N)
plt.grid()



1. order with Time Delay

1. order Transfer Function with Time Delay:

K
H(s) = e ™

Where K is the Gain, T is the Time constant and 7 is the Time Delay



Step Response

1. order with Time Delay

100%F—-———"—"=—"=—"=—"=—""=—"=""=—"=—"—"—"=—"—"—"—"—"—"=—"=-—-— —~ =2

63% F—=-——=—=-——--=

—— I I I I I S - -

>t




import numpy as np

import matplotlib.pyplot as plt
yt OI l import control

K =3
T = 4
Transfer Function: aum = np.array ([K])
den = np.array ([T , 1])

H(S) —_— L e_ZS H1.= control.tf(num , den)
4‘S+1 print ('Hl(s) =', HIL)

Tau = 2

N = 5 # Order of the Approximation

[num pade,den pade] = control.pade(Tau,N)
Hpade = control.tf(num_pade,den_pade)

2.5 1 print ('Hpade(s) =', Hpade)

H(s)

H = control.series(H1l, Hpade)
15 print ('H(s) =', H)

07 t, y = control.step_response (H)

0.5

plt.plot(t,y)

0.0 1 plt.title("H(s)")
(l) 5 1'0 ll5 2'0 2I5 plt.grid( )
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2.order Transfer Functions

2. order Transfer Function can be given on the following form:

Or like this:
H(s) =
(5) (Tys +1)(Tos + 1)
Where T; and T, are Time Constants
Or like this:
Kwgy? K
H(s) = 2 = 2
s% + 2¢wps + wy (i) +2(i+1
Wo Wo

H(s) =
(5) as? + bs + ¢

K is the gain

¢ zeta is the relative damping factor
wy[rad/s] is the undamped
resonance frequency



2.order Transfer Functions

Special case: When ¢ > 0 and the poles are real and distinct we have:

K
(Tys+ 1)(Tos + 1)

H(s) =

We see that this system can be considered as two 1.order systems in series:

1 K

H(s) = Hi(s)H,(s) = (Tis +1) (Tps+ 1) (Tys + 1)(Tps + 1)




import numpy as np
y O n import scipy.signal as signal

import matplotlib.pyplot as plt

SciPy.signal
# Define Transfer Function
num = np.array([4])
_ den = np.array([3 , 2, 1])
H(s) = 5
35 + ZS + 1 H = signal.TransferFunction(num , den)

print ('H(s) =', H)

Step Response

# Step Response
t, y = signal.step(H)

# Plotting

plt.plot(t, y)
plt.title("Step Response")
plt.xlabel ("t")
plt.ylabel("y")

plt.grid()

) 5 10 15 20 plt.show()



Python

The Python Control Systems Library

H(s) =

Step Response

3s2+2s+1

15

20

import control
import numpy as np
import matplotlib.pyplot as plt

# Define Transfer Function
num = np.array([4])
den = np.array([3 , 2, 1])

H = control.tf(num , den)
print ('H(s) =', H)

# Step Response
t, y = control.step_ response(H)

# Plotting

plt.plot(t, y)
plt.title("Step Response")
plt.xlabel ("t")
plt.ylabel("y")

plt.grid()

plt.show()
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Transfer Functions

A general transfer function can be written on the following general
form:

numerator(s) by, s™ + by_s™ 1+ -+ by s+ b
denominator(s)  a,s™+a,_1s"1+-+a;s+a

H(s) =

The Numerators of transfer function models describe the locations of the Zeros

of the system, while the Denominators of transfer function models describe the
locations of the Poles of the system.



Transfer Functions

A general transfer function can be written on the following general form:

Zeros
Hesy = (s + D(Tgs + 1) (Tyes + 1) )= Poles
(Tg1s + 1)(Tgps + 1) -+ (Tgms + 1)
Example:

Zeros: s+1=0 z1 =—1

_(s+1)(25+1) 2s+1=0 — —05
HE) = i D@s + 1) ° -
Poles: 3s+1=0 p, = —0.33

4s+1=0 p, = —0.25



Python

Transfer Function:

(s+1)(2s+1) (s+1) (2s+1)
(3s + 1)(4s + 1) ) H(s) = (3s+1) (45 + 1)

H(s) =

Alternatively we can multiply:
252 +s+2s+1 252 +3s+1

1252 +3s+4s+1 1252+ 7s+1

num = np.array([2, 3, 11)
den = np.array([12 , 7, 1])
H = control.tf (num , den)

H(s) =

numl np.array([1, 17)
num2 np.array([2, 11)
num = np.convolve (numl, num?2)

denl np.array([3 , 1])
Or we can use the den2 = np.array([4 , 1])

. den = np.convolve (denl, den2)
np.convolve () function:

H = control.tf (num , den)

import numpy as np
import control

num np.array([1l, 11])
den np.array([3 , 11)
H1 = control.tf(num , den)

num np.array([2, 11])
den np.array([4 , 11])
H2 = control.tf(num , den)

H = control.series(H1,H2)
print ('H(s) =', H)

z = control.zero(H)

print ('z =', z)

P = control.pole(H)
print ('p =", p)

control.pzmap (H)



Results

(s+1)(2s+1) control.pzmap (H)

H(s) =
(35 + 1)(45 + 1) Pole Zero Map

0.4 4

zy =—1 p1 = —0.33 0.3 1

Z2 == _05 pz == _025 0.2 -
0.1 A

z = control.zero(H) % 0.0 1= © ’—x

£

z = [-1. -0.5] —0-17
-0.2

p = control.pole(H) ~0.3 1

p = [-0.33333333 -0.25] —041 . : : :

-1.0 -0.8 -0.6 -0.4 -0.2



Poles and Stability of the System

The poles are important when analyzing the stability of a
system. The Figure below gives an overview of the poles impact
on the stability of a system.

Im
A

“Sr;zttae'f]'f We have 3 different Alternatives:

Stable @Side) 1. Asymptotically Stable System
ystem .re 2. Marginally Stable System

(left side) —
% 3. Unstable System

—




Poles and Stability

Asymptotically Stable System Marginally Stable System Unstable System
Poles: Im 4 Im 4 Im
X
> Re
> »Re * > Re >

Step Response:

AW /\/\/\/t “V/\/\ /=t
e \/

J Vv
im y(e) = k 0 < lim y(1) < o0 lim y() =%



Asymptotically Stable System

Im

a

- - > Re

Each of the poles of the transfer function lies strictly
in the left half plane (has strictly negative real part)

L]im y(t) =k



import control
yt O n import numpy as np
import matplotlib.pyplot as plt

S Asymptotically Stable System
Transfer Function: # Define Transfer Function

;y(s) 2 num = np.array([2])

— — den = np.array([3 , 1])
u(s) 3s+1

H(s)

H = control.tf(num , den)
print ('H(s) =', H)

Pole Zero Map

p = [-0.33333333] # Poles
p = control.pole(H)

print ('p ="', p)

0.05 4

Step Response

o
o
S

Imaginary

2.001

# Step Response
t, vy = control.step_ response(H)

1.75 A —0.05 |

1.50 -
—0.10 +

1.25 A

1.001 ~035 -030 -025 -020 -015 -0.10 -0.05  0.00 plt . plOt ( t 1Y )

Real

0751 plt.title("Step Response")
0.50 plt.grid( )

0.25 1

wl | ] thrglo y(t) =k

control.pzmap (H)



Marginally Stable System

One or more poles lies on the imaginary axis
(have real part equal to zero), and all these
poles are distinct. Besides, no poles lie in the
right half plane.

AVAWAWES
VV'V

0 < lim y(t) < o

t—oo




import control
(:) l I import numpy as np
import matplotlib.pyplot as plt

Transfer Function: Margina”y Stable System # Define Transfer Function

num np.array([31])
den np.array([1l, 0, 1])

3
H(S) = - Pole Zero Map

s2 41 100 ] i) H = control.tf(num , den)
print ('H(s) =', H)

0.75 4

0.50 1

Step Response

# Poles
= %% p = control.pole(H)
g 0.00 print ('p =', pP)
E

6 —0.25 A

# Step Response

—0.50 A

51 tstart = 0; tstop = 20; tstep = 0.1
e t = np.arange(tstart, tstop, tstep)
N
~1.00 ¥ t, y = control.step response(H, t)
—1|.0 —6.5 0.0 0.'5 1.|0
31 Real
plt.plot(t,y)
21 plt.title("Step Response")

plt.grid()

0 control.pzmap (H)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0



Unstable System

Im
1 At least one pole lies in the right half plane
(has real part greater than zero).
>—— Re
N
m VAN
4 lim y(t) = o
t—oo
or X >Re  Or: There are multiple and coincident poles

on the imaginary axis.

1

Example: double integrator H(s) = =z




import control
P t h O n import numpy as np
y import matplotlib.pyplot as plt

Transfer Function: Unstable System # Define Transfer Function
num = np.array([2])
den = np.array([3 , -1])

H(s) =

. H = control.tf(num , den)
3S 1 print ('H(s) ="', H)

Step Response

# Poles
p = control.pole(H)

q 0 _
15007 Pole Zero Map prlnt ( p B 4 p )

2000 -

o
=
o

1000 A

# Step Response
t, vy = control.step_ response(H)

o
o
a

500 -

Imaginary

o} . i | | 0.00 B plt.plot(t,y)
; : w0 5 2. plt.title("Step Response")
lim y(t) -_ w . plt-grid( )

t—oo

000 005 010 015 020 025 030 035 control. pPzmap ( H )

Real



Python

Transfer Function:

Step Response

20000 -

15000 -

10000 -

Unstable System

Pole Zero Map

0.6

5000
0.4

S
o
N

X

0.0 T%

Imaginary

lim y(t) = oo

-0.75 -0.50 -0.25

0.00

0.25
Real

0.50

0.75

1.00

import control
import numpy as np
import matplotlib.pyplot as plt

# Define Transfer Function
num = np.array([2, 1])
den = np.array([3 , -1, -2])

H = control.tf(num , den)
print ('H(s) =', H)

# Poles
p = control.pole(H)

print ('p ="', p)

# Step Response
t, vy = control.step_ response(H)

plt.plot(t,y)
plt.title("Step Response")
plt.grid()

control.pzmap (H)



Python

Transfer Function:

2
H(S)=§

Step Response

50 4

30 4

201

Unstable System

Pole Zero Map

0.00100 4
10 4

0.00075 4

01 0.00050 4

0.00025 -

0.00000

Imaginary

—0.00025 -
—0.00050 4
—0.00075 A

p1=0,p, =0

—0.00100 4

-0.0015 —0.0010

—0.0005

0.0000
Real

0.0005

0.0010

0.0015

import control
import numpy as np
import matplotlib.pyplot as plt

# Define Transfer Function
num = np.array([2])
den = np.array([1l, 0, 0])

H = control.tf(num , den)
print ('H(s) =', H)

# Poles
p = control.pole(H)

print ('p ="', p)

# Step Response
t, vy = control.step_ response(H)

plt.plot(t,y)
plt.title("Step Response")
plt.grid()

control.pzmap (H)



Additional Python Resources

Python .
P : ‘ Python for Science Python for Control
rogramming : : y
and Engineerin , ,
Hans-Petter Halvorsen g g Englneenng Python fOr SOftware
Hans-Petter Halvorsen Deve Iopment
Hans-Petter Halvorsen
- ® Hans-Petter Halvorsen
C
o s Python Software Development
https://www.halvorsen.blog

https://www.halvorsen.blog
https://www.halvorsen.blog

https://www.halvorsen.blog

https://www.halvorsen.blog/documents/programming/python/
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