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P, | and D controllers transfer functions

Controller Transfer function

Proportional (P)

Ey—

Integral (1)

Ideal derivative (D)

Real derivative (D)
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PID controllers transfer functions

Controller

Transfer function

Proportional-integral-derivative
—_ (PID)
En standard formj
with 1deal derivative

Proportional-integral-derivative
(PID)
in parallel form
with 1deal derivative
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PID controllers transfer functions

Controller Transfer function

Proportional-integral-derivative
(PID) L Iys

in standard form
with real derivative

Proportional-integral-derivative
(PID)
in parallel form
with real derivative
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PID CONTROLLER
standard form

[
P e

[
o
NS

7.01.2020 TM&AC, Lecture 12, Sebastian Korczak, only for educational purposes




PID CONTROLLER
parallel form
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PID CONTROLLER
step responses
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P - CONTROLLER
T H(s)=K
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Pl - CONTROLLER

2K X,

T, time
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+ o

output

D - CONTROLLER
H(s)=T,s
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D - CONTROLLER

H(s)=T,s
Xo
At discrete time
input
Xg e e g ane e Pororanes oo k\g ......... My v enens Peunananas P [ W I ——— [ Y =
output
L = — = = = = = —
time
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PD - CONTROLLER

’D H(s)=

Kp(1+T,s)

[

utput
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PID - CONTROLLER
standard form, ideal derivative

+ oo 1
H(s)=K, (1+T_.5+Tds)
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D - CONTROLLER

input

time
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PD - CONTROLLER

time
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PID — CONTROLLER
standard form, real derivative

T,s
H(s)=K |1+ 1 +—1
P T.s Ts+1
pr0(1+—d)
2K X,
K, X,
X

T,
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PID CONTROLLER

important notes

Proportional term — necessary part of the controller, creates
a main part of control signal that bring output of the system
closer to desired value; higher K_ coefficient gives lover errors;

control signal is based on present error
S ——eeE

Integral term — this part of the controller accumulates error;
for nonzero error control signal increases that helps to achieve

zero error; control signal is based on(past error values

“integral windup” problem; -

Derivative term — this part of the controller reacts on error
changes; for constant error control signal is zero; control
signal Is based on the trend of(future error) this term is very

sensitive to noise;
—_———
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PID CONTROLLER

Influence of errors onto control signal

Control signal
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PID CONTROLLER

integral windup problem

After a large change in a setpoint the integral term can
produce very large control signal (higher than maximum
possible) — system input is very height until accumulated error
goes back close to zero.

Possible solution: disabling and zeroing integral term outside
the small region around the setpoint.

Additional reading: google: “integral anti-windup for pi controllers”

7.01.2020 TM&AC, Lecture 12, Sebastian Korczak, only for educational purposes 22



PID CONTROLLER

integral windup problem example (1st order inertial system + parallel PID)

1,2 6
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02 error
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PID CONTROLLER

integral windup problem example (1st order inertial system + parallel PID)
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PID CONTROLLER

integral windup problem example (1st order inertial system + parallel PID)

| setpoint
L L
08 system
output
04 Pl CONTROLLER
. medium Ki
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PID CONTROLLER

integral windup problem example (1st order inertial
system + parallel PID)

1,2

setpoint i B
| S
‘\ \/— : \Control
- signal
08 system 3
output
) integral
: / of error
04 Pl CONTROLLER
1 error
3 high Ki
Oo,oo O\,K 2 30 /A 0,70
N o/
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 ) \/
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Quality of the control process
Rise

time \

1+5%e, region setpoint

~
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time
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\__/\/\
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PID CONTROLLER

tuning methods

N

7.01.2020

f’__/_\
Analytical

Wmulation

lExperimental J

1t step: calculation of
the system's reduced
transfer function
2"d step: calculation
of the system's step
response
3" step: tuning of the
Kp, Ki and Kd
coefficients to obtain
desired shape of step
response

1t step: calculation of
the system's reduced
transfer function
2"4 step: numerical
implementation of the
system's reduced
transfer function
3" step: tuning of the
Kp, Ki and Kd
coefficients to obtain
desired shape of the
system's simulated
outputs

Manual tuning
or
. Ziegler-Nic.hoIs
« Pessen

« Cohen-Coon
. Astrom—Hagglund
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PID CONTROLLER

Interactive simulation and tuning
Download spreadsheet file from the website

Regulator PID Objekt
wit) e(t) Kp = 3 u(t) k= ) yit)

-"l: } - Ki= 10 - T= 2
Kd = 0 U™ 3
Kpt+tKi/s+tKd*s ki{Ts +1)

12

1 il

0.8
0.6 e ()
s W)

0.4

02

—eff)
2 - —u(f)

7.01.2020 TM&AC, Lecture 12, Sebastian Korczak, only for educational purposes



PID CONTROLLER

Ziegler-Nichols tuning method (PID in standard form)

@Disable integral and derivative terms of the controller. Set

proportional gain to small value.
2. Observe a step response of the output of control loop. Go to
point 3, if you observe stable and consistent oscillations. If not,

mcreass proportional gain and repeat step 2. \
( D \(\01 / A (Pg

1ady

wa
ﬁ
-—er/ﬂ’
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PID CONTROLLER

Ziegler-Nichols tuning method (PID in standard form)

1. Disable integral and derivative terms of the controller. Set

proportional gain to small value.
2. Observe a step response of the output of control loop. Go to
point 3, if you observe stable and consistent oscillations. If not,

increase proportional gain and repeat step 2.
3. For the @Itlmate gain K zfrom step 2 and oscnlatlon@

calculate parameters o controller according to thetable:

™ Classic 05T, 1 0.125 T
Ziegler-Nichols \ =

Bessen 04T, 0.15T

0.2 K 05T 0.333 T

no overshoot : u 21y
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PID CONTROLLER

programming

control system
setpoint. + ___ error function output
— ) > PID > SYSTEM
_T measurement
<
setpoint = ..
measurement = ..
error = setpoint - measurement
sum = sum + error * dt
\—sl ]
derivative = (error - p error) / dt
.——\/'—. . _— . .
output = Kp*error + Ki*sum + Kd*derivative
P error = error
walt (dt)
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PID CONTROLLER

interactive simulation

PID for a car position control — real-time simulation

(151} Car

© Objectiode + @ 5| % 2 LA Global %
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Position control (servomotor)

/ DC MOTOR

POTENTIOMETER

- VARIABLE VOLTAGE

- HiGH sPEeD

-Low TORQUE
RELATIVE TO THE ANGLE

Ilﬂ

LS = - ONTROL CIRCUIT

- INTEGRATED H-BRIDGE

Source: https://howtomechatronics.com/how-it-works/how-servo-motors-work-how-to-control-servos-using-arduino/
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Position control (servomotor)

GEARBOX

-60 RPM
- HiGH TORQUE

DC MOTOR

POTENTIOMETER - HiGH sPeED

- VARIABLE VOLTAGE
- RELATIVE TO THE ANGLE

- Low ToRrRQUE

CONTROL CIRCUIT

- INTEGRATED H-BRIDGE

() \,\J r/\ Source: https://howtomechatronics.com/how-it-works/how-servo-motors-work-how-to-control-servos-using-arduino/
@ \D / actual
setpoint +_. error+£ position
controller —‘w\motor Qearbox 7
measurement Position
G
\sensor
N
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Stability
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Stability ﬁ

In mathematics:

- stability theory \

- numerical stability

- stabllity in

geometric theory
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In engineering:

- BIBO stability
- stability in flight
dynamics

- ship stability
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Stability

Stability theory (math) - study of the stability of
differential equations' and dynamical systems'
trajectories under small perturbations of initial
conditions

« Lyapunov stability

SN
— (l %/ \ L Ns|
"

« asymptotic stability

. Oorbital stability

. structural stability
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Lyapunov stabilit

x(t)=f(x(t)) f(x,)=0, x - equilibrium

V V 3 if | x(0)- xJ <o, then | x(t)- x| <e

t>0 >0 §>0
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Asymptotic stability

>

x(t)=f(x(t)) f(x,)=0, x - equilibrium

v v 3 if | x(0)- x] <d, then lim| x(t)- xJ =0
[- o

t>0 €>0 0>0
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Orbital stability

phase plane

X

o =

Y 3
t>0 >0
7.01.2020

N

p(xz<t)’co)<€

/
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Structural stability

x(t)=f(x(t)) —— x(t)=F(x(c)+Af(x(r))

| |

stable » Stable?
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BIBO stability

Bounded Input, Bounded Output stability
(in signal processing and control theory)

a LTI SISO system is called BIBO stable if its output
will stay bounded for any bounded input.

x(t) - input
y(t) - output

0<E|\<oo 0<133<oo t‘ZO if |X(t)|< A, then |y(t)|< B
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STABILITY CRITERIA

(\General‘stability criterion

Hurwitz criterion

Nyquist stability criterion
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General stability criterion é
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Re y(t) =€ cosh, ¢ Re(pl)ial

Re w{t)
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Re y(t)=e“'cosh,t

a,=0

_'1'3'*
V

=]
Re y(t)

Re y(t)

Re y(t)

150

100

-150

10l

Re w(t)
Re y(t)
—

=

DLA5 v i R R B ]

0.99

Re w(D)

160

! ! ! :
120 - H h \ a i

H(s) asymptotically stable, if Re(p,)<0

7.01.2020
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General stability criterion (definition)

LTI SISO system is stable, if real parts of all
transfer function’s poles are less than zero.

H (s) is stable if: Rep,<0 A Rep,<0 A ..o Rep <0
ot —
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Example 1

(LQ/(P“\< O Check stability of the presented system
using the general stability criterion.
el QA <V

| X(t) + G, (s)=— 1 O
s +4s+4
Sys%u»
o bAAe G,(s)=2
/
l\\(SX‘:M_ _ 64\ - S/LJr\,\gﬁrL\ /l
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Example 1

Check stability of the presented system
using the general stability criterion

X0 ¢ G,(s)= 2 : ) f
. s +4s5+4
(5. (5}=2
Y(S) G1 1 1

G(s)= X(s) 1+G,G, s+45+6 (s-5,)(s- s,

S, =-2-22j, §,=-2+2

system is stable from

R (S1)<O AR (S2)<O ~ general stability criterion
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Example 2

Choose values of K, to obtain system stability
using the general stability criterion

X + y(s)
(s) 4&_ GI(S):ZSS— " -——
GZ(S):kp _
H(S’*CH _ = (Lt<p1\1/] S"V
1+G Gy S\
5 s 2k <o

1+ Sy 25 ’]1’5\Lr < - ~§\Lr ~§\ <
Ls -1 @
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Example 2

Choose values of K, to obtain system stability
using the general stability criterion

x(s) T 5 y(s)
4@—»— GI(S)_zS— 1 - 4 —
Gz(S)ka
_Y(s)_ G, _3 1
G(s) X(s)714G,G, 2 (15,
2T 2%
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Example 2

Choose values of K, to obtain system stability
using the general stability criterion

x(s) T 5 y(s)
4@—»— GI(S)_zS— 1 - 4 —
Gz(S)ka
_Y(s)_ G, _3 1
G(s) X(s)714G,G, 2 (15,
2T 2%

_(1_53
pl_(z 2kp)

System is stable, if % ( p,)<0
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Example 2

Choose values of K, to obtain system stability

using the general stability criterion

y(s)

x(s) T 5
”( >-—.—G1(S)_2S—1 & ¢

- Y

Gz(S)ka

_Y(s) G, 5 1
Gls) X(s)T14G,G, 2 (l_ 5, )
2 27

1 5
1

System is stable, if ® (p,)<0 = kp>§
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Example 2

Choose values of K, to obtain system stability
using the general stability criterion

x(s) F

5 y(s)
~O— )=
GZ(S)ka
G(S): Y<S) = Gl :é I kp:% (unstable)
X(s) 1+G,G, 2 (1.5, \
2 27

(1 5
pl_(z 2kp)

System is stable, if ® (p,)<0 = kp>l

y(t)
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Example 2

Choose values of K, to obtain system stability
using the general stability criterion

x(s) 7T 5 y(s)
~O— 6= =
GZ(S)ka
G(s)= Yis) = G, _> l k=3  (stable)
X(s) 1+G,G, 2 (1.5,
5 2 27 ;

<
[E—
|l
—
N | —
|
N |
N
<
\/
y(t)
- P i
“‘“\

1 05
0

System is stable, if ® (p,)<0 = kp>§
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Example 2

Choose values of K, to obtain system stability
using the general stability criterion

stable unstable
x(s) | T G )_ 5 y(s)
4& A C2s-1 T
Gz(S)ka
G(S): Y(S) — Gl :2 1 kp:% (stable)
X(S) 1+G, G, 25 l ik
5 2 27 .

<
i
|l
T
N | —
|
N |
N
<
\/
y(t)
I RECC &
“\

1 05
0

System is stable, if ® (p,)<0 = kp>§
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List of important exam topics

e Mechanism mobility calculation
I

e Procedure analytical method

——

e Equation of machine motion
nedins e

. N\onuniformity and flyweel

e——— —

e Transfer function of L;I SISO

e Step response & Bode Plot of a given system
SRR RSP T

e Block diagram algebra
bt
o PID Controllerm

V

e General stability criterion

e Hurwitz criterion

e particular Nyquist criterion
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