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Important remarks on using MATLAB

* [t is convenient to use MATLAB Control System Toolbox in
practical controller design problem:s.

J Hand-calculations are often impractical for real-life
engineering problemes.

* The topics in Control Theory that you have learned so far are
still very important!

J These include topics such as, Routh-Hurwitz, how to sketch
RL, how to use RL for controller design, etc.

» You have to detect errors, if any, in the results that MATLAB
returns.

» You have to interpret what MATLAB returns.

» Using the control theory covered so far, we can take full
advantage of MATLAB to design controllers more effectively.
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SISO Design Tool in Matlab

* SISO (Single Input Single Output) design tool is the
Graphical-User Interface (GUI) that allows you to
design controllers/compensators.

* Type “sisotool (G)” in Matlab prompt:
> sisotool (G)

* In the above command, “G” is the name of the open-
loop transfer function that you have selected.

© Siamak Najarian 2025
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aplace of mind

SISO Design Tool (Gain Compensator)

* Input the plant

CONTROL SYSTEM BODE EDITOR VIEW

> sysG = t£(1,[1 2 0]); S8 = L L e @

Open  Save ~ Edit Mulimodel ~ Tuning New Store Refrieve Compare Export  Preference
Session Session Architecture v Configuration ~ Methods v Plot ¥ - -
or D= Edit Architecture - Configuration 1

Data Browser Select Control Architecture:
~ Controllers and Fi =S8
> s = t£(’s’); - |
Rl ==

€

>> sysG = 1/(s"2+2xs); . So

¥ Designs
)
>> sisotool(sysG) ereg

Blocks Loop Signs

¥ Responses 7 GTE Identifier  Block Name Value i
LoopTransfer_C C lc | |<1x1 zpk> | &
10Trar »’—-r'éy 1 F ’F ‘ ‘<1x1 zpk> | &
¥ Preview G G | <1xd th> | 2
Input-Output T H H L <ix1 tfs | &
Name: IOTransf
Inputs: oK Cancel Help
r

Outputs: H

)
/

o
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SISO Design Tool (Gain Compensator), (cont’d) ;_L@E:

Root Locus Editor for LoopTransfer_C
Root Locus Editor for LoopTransfer C

* You will see the root

locus plot for |
1 m0.5’
G(s) = i R
(=) s(s+2) g
0.5 |
* The default setting is "2 4s 4 95 0 05
C(S ) - 1- | IOTransfer_r2y: step Re?l o
. - - Seiesn
You can right-click on 1
the plots to change el
the gain (among other %“’
. 0.4
things). <
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SISO Design Tool (Gain Compensator), (cont’d)

aplace of mind

* Modify the gain for “satisfactory” step response.

| Root Locus Editor for LoopTransfer_C
Root Locus Editor for LoopTransfer_C

15
4\ Compensator Editor = Od X @
1 }
Compensator
@9 057
3 vi=27 <
o 0 ......................
£
Pole/Zero = -057
Dynamics Edit Selected Dynamics i
-1 5 L 1 T i 1 1
-2 -1.5 -1 -0.5 0 0.5 1
Real Axis
| 1OTransfer_r2y: step
Select a single row to edit values Step Response
‘ ) From:r To:y
1 ““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““
0.8 |
Right-click to add or delete poles/zeros g
2067
Hel 2
e L
P Eoa4
0.2
0 L L L L
0 1 2 3 4 5

* By right-clicking on these figures, you can add various specs on
the figures.
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SISO Design Tool (Lead Compensator)

 Add a pole & a zero of a
compensator, and adjust
Its gain:

15.84 2.5
CLead(S) — (s+25)

s+ 6.86

* If necessary, move the
pole and zero
* by click-and-drag, or

* Design = Edit Compensator...

e

ELEC 341: Systems and Control

aplace of mind

" Root Locus Editor for LoopTransfer_C

- Roqt Locus Editor for LoopTransfer C

10 |

Imag Axis
(&)] (] (9]

Real Axis

Step Response
From:r To:y

10 12
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SISO Design Tool (Lead Compensator), (cont’d)

e Adjust the gain to 15.84 in order to obtain the satisfactory
step response.

Data Browser ® r )
E— e J | Root Locus Editor for LoopTransfer C |
¥ Controllers and Fixed Blocks =i \
F R Root Locus Editor for LoopTransfer_C
’__ v
¥ Designs ‘ A
L
o 0 = O ........
©
¥ Responses g
sfer_C A
|OTransfer_r2y v -5
¥ Preview ‘ L 4 - L 4
Tunable Block -6 -5 -4 -3 £2 = 0
Name: C Real Axis
Sample Time: 0 7 y -
phieirsd | IOTransfer_r2y: step |
15.84 (s+2.5) Step Response
------------- From:r To:y
(s+6.86) 1.5 -
| Units Time Delays Style Options Line Colors !
o
. Compensator Format 'g
* Select a compensator parameterization: =
(O Time constant: DCx(1+Tzs)/(1+Tps) g‘
(O Natural frequency: DCx (1 + s/wz) /(1 + s/wp) < 0.5
@Zero/pole/gain: Kx(s+2)/(s+p)
»r for LoopTransfer_C Bode Options
5 Show plant/sensor poles and zeros 0 L . . l
0 1 2 3 4 5 6

OK C | H I
© Siamak Najarian 2025 L——J e - Apply |
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SISO Design Tool (Lead-Lag Compensator)

s + 0.05
s + 0.005

* Add a pole & a zero of Cry,(s) =
* Adjust controller gain to 15.84.

Data Browser ®
¥ Controllers and Fixed Blocks _‘ Root Locus Editor for LoopTransfer C = = |
F A Root Locus Editor for LoopTransfer_C
———
= 5 -
¥ Designs h
<
o 0 = LoD SEREEED ‘
@©
E
¥ Responses 5t
A . ; \ . .
IOTransfer_r2y n -6 -5 -4 -3 -2 -1 0
Real Axis
~ Preview | |OTransfer r2y: step |
Tunable Block Step Response
Name: C 15 From:r To:y
Sample Time: 0 '
Value:
15.84 (s+2.5) (s+0.05) Q| T r————
©
______________________ 3
(s+6.86) (s+0.005) 'Ea
< 0.5
Coi(s) 15.84(s+2.5) s+ 0.05
LI\S) = X . | | . .
_ 5168  s+0.005 - 1 2 3 4 5 6

Cread(s) ClLag(s) 10
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Useful MATLAB commands in Control System Toolbox

e sys=tf(num,den): Transfer function generation with
numerator and denominator coefficient vector
(num and den)

* pole(sys), zero(sys): Pole/zero calculations
* step(sys), impulse(sys): Step and impulse responses

e feedback(sysl,sys2): Calculation of closed-loop
transfer function (Black’s formula)

* rlocus(sys): Root locus drawing
* sisotool(sys): GUI for controller design

See the manual or help-command (e.qg., >> help tf)

11
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PID Controller Design

a place of mind

r
I
R
R(s) E(s) ! Y (s)
—O— —
/'y I
I
— I
I
I
I
L
t de(t} K, = proportional gain
f-domain: x(t) = er(t) + Kz/ e(t)dr + Ky K, = integral gain
0 d K, = derivative gain
\ ) N\ ~ J \ J
Proportional Integral Derivative

K.
s-domain: X(s)=C(s)E(s) ; C(s) = Kp+ ?Z + Kgs = Kp (1 + L + TDs>
. ) ) I;s

Tp===; T} == Parallel form Standard form

J

12
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Notes on PID Controller Design

* Most popular in various industries (such as, process
and robotics industries)
* Good performance
e Functional simplicity (operators can easily tune it)

* To avoid high frequency noise amplification,
derivative term is often implemented as:
KdS

de ~
748+ 1

with 7, much smaller than plant time constant.
* Pl controller C(s) = Kp+ K;/s
* PD controller C(s) = Kp+ Kgs

13
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Notes on PID Controller Design

Applications of PID Controllers in Various Industries:
* Automotive Industry
* Cruise control: Maintains vehicle speed under varying load and terrain.
e Engine control: Regulates air-fuel mixture, ignition timing, and idle speed.
* Automatic transmission: Enables smooth gear shifting.
* Active suspension: Enhances ride comfort and vehicle stability.
* Biomedical Engineering
* Infusion pumps: Precisely administer medication doses over time.
* Ventilators: Controls airflow, pressure, and respiration timing.

 Artificial pancreas: Adjusts insulin delivery in real time for diabetic patients.

* Neonatal incubators: Maintains controlled temperature and humidity.
* Wind Turbine Systems
* Blade pitch control: Improves efficiency and protects against high winds.
* Generator torque control: Regulates output power based on wind speed.
* Yaw control: Keeps turbine facing optimal wind direction.
* Nuclear Reactor Control
e Core temperature regulation: Ensures safe and stable reactor operation.
e Steam generator control: Maintains pressure and heat exchange efficiency.
* Neutron flux control: Adjusts fission rate via control rod mechanisms.

© Siamak Najarian 2025
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aplace of mind

Notes on PID Controller Design

* Solar Power Plants
* Solar tracking systems: Adjust panel orientation for maximum sunlight exposure.
* Inverter control: Stabilizes AC output despite DC input variation.
 Thermal regulation: Prevents overheating of photovoltaic modules.
* Robotics
* Robotic surgery: Enhances precision and stability in minimally invasive procedures
through real-time force and motion control.
* Tactile sensing: Enables robots to react to touch and grip objects delicately using
pressure feedback.
» Haptics: Provides realistic force feedback in teleoperation and prosthetics.
 Joint and limb control: Ensures accurate, smooth movement of robotic arms and
manipulators.
 Manufacturing and Industrial Automation
* Conveyor systems: Controls belt speed and product spacing.
* CNC machines: Maintains exact tool path and cutting depth.
* Chemical process control: Adjusts flow, temperature, and pressure in real-time.
* Aerospace and Aviation
* Autopilot systems: Maintains stable heading, altitude, and pitch.
* Flight control surfaces: Adjusts ailerons, elevators, and rudders accurately.
* Environmental systems: Regulates cabin pressure and temperature.

15
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Example 1

=
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&
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=2
Q
=
|
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e

* Plot y(t) for unit step input r(t) with
e P controller
* Pl controller
* PID controller

16
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Example 1 (cont’d): P controller

A C(s) = K,
* Simple
‘, | ,/\  Steady state (SS) error
\ /\ /\ e  Higher gain gives smaller SS
/ \ \V A error
‘L/‘U - * Stability
 Higher gain gives faster
— K, — 5 (shorter rise time) but more
/ Kp 5 oscillatory response
— p p— B
|
0 5 10 15 .0

17
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Example 1 (cont’d) Interpretation: P controller UBC

P o Ry gy
‘i‘|'|.i'i.

Root locus by increasing K, 1

Steady state error for K, = 1, the black
curve in the previous slide:

1
é E—
59 1+ G(0)C(0)
_ 1 . =
14K, 141
We have 3 poles at the same location. 688 _ O 5

For root locus, K, is the P
controller gain. That is, it
IS a varying parameter.

© Siamak Najarian 2025 18
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Example 1 (cont’d): Pl controller

K,=1
[N\
12 \
1 //k
0 / ﬁ%,
0
N
04 — =1
02 — K;=0.2
—_ K;=0 |
0 5 10 15 2D

© Siamak Najarian 2025
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K.
C(s) = Kp+ ?Z

* Zero steady state error
(provided that CL is stable.)

 Stability

* Higher gain (K)) gives faster
(shorter rise time) but more
oscillatory response

19
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Example 1 (cont’d)

Root locus by increasing K,

ELEC 341: Systems and Control

aplace of mind

UBC

Interpretation: Pl controller (for K, = 1) ?‘W‘—E

K;
C(s) =K, +—=1+—=
S

-
L4 % s+ Ki _ #
-

Ki S+Ki

S S

(s+1)3. s
3{1—|—(s—|—1)3}—|—KZ~:O

1
o ey Rk

Steady state error:

L =0
14 G(0)C(0)
(due to an integrator in C(s))

€ss —

20
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Example 1 (cont’d)
PID controller (K, = 2.5, K; = 1.5)

2

Kp=25, K;=1.5 C(s) = Kp K - K s
S

15[\

e Zero steady state error
(due to integral control)

1 & /\ ¢ Stability
\/ v * Higher gain (K ) gives more

K= damped response.
05 KZ — o] ¢ Too high gain (K ;) worsens
Kd _ performance.
— Kq=0
0 3) 10 15 0

21
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Root locus by increasing K,

Example 1 (cont’d)
Interpretation: PID controller &

a5

ELEC 341: Systems and Control

K
C(s) = Kp+ e + Kgs

K;s? + 255+ 1.5

aplace

UBC

'.A

1.5
C(s) =25 +—+de =

L1 Kg?+255+15
(s-l—l)3 s

g2

s(s+1)34+25s+15 -

=0

14+ K,

Steady state error:

1
1+G(0)C(0)

€ss —

(due to an integrator in C(s))

of mind

=
=
=

22
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How to tune PID parameters

* Model-free (Empirical)
¢ Trial and error
» Useful only when trial-and-error tuning is allowed.
* Model-based (Analytical)
“* Root locus (RL)
*** Frequency response (FR) approach
** Both RL and FR are useful only when a model is
available.

* For both Model-free and Model-based systems, we
can use a method called “Ziegler-Nichols tuning rule”

s Useful even if a system is too complex to model.

23
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Ziegler-Nichols PID tuning rules

* Open-loop Step response method (only for stable systems)

* Follow the below steps:

e Step 1: Apply a unit step input to the below arrangement:

1

u(t)

e Step 2: Find the steepest tangent for the output curve.

0

e Step 3: Find the values of T and a.

ﬁ

G(s)

To be continued

© Siamak Najarian 2025

—

y(Y

ELEC 341: Systems and Control

y(Y)

Steepest tangent

y(t)

aplace of mind
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Ziegler-Nichols PID tuning rules

* Step 4: Use the following table to find the PID parameters:

PID parameters: Standard form:
Type Kp 17 Tp C(s) = Kp (1 + Ti + Tps>
P 1/a L
PI  0.9/a 37

PID 1.2/a 27 0.57

aplace of mind

25



Lecture 15: Root locus: PID controller design ELEC 341: Systems and Control

Ziegler-Nichols PID tuning rules

* Ultimate sensitivity method (closed-loop step response with a gain controller)

aplace of mind

* Follow the below steps:

e Step 1: Apply a unit step input to the below arrangement:
1 R(s)  E(s) Y(s)

1 — Kp —_— G(S) >
>t |_
0

e Step 2: Increase gain (Kp) until the output becomes oscillatory. Call this specific K ,

the K. )
y(Y)
K, =K,
. - t
] (¥

* Step 3: Find the value of T, which is basically the period of oscillation.

To be continued

— 26
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Ziegler-Nichols PID tuning rules

e Step 4: Use the following table to find the PID parameters:

PID parameters Standard form:
1
Type Kp T] TD C(s) = Kp (1 + ﬁ + TD3>
P 05K,

PI 04K. 0.8T;
PID 0.6K. 051, 0.1251;

aplace of mind

27
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apl f mind

Example 1: Open-loop Step Response Method

Design a suitable PID controller using Open-loop Step Response Method
for the experimentally obtained response to a unit step input. The result

of this experiment is presented in the next slide.

Note:
Although not necessary for the computation process of this design problem, the
actual G(s) is:
1
G(s) =
W= e

28
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Example 1 (cont’d): Open-loop Step Response Method KBS

K, = 4.285
T,= 1.580
T, = 0.395

29
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Example 1 (cont’d): Open-loop Step Response Method

Details of Solution:

Step response method (PID):

PID parameters:

T=0

a=10

1.2 1.2
K,=-==

a 0.28

.79
.28

= 4.285

Tr=2r=2%0.719=1.58
Tp =0.57=0.5 x0.79 = 0.395

The PID controller transfer function C(s) is:

C(s) = K, (1 + Lo + TDs>

Substituting the values:

© Siamak Najarian 2025

T] S

C(s) = 4.285 (1 +

1.58s

+ ().39-5.9)

ELEC 341: Systems and Control

aplace of mind
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Example 2: Ultimate Sensitivity Method

(a) Find the numerical values of the three parameters in a PID controller

that is designed using Ultimate Sensitivity Method. Use analytical
method.

(b) Explain the experimental protocol for how to design a suitable PID
controller using Ultimate Sensitivity Method for the given G{s).

1

=y

31
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Example 2 (cont’d): Ultimate Sensitivity Method %@E

(a)
For the following closed-loop system, calculate the CLTF and then the
characteristic equation:

1
G(s) =
(s) 11
R(s) E(s) o o(s) i(f) characteristic equation:
| m» S +3s°+3s+1+K. =0

= 2K g, = K=8

3| 1 3 3
> 352+ (1+8)s®=0 mmp 3s2+9=0 == s=11732 =>
S 3 1 +K,
1 8—K W _2m
ROZ 8 - T K, = 4.800
3 w=1732 =» T,=37 = TP— | 813 —>
0 I_ o
2 1T T, = 0.453
1
C(s) = 4.800 (1 - 18135 - 0.4533) .
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Example 2 (cont’d): Ultimate Sensitivity Method

1
(b) R

K,= 1 K,= 2

0.5 0.5

1.5

>
Il
N

0.5

0 0
0 5 10 0 5 10

Note: In our experiment, we keep changing the value of gain (K,) until we see continuous oscillations at the output

(i.e., an oscillatory output). We show this particular value of gain by K. So, K. is K, when the output is oscillatory. 33
© Siamak Najarian 2025
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) ) 1 aplace of mind
* e UBC
Example 3 (revisited): G(s) EENE LB
Make a comparison between Method 1 and Method 2.
Open-loop step response method Ultimate sensitivity method
16 — 16 —
Ky = 4.285 /\ Ky = 4.800
14 ‘ T,= 1.580 - 14 T,=1.813
/\ Tp=0.395 / \ Tp=0.453
12 /i\ | 12 N\
G\ a \\ A
1 j e 1 / 74&.

(
)
|

AN/ AR T veoa

06 \xf' 06 \y/
04 S P 04— I P
0w — P ol — P
OO 2 4 6 8 10 12 4 1!6 1’8 2 OO 2 4 6 8 01 12 #“4 '{6 '{8 0]
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Summary

e Controller design based on root locus in MATLAB

* PID control
* Most popular controller in various industries
e Controller structure & controller tuning

* Next
* Frequency response

aplace of mind

UBC

P o Ry gy
‘i\|'|'iii-
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